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Plate Girders
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COMPOSITE BEAMS

The most common floor sysbtem for highway bridges
and bulldings consists of a reinforced concrete slab sup-
ported on steel beams, When the concrete slab iz bonded
to the top flanges of the beams by nabural bond or by
using connections to develop horizontal shear between the
slab and the steel beam, a portion of the slab 1s forced
to act with the beam, so that a steel-and-conecrete T-beam
results, This is mailed composite construction.

The advantages of composite construction, relative
to non-composibe construction ares

1., S8tronger and stiffer
2, Savings In steel
3. Decrease In beam depth
li, FHeconomical use of rolled sections
for longer spans _
5. Higher overload capacity and toughness.

These advantages of composite construction become
especially pronounced if the non~composite design is
governed by deflection limitations,

Theory and tests have shown that the transverse
capaclity of the floor slab is not impaired by the com-
pressive stresses resulting from its action as a part
of the beam.

In evaluating the savings In welght of beams, two
typos of construction must be consildered: shored and
unghored construction.

- For highway bridges, the usual case 1s to use un-
shored construction where the formwork of the conerete
sleb is supported on the steel I~beams, so that the weight
of the conecrete (which is an appreciable item) 1s carried
by the I-beam alone.

For bulldings, the usual csse ig to use shored
construction, so that the weight of the concrete is
carried by composite action.




Since the sectlon modulus of the composite beam is
larger than that of the I-beam alone, larger savings in
welght of steel may be realized by using temporary shores,
However, shoring does not produce a cheaper structure un~
less the saving iIn cost of steel exceeds the cost of pro=-
viding the shores, BShoring 1s a delicate operation
especially 1f settlement of the temporary supports is
difficult to prevent, which 1s usually the case in bridge
construction, Furthermore, this economy in materials
results In a smaller overload capacity, '

The strength and the stiffness of a composite beam
are appreclably greater than the corresponding properties
of the steel beam acting alone, The inerease in strength
resulting from the use of composite construction permits
the use of a lighter beam section than would otherwise be
required, and, in many instances, permits the use of a
shallow beam. Moreover, even with a lighter steel sectilon,
the stiffness of the composite beam will be from two to
three times as great as the stiffness of the original non-
composite beam. In most cases, the increased gtiffness is
effective only for live load, since bridges of this type
are commonly constructed without shoring beneath the beams,
and dead load is carried by the steel beam acting alone,
Since the gize of the steel beam may be decreamed In com=
posite construction, there is likely to be some Increase in
dead load deflections for bridges of this type., However,
since dead~load deflection can easily be provided for by
cambering the beams, this inerease is probably not signifi-
cant, Of greater lmportance 1s the considerable decrease
in live<load deflection resulting from the inoreased stiff-
ness of the composite beam, Although present knowledge
concerning impact on highway bridges is too meager to perw
mit any definite statements, it seems reasonable to belileve
that from the standpoint of impsct and vibrations, the
stiffer structure 1s to be desirved,

SAVINGS IN WEIGHT WITH COMPOSITE CONSTRUCTION

Studies have been made of the savings in welght
resulting from the use of composite construction; utlliz~
ing several different types of beams, Comparative designs
have been made for simple-span I~beam bridges having span
lengths of 30 ft. to 90 ft,, and beam spacings of 5 ft, to
7 £t., and designed for both H-1l5 and H-20 loading,




The results of the various studies are summarized
in Teble 1, in which the relative weights of the steel
beams are comparad with the various types of structures
considered, An amount equal to the shear connectors has
been added to the weights of the composite beams.

TABLE 1- REIATIVE WEIGHTS OF STEEL BEAMS
IN COMPOSITE I-BEAM BRIDGES
(Maximum Welght Per Foot)

Composite Beams

Eog@ggz Symmetrical Rolled Beams Unsymmetrical Beams
;é%i?sd ﬁo%j;ﬁhggzte Coverwmglate* Welded Beams
Unshored #hored Unshored Shored Unshored  Shored
92 7T 0 76 6l 69 1o to 60
*100 100 8l 83 70 70 L5 to 70
100 99 83 88 B3 to 75

# Average welght per foot based on cover plafe 0.6 of the
length of the beam,

Because the slab acts as a very heavy cover plate,
the neutral axils of a composite beam ls raised some dist-
ance above mid-depth of the steel beam, and the streasses on
the top flange of a szmmetriaal beam are appreciably smaller
than those on the bottom flange. Thils condition suggesbs
that greater reductions Iin welght might be obtained with the
use of beams having larger bottom flanges than top flanges,

If the most economieal depth of ‘beam cannot be used
because of elearance requirements, the saving in weight
arising from the use of eompasite construction may be more
than twice as great as those quoted, and the shallower depth
need not be accompanied by increased £lexibility of the
bridge insofar as live loads are concerned,

Design Considerations

A composite beam consisting of a slagb and beam tied
together by sultable shear connectors may be analyzed and
degigned on the basis of the transformed section, This con-
clusion was obtained by the analyses of several tests, which




indicated that the effect of slip on the distribution of
strain is a relatively localized effeet, confined to the
reglon extending & short distance on either slde af the
point of application of a concentrated load.

The éffective width of slab to be assuied as the
flange of the beam (except adge beama) muat not exceed
any of the followings ‘ :

For Highway Bridgess

1. One=fourth of the span of the beam
2., The distance center-to«center of beams
3. Twelve times the least thickness of the slab

Edge'Beamgs‘

. The flange of &n edge beam is divided by the steel
beam into two parts - inside and outside,

l. The effectlive width of elther part must not exceed
one«twe lfth of the beam

2, Nor sizx times the slab thickness

3« The effective widbth of the inside part must not
exceed one~half the distance center~to~center

- of the beams

. The effective width of the outaide part mu%t not

exceed the actual width. ~ ,

For Bulldings: (P-Boams)

ls One=quarter the span of the beam
2, The distance center-to-center of beams
3, Sixteen times the least thickness of the slab

If the steel beam is fully encased, the effective

width may be taken as sixteen times th@ least slab thickness,

plus the stem width.



Ratio of Modulus of Elasticity for Steel
to That of Conorete (n) to be Used
in the Calculation of Stresses

_Live Losads

Live loads are always carried by composite action,
they are usually of short duration, no creep in concrete
takes place, thus a modular ratlo of n = 10 should be used
to evaluate the properties of the composite section,

For live load of longer duration, such as in wabe-
houses and from storage tanks, a multiplier of n should be
used: k= 3, (Thus n = 30).

Qead Loads

All dead loads placed after the concrete slab has
attained at least 75 per cent of its 28=-day strength, may
be assumed to be carried by the composite structure., Dead
loads are permsnent loads, causing the concrete to creep.
This effect on the steel stresses may be accounted for by
using a modulus ratio of n = 30, approximately.

Shrinkage

The shrinkage stresses in the  slabs of simple beams
and in the positive-moment regions of continuous beams are
counteracted by the dead-and live-load stresses, In the
negative~moment regions of continuous beams, the shrinkage
stresses in the slab are unimportant, since the slab is con-
sldered ineffective in resisting tensile streases.

Accordingly, the effect of shrinkage on the slab
gstresses may be ordinarily neglected in design,

- Caleulations for typilcal composite beams have shown
that the shrinkage stresses In the bottom flange are always
substantially less than the AASHO allowable 25 per cent
overgtress for group loadings, The maximum top flange stress
in unsymmetrical steel sections may, in some exceptional
cages, exceed slightly the allowable 25 per cent overstress,




Vibration and Impact

For structures subjected to vibration or impact,
such as the effect of machinery or moving loads, the live
loads should be increased to account for the dynamic eff-
‘acts,

Slab

To teke advantage of the inecreased strength of the
composite structure, the conocrete slab must be adequately
reinforced in longitudinal direction to prevent serious
openings due to shrinkege or temperature effects, Where

~the continuity of the slab is interrupted too greatly, the
upper flange of the composite section 1s materlally wealkw-
ened, Consequently, 1t is recommended to use an amount of
steel about 0.5 per eent of the effective concrete area,

The effect of composite action 18 to inecrease apw
preciaebly the strength of the conorete slab. There 1s a
reduction in the stresses of the transverse reinforcement,
possibly due to the increased torsional resistance of the
composite I-beams, There is also an increase 1n the loads
required to produce fallure of the slab by punching,

The full thickness of the slab 1s considered to be
effective, unless the neutral axis turns out to lie above
the bottom surface, in which case the portion of the con~
crete that would be in tension is neglected.

Shear Connectors

| Composite action of the glab with the beams may
exist to a limited extent, or even almost completely,
although no provision for such action is made In the dew«
glgn, This is due to bond between the concrete slab and
gteol beam,

In the design of bulldings of light occupandy with
no shock or vibration and not sub jected to overloading or
large changes of temperature, failure of bond ls unlikely
to oceur 1f the shearing stresses on the contast suriaces
are low., If, however, bond is destroyed at one locatlon,
progressive fallure can be expected iIn time, and the result
will be a complete, or at least extensive, spread of bond



failure. On the basis of test information, it i1s recom~
mended that the design bond stress be limited to 25 psi
for unpalnted hot~rolled steel surfaces, If bond exceeds
this value at any locatlion, the full horizontal shear
throughout the beam should be assigned to mechanical
shear connectors,

In the design of bridges it 1is not possible to
depend on composite actlon unless positive provision is
made for adequate shear connectors, since temperature
changes, shrinkage, vibrations, and the effect of wheel
loads may gsooner or leter destroy the adheslive bond bew
tween the slab and the beams,

Therefore, 1t must be assumed in the design compu-
tations, that all shears caused by forces acting on the
composite structure are transmitted by the shear connectors.

Two requirements must be met by the shear connectors,

First, they must effectlvely prevent slip between the slab
and the beam; and, second, they must be strong enough to
withstand the ahsaring forcas with an adequate factor of

safety. A third requirement which i1s desirable, although
not necessarily essentlal, 1s that they be able to resist
uplift forcea tending to pull the slab vertically away from
the beam, This tendency of separation may be the result of
loading, or it may be caused by warping of the slsb, result-
ing from shrinkage, unequal expansion due to radiant heat,
or eth@r effects,

Shear connectors in many bridges are sub jected to
repeated loading under conditions favorable to fallure in
fatigue, At the center of the span a complete reversal of
atress occurs for moving loads, At the ends of the span,
the stress varies from zero to a maximum with each passage
of load., Thils large range of stress, plus the possible
presence of stress ralsers at or near welds or fillets,
makes 1t desireble to consider the passibiliﬁy of failure
under repeated loading,

Tests of channel shear connectors subjected to re~
peated loading, with a load cycle dlagram with a maximum
of 2,000,000 ecycles, showed that the final failure of the




beam was by fracture of the shear connectors at the Junce
tion of the web and bottom flangs of the channel.  There

is doubt whether this fracture was always the primary ‘
cause of fallure., If the concrete adjacent to the connector
fails by eorushing, there will be a redistribution of press~
ure on the connector in such a manner as to raise the center
of pressure, and consequently to increase the moment on the
channel., This increased moment, in turn, may produce a fa-
tigue fallure of the connestor. Thus consideratlon must also
be given to the stresses produced In the conerete slab in
bearing agalnst the shear connectors, for statiec or repeated
loads, The effect of varlations in the compressive strength
of the concrete and statlc load, increases considerably the
effectiveness of the shear connectors., This increase, how=
ever, is proportionately less for the higher strengths than
for the lower ones.

For repeated loads, there 1s an inerease in the ul-
timate load with concretes with higher compressive strengths,
It 18 almost a linear function of the compressive strength
between £l = 1 k/in® to £} =6 k/in® with a gain of 50

per cent for £} = 6 k/in® over that for f} = 1 k/in®,

The effect of creep is to relieve atresses in the
concrete #lab and thus to decrease the forces tranamitted
by the shear connectors. Creep 18 a tlme-dependant phen~
onenony 1t progresses several months before the stress
relief that 1t causes 1s fully materialized, Therefore,
the effects of creep should be disregarded in the design
of shear connectors.

Shrirkage takes place during the first few months
after congtructlion., In simple beams and in the positive~
moment regions of continuous beams, the shrinkage loads on
shear connectors et in a direction opposite the direction
of maximum horizontal shear caused by the dead and live
loads, In the negatlve-moment regions of continuous beams
the concrete slab is stressed in bension, and in the design,
considered ineffective; thus a possgible overstress of the

" ghear connectors in these reglons i1s relatively unimportant.

In exceptional cases, axpansién of conerete and
differentisl btemperature changes are examples of other
effects which have to be considered,



The load to be carried by the shear connectors

may be computed by the ordinaryiformulas of elementary

mechanles from the shear on the composite Tebeam, that

\ ‘
ig: v = T 3 (unit horizontal shear stress).
~Comp

Load at One Shear Connector

o

p = spacing of connectors in the direction
_ of the beam axis
H = number of connectors at one transverse
' ‘bsam cross section
v = horizontal shear stress

Design Load for One Shear Connector

Que

Q = *@“
Que = ultimate capacity of one shear connector

8F = gafety factor:; for highway bridges, an
upper limit of FS = .0 is recommended;
for buildings, a FS of 2.4 1s recommended
when shored eonatraetian is used

Ultimate Capaclty of Shear Connectors

Stud Shear Connectors:

vﬁ»—v =

for hg/dg L.2 Que = 330 4§ \/ £} b
| \ :
for hg/ds )4..2 Q,uc = 80 hgdg\/wfi b

dg = stud dlameter (in.); hg = stud height (1n )

(psil) f' = 28-day compressive strength of
6 by 12~1n, conerete cylinder
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Channel Shear Connechors:

w:w&m@ﬂ

Que = 180 (b + 0.56) w £y

One turn of spiral shear connector

& sy
Que = 3840 dsp \ffb&

where h = meximum thickness of channel flange (in,)
t = thickness of channel web (in,)
w = width of channel connector (in,)
dsp = dlameter of the spiral bar (in.)

Detalling of Shear Connectors

1. The spacing p of connecbors should not be greater
than 2l in,, or two to three times the thickness
of the slab,

2. The clear distance between the edge of the beam
and the edge of the shear connectors should
not be less than 1 in,

3. The c¢lear depth of oancréte cover over the top
of the shear connector should not be less
than 1 in,

li, The conneectors should extend at least 2 In,
above the bottom of the main body of the slab,

Design of Connecting Welds

For granular-flux-filled welded studs, no design of
welds 1s required becsuse the stud welding process always
furnishes a weld having the minimum cross-sectional area
equal to the cross gection of the stud, FPFatigue tests of
bare studs have shown an excellent performence of both the
weld and the stud under full reversal of loading,

The connecting welds for channel and spiral connecte
ors should be designed in accordance with the AASHO requlre~-
ments for the design of welds, The reversal of the live load
stresses should be considered in the design of welds,
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Behavior of Connectors

It is Important to point out that the design of any
shear connector must necessarily be based on experiment
(experience). The amction of the connectors is much too
complicated to be accessible to an exact stress analysis,
Even the loading of a connector is rather indeterminate, as
a considerable amount of shear is transmitted by bond, In
case the latter should be broken by slip, mechanical friet-
lon i¢ still able to carry pert of the shear,

Furthermore, the stress distribution in the connector
itself is so highly complicated that any analysis must be re-
garded as an approximation,

Gontinuous Beams

There seems to be no particular adventage in pro-
viding for composite action in the region of negative bean
moments in a continuous beam. Whether shear connectors are
used or not, in the regions where the slab may be in tension
at the upper surface, adequate reinforcing must be provided,
In either case, the slab 1s subjected to deformation stresses
rather than to load stresses, ‘

Thus, from the standpoint of composite sction, it
makes little difference whether the shesr connectors are
provided or left out 1n the negative~moment regions, In
this region, the curvature of the deflected structure ls
the reverse of that at midspan, so the slab tends to exert

resaure on the I~beams instead of pulling away when loaded,
thus the tile-down of the slab by the ghear connechbors is not
necessary.

In the negebilve~moment regions of a composite, con=
tinuous I-beam bridge, the upper flange of the I-beam 1s
gub jected to tensile stresses., The presence of any stress
raisers in this region might be detrimental from the stand
point of repeated loading.

Trhus it is preferable to provide shear conmnectors
only In the positive-moment regions of continuous composite
I-beam bridges. ‘
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‘ Analysis and tests indicate that the beams can be
designed for the same proportion of a wheel load as that
proposed for use in connection with simple-span bridges,
and that the slab in the reglions of positive moment In the
bridge may be similarly designed, using the expressions

for moment recommended for use with simple-span bridges.
Jn both cases, the span length of the simple~-span bridge
used iIn these calculations, should correspond to the por-
t%on of the continuous bridge betwesen the points of contra-
flexure,

It is recommended that the amount of transverse
reinforcement in the top of the slab should be inereased
in reglons of negative moments,

It is possible to prestress the slab in the nega-
tive moment region so as to produce an initial compression
of 80 kg/em® to 100 kg/em®, or use a settlement of the

intermediate support,
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PLATE GIRDERS

Plate girders are beams bullt up of steel plates and shapes, Ly
riveting, welding, or bolting. Plate girders can be bullt to any de=-
sired proportion to sult the particular reguirements, The saving In
material due to this better proportioning, however, may be offset by
the increase in cost of fabrication. Thug, spesking in general, for
smaller beams where the saving in meteriasl is small compared with
the increase In labrication cost, rolled beams are cheaper. 1In heavier
construction, where the avallable rolled beams are not sufficient to
carry the load, plate girders have f© be used.

For_intermediate casesg, say with section moduli between 500 and
1100 in®, either rolled beams or plate zirders, or rolled beams reln-
forced with plates may turn out to e most economical. For ordinary
loadin. , volled beams would be more economical [or spans below 20 I't,
and plate plrders for spans above 70 ft.

Before th developmenu of welded constructlion, plate zirders were
limited to npans not in excess oi 150 ft. Since 1945, how;vaf
numerous plate gl rdera spanning 200 to 300 't have been bullt, and the
cirvder br;& e over the Save in beL{Pde has a middle span 0i‘850 't
and a depth over the support of 32 feet,

Congldering the dlimensions achieved it is wondered 1I there re
maing &nythii more to be known about the design and performance of
such bridges To answer this qguestlion, an Investicabtlon of plates
glrders lse undPrW ay at [fritz bnecineering Laboratory, Lehigh Unive: )
from whose experilments and veports these notes sre taken. (References

Zo g 200)

A literature survey 1ln gtability of plate girders was done by
Konrad Basler andBrano Thurlimann at Lehligh University. Comuents
are gilven on several referencesg and [finally in his conclusion he states:

9

None of the discussed theorles are able to predict the load carry-
ing capacity of plate girders in general, The writers feel that no
furtbher efifort should be made in checking the ordinary buckling theory
by tests. To spend a major erffort on an investigation on the web
plate, using the large deflection theory, would disrsegard the essentlal
problem of the stability of the framing made up by the flanges, and
the horlzontal and veptical stiffners. It appears that too much em=
phasie has been given in the past tc the behavior of an isolated web
of a plate glrder. A atudv on the integral behavior emphesizing the
stebility of the framing is proposed",

For these reasons and =2s a literature survey was avallable, this
report was focused In the study under work at Lebhlch University.(25)(24)

Some references are listed dn the transgfer of stressges in welded
cover plates. (41; 42)




INTROLUCTION

In the deglon of plate girders the tendency is to arrange
as much material as possible in the extreme {ibers. oy keeoing
the web area as small as possible, the lever arm of the internal
foreces ds maximlzed end with 1t the carrying capacity. 1t was
asgsumed in the past that wedb buckling sets a clear limit to this
tendency towards an opbtlmum utilization of the material., Con-
sequen tly, an enormous amount of effort has been spent in establish-
ing web buckling values.

The conventional plate buckling theory predic ts the load in=-
tenslty under whlich a periectly plane vlate subjected to cdpe stresss:
deflects out of its plane. The formulation of the problem 1s the
same as that for a oo lwm, and as a result the same word "buckling”
is used to describe the phenonomen in a plate. Since the computed
columm buckling value gives sn adequate measure of the strength of
a column, it was naturel to consider that a plate buckling value was
of equal significence. Such an assumption is not btrue. The strength
of" a plate can go beyond thls theoretical buckling 1limit, and this
addi tl onal margin of strength 1s termed "post=buckling strength®,

This has been pointed out ever since buckling values were
computed, and as a consequence a sorevwhat smaller factor of safety
was applicd to weh buckling than ageinst primary column buckling,
'he experiments resllized at Lehigh University demonstrated that
the concept of expressing the post-vuckling strength of a girder as
a2 certain percentage of the web buckling strength is in error and
ghould be replaced by a strength prediction which considers bthe in-
fluence of the f{langes and transverse stifiners on the carrying
capaciby.

The asgsunmptions .ade by the conventlional theory as dpplied to
the design of the web of plate girders may be summarl ed as follows:

1) The plate is assuwed to be hinged at its boundaries
2) The plate is assumed to be perfectly plain.

) It ls assumed thet a sudden lateral deflection will be
produced when the buckling stress 1s reached, considering thils
stress as ultimate design stress.

4) 10 the edges were assumed to be bullt-inmore than one
wave would appear.

Lxperiments have shown that a perfectly plain plate is lm~
possible to obtain; actually the plate contains initial in-
perfections due to welding sequences, Welding the stiffners
firgt on one side introcduces web defllectlons toward this slde
of the wen; welding the stiiffners on the other side may reducs
the magnituie ol The previously introduced deflections sowe-
what, but 1t still leaves a deflection pattern which 1s con-
glgtently unsyuwe trical with respect to the plane of the web
prior to weld ing.




Thus, stresses are Introduced with unavoidable excentricities,
such that lateral deflections occur frow the very beginning of load=
ing, and one wave appears no matter what the end conditions are,

For this sane reason there ig no vifurcatlon of equilibrium at the
critical load, and the plate will continue taking load as it deflects.
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The reason for this luncreasing carrying
capaclby as compared with column bshavior
lies In the fact that the plate is avle to
establieh a new stress alstri butlon not en-
visioned in the "Linear cuckling Theory".

This 1s illustrated in Fig. 5. As f © (e Lo
the plate huckles a transverse strip GH
starts to pull on the edges AL eand tC, PR i
However, the gtiffners of the plate &l ong [
the cdges resists this actlon such that \ o ‘
tenslle stresses are set up as indicated in tha @

the Ilgure. o

These membrame stresses are nege-
lected in the linear buckling
theory .

3 g It is evident that along the edges
., ABCL the conditions should be such

h that the plate l1g able to resist

suech membrane forces, Ihus the

carrying capaclty oi' the plate is

linited elther by the yleld strength

of the material or the stability

of the elements providing edge sup=-

port.

ks e

Applied to the problem of plate girders, this means that the
flenges and stiifners franing a panel should reinforce the plate edpes
suificiently such that a state of mewmbrane stresses can develop,

Ve

A flange of a convenbionally bullt- welded plate girder
has 80 little bending rigldlty in the plane of the web
that it cannot erfectively resist vertlcal stresses ab
i its Junction wilith the web, therefore they do nobt serve
as anchors for a tension stress field.
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» At the panel boundaries along the transverse stiffners the
tension strip can transmit the stresses. Thus, only a part of the
web contains a pronounced tension fleld which gives rise to & shear
force,

In plate girders with.slemdep webs nelther a pure beam' Vs acbion
nor a pure tension field action Vo! occurs alone, but is therefore

the sum of boths Therelore the ultimate shear load V. e Y=L

This new approach to the design of the web plate of plate girders,
will allow o greater slenderness ratico far the web than the present
design practice, This will introduce new problems in their design,
wirlch will be discussed in the following pages.

for this purpose the presentation of the problem will be divided
in three groups.

L. Plate girders in pure shsar
Il. Plate girders in pure bending

IIT, Plate girders under combined bending acd shesar.

Plate girders in pure shear

As explained before the ultimate shear capacity will be composed
of two actions: Namely "beam action" snd"tenslon Fileld action.”

Formulas have been developed to obtain their values (23) as fun-
ctions of the slenderness of the web, the ratio or distance biitween
stiifners and depth of the web., In a graphical way the effect of

the varigbles on the ultlmate shear strength of a nlate girder is
clearly shown. Ref. 25,

The additional shear strensth dve to post=buckling allows the

usgse of slender webs, and it is consequently necessary to set up limits
the slenderness ratio Iin order to avold excessive distortions dur-
inz fabrlcation and unde: 'load. These limits are set up (23) bearing
in mind these considerations and others of practical significances

Stiffneps

B
e ottt

Tntermedi ate stiffners

In contrast to loading stlifners, intermediate
stiffners are transverse elements through vwhich no external farces
are introduced into the girder, Their function wlll be btwo=Iold.

Siwple been action will cavse no axial load in the stifiner,

it 1s only required to be rigid enouvzh to force at ifts location, a
nodal line in the latersl deflectl on mode of the web., Thus a minimun
stiilfness will be the only requirement due to beam action.

Tensl on fileld action will cause an axlal force in the stl ffner,
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to vake the vertical component of tle dlagonal stresses out of the
web at the end and transfer them to its other end. The maximum
stiffner farce and t he strength of the commectors are obtained
under the assuaptlion that ths stiffner should not fail vefore the
ultinmate dhear strength of the adjacent panel is reached.

In girders subjected predon¢nanui“'to bending, fallure due to

she ar cannot oceur and the reqnlfcu stiffner and connector forces
may be reduced in proportion to_Cyua1MY,w

Bearing stiiffners at the end supports

for the end panel of a girder the boundary condltions are

gifferent than in an intermsdiate panel. When web yielding sets in,
there is no nelghboring plate serving as anchor for a tenslon stiress
Yisld. The Uearing ‘iifner,at the end of a glrder, togsther with
and exbtending portion of the web, wmay oifer partial restraint. Also
a more or less pronounced gusset plate action In the upper corner
cf the end of the web, may help to develop a partlal tension actlon.
The degree of this contribution is uncertala, Since peam action does
not depeud on tension-reslstant boundarie s, the compubed shear iforces

Weooend Ve are the limits between which the ultimate shear strength
of an end panul lies.

In order to exclude the posslbility of a premature end panel
failure there are two posslble approasches. The mimplest and more
gconcmlical solution s the cholce of a stiffner spacing [or the end
panel, such that, the Oosaibﬁlity of development of a tenslon yleld
is avoilded. An alternate solubtion is to make the end post resistant
to membrane tension. This can be deone by welding a plLLe to the end
of the plate zgirder, thus forming a beam with the bhearing stiffner,
simply sunpar ted at the lanpges of the »late sir Jer. This beam will
resist the dismgonal stresses induced by tension fleld action.

PLATH GLRDERS SUBJECTED TQ PURE HOMELT

Web Particlpation in reslsting bending moments

As eEplained in the introduction, the web has Initial defor-
matiors which are increased as loeds are applied to the girder, As
the web deforms 1atera11y it avoids taking its shar@ of longltudinal
compression stress due Lo bending., This means nat the longitudinal
sbresses in the web are trensferced Lo the ilan;em, increasing the
flange steesses over and above bhe nominal computed values. This
ig especlally true for plete glrders with very slender webs.

It was establishied that lor very high web slenderness rabtlos
bl w2 vertical buckling will take place before the yleld moment
is reached. As the web slendgrne&s ratlio is decreasged the portion
of the web tathO longitadinal stresses will lncrease,reaching the
value of i dor S e s oa &l.vm1 thesge two values a transition

3 [
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curve must be obtalned to determine the ultimate . capaclity of The
‘plate girder if Xateral or torsional budiling is prevented.

This transition curve was found to be dependent on the slender=-
ness ratio of the web and the ratio of web area to flange arsaj
asmaming that an effechbive width equal to 30 ©t_ is considered as
eiTective in taking long Jbudlmam satresses due %o bending,

This reduction of effective web area was proposed to ne effective
for web slenderness ratio over /.o , that 1s in the post buckling
range where a Navier-Eeérnoulli linear stress distribution would be
an unconservabive assumption,

QJ

In this way, the influence of the two parameters Loan
h/% would be restricted in the ordinary plate oilrder deslin to a,
range of high web slenderness ratio, Whef“ a veduction of the allow-
gble compressive flange stress ls indicated

Leteral Puckling

The resgis tance of an I-beam against lateral bugkling conslists
of two parts: naumely, St Venant” torsion, and warping torsion.
Salvadore (28) has convincingly demonstrated that for hob-rolled bean
sections, St. Venants torslon is the governing factor, whereas in
deeper besms such as plate glrders, warping torsion Am the governing
factor and the desigin should be based on the followinz coluwmn concedtb.

1t 18 considered that the comprssion flange behaves as a colunn

with one=-sixth of the web awrea, which buckles by bending in a plane
nerpendicular to the web of the plate girder,

It was found that for practical cases the diifferences between
this procedure and the one considering both effects was on the safe
side and very close for web slenderness ratio of 200 and evsn close
for higher slenderness ratio,

The tensglon flange has nelitler a detrimental nor a stablizing
effect since 1t remains undefiected in the lateral direction.

Thus the phenomena ol lateral buckling ls simply one of lateral
buckling of the compression Ileange and the bu pk11u1 curves used In
the inelastic range must be those of weak axis buckling of wide flange
columns and glven In the (Guide to Desipn brlteria for Metal Coni-
pression Menbers, Ref. 1lZ2.

Torslonal Buckling

Cin desicning plate glceders, the compression flange should be

made as wide as possible Lo increase its lateral thLuLty and with it
its lateral UUC“JJE“ atrength. Dut i1 this 1s done in excess, tor-

gsional buckling o P the Ilanse plate will r@placa later A buckling at
a laver ultimate tr gsg, The relation between these ftwo modes of

fal lure 1s obtain@d by neglecting all restraint ¢rom‘the web, and
the case is reduced to iowaloﬂal buckling of a long, hinged plate
under pure edge compression. FPost buckling strength 1s ignored come
pletelf(éo)to avoid excessive dlstortions.,
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In order to eliminate tors Lonal buckling as a primary cause of
fallure, the critical stress of the [Mlange plate due to torsionsl
buckling should exceed that of lateral buckling.

In this way 1t is found tha 5y 8 flange width ©to thickness ratioc
not excesding 12 plus the rabio of lateral buckling lengbth to {lange
width, would exclude the posaibility of torsional buckling as a pri-
wmary cauge of failure for glrder secbiong under uniform hending.

Vertical Flange Budkling

The compresalon fMarge of 4 plate girder of I-shope oross sectlon
ig contlnuously braced agalnatb vertical buckling by its webe. Siace
the reguired breclng stiffness 1s small, bthe danger of conpression
flange feallurve in the vertlical de@CtiQﬁ is llmited to high web slender-
ness ratlos.

This problem is breated (24 ) by considering the transverse flange
forces produced by the curvature of the plate girder in the process
bending ., This uniform compresaion stress schs on the lower and
wper edpes of the web, and the . web « ls considered as a Lolumu» in
this way sn ucper limit to the web slenderness ratio is found (&) -5/

for plate glrders with no horizontal stlfifoers.

It lg also pointed out glrders which are loaded not only at
points of transverse stiffening, but at intermediate point as well,
equire webs sbturdler than Lhose found by the sbove me thod, This will
be also the cas@ in curved canm@sssiaa flanges, such as those some=
tlmes used over inbterlor supports of conbtlinuous girders.

GIRUBRS SUEBJECTED TO COMBING L DENDING AND SHEAR

in givders subjected to bending snd shear, the web plate is
gtressed by forces due to these two kinds of loadlngs.

If the web 1s not able bto carry its part of the moment, the [flanies
will take these stresses 11 they do not exceed thelr carrying capaclty
In very slender webs the stress rearrangement ils predominately due to
web deflections, thils is achleved without a loss in shear carrying
cap acity which is essentially contributed by a tension fleld action
in this case, In glrders with stockier webs, the bending moment which
camot be carried by the web, because of high concurrent shear lg
udeSf srred to the flange through ylelding.

Thus 1t 1s necessary to obfaln an interaction curve which should
be concerned with such a reavrangement of stresses.

This 1is found by considering the limits between whilch this re-
arranzement of sbtrdsses bakes place and by obtelnlng a curve bebween
these limlts.

Mnally it is obtained that for a factar of szafety of L1.65 {(AI13C)
an interactlon check 1s required only 1f the dhear stress exceeds
gbout 60% of the allowable value; also an interacblon 1imit in flenge
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sbress 1s not required below 1B ksi for ﬁﬂyﬁlvfgj. And the inter=
actlon equation Is: d

The Influence of Flange Ingtabllity

So far 1t has been assumed that fallure would occur by shear ex=
haustion of ductiliby, or at least that the flanges could be strained
up to the yleld level without a premature iu&bability failure due to
lateral, torsgional or vertical buckling of the compression flange.

The presence of shear has both a detrimental and beneficial aspecte.
The beneficial aspect 1s due to the fact that shear iorces slways im~-
ply a moment gradient, and Lherefore, only a short portion of the
plrder is arfected by the maximum moyent. The adverse factor is that

a web which 1ig exhausted by shear cannot simulteneously take i1ts allotted

bending moment and the flanges will have to compensate for it, result=-
ing in a hisher flange stress than computed by the scctlon mudulus
concept .

Lateral Puckling

Since the resisting moment to laterel buckling is de-
pendent on the latersl stiifners of the compression flange and which
is slightly affected by a higher stress level, the adverse influence
pentioned above cen be neglected in an analysis of lateral buckling.

The beneflclial aspects of n moment gradlent can be evaluabed in
the way proposed by Clark end L1l (L4), by inecluding a coelficient
C, to modify the writical stress which would result 11 the entire
section were SUDJGCtPQ to pure bending

The effective lateral buckling length, cen be Introdueed to ac=-
count for restricting influences offered by neighboring sectlons,.
Since St. Venant: tenslon 1s neglected the value of k is exactly
the same as for columns subjected Lo identical axlal stresses and
end resgtraint as the compression flange. The relationship between
stress ralsing cgeLficient C, and moment gradlent is based on solubtions
by Salvadori (=€ end may also be iound in the Gulde for Design
Criteria Ior metal Compression Members “/, CRC.

Torsional buckling

The beneficisl effect of moment gradient in torsional
Pueckling is esmall and way be neglected.

Vertlical buckling

To prevent a premature fallure due to vertical buckl-
ing of the flange plate, a l;m;t for the web's depth to thickness
ratio was obtaine4, 94w B 4. dn the case of pure bending. When

S S




9.

the girder web is slender, a prerequisite for vertical buckling, the
gshear is carried principally in tension field mamner, The guestion

was if whether or not the web's tension field would pull the flanges
into the web., Interaction tests carried out on plaste glrders developed
no detrimental effect prior to application of ultimabte load, however,
these did not cover the entire interaction range with slender webs.

Precautlonary measures were btaken in the derivation of the Inter-
action for-ula, Dy the use of a relatively large value of the ratio
Avi/ A7 as representative of all girders.
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INTROLDUCTIONS

Connectlons;

The single span rigid frame 1s a very popular structure due
to its attractive appearance and Lo some of the advantages gilven be=
Low,

Steel rigid frames are adaptable to riveted and welded fabrle
cation; they may be constructed of rolled beams, bullt-up members
or any combination thereofs, These fraues may be elflclently con=
struc ted for flat, gavled or curved roofls, and when so bullt the
economy and speed of erectlion is not surpassed by any other type
of material or lorm of construction.

For identical loading it is nossible that a greater welght
ol steel may be required for a rigld frame Than for a truss and
column design of similar span length. However, when conulderation
ls given to the over-all cosgst ol the framing, bhe ease and simpliclty
of erection increased clear headroom of the finished structure and
gaving 1in wall heights, it will be found that even on a first cost
basig, thHe vigid frame is highly competitive.

Rigid frames composed of rolled sectlions are commonly used
for spans up to 100 feet in length; bullit-up members have been
utilized on spans of 250 feet. Welded fabrication offers particular
advantages wi th short spans; with variable depth members; and on
parabolic shape roofs,

The ansalyses of rigid frases by elastic and plastic theory
is a very well knowa problem. Hanuals with solved cases and sim-
plified procedures to determine the moment and forces in franes are
avallable in a great nuwuber,

However, the design of knee joints and their behavlior has
been a preat problem to engineers, The analysis and deslign of knee
joints by the elastic method uses formulas that are very complex
and difflcult to use in the deslgn orfice. Plastic design has s
plified the deslgn of knee Joints considerably.

Liere
A great effort has been made to correlate Lheory and experi-
ments and to develop slmplified design procedures,
The object of this work 1s to summarize the work done untill
now, A list of references will be ziven with a brief co.mentary for

each .

Conne ctions

Connectlions for use in ripgid frames can in general be divided
into three types: sqare, tapered and curved.

1o = Square knees

The irst theoretical analyses of square knees was nade between



]
e

1938 end 1941 by Stang, Greenspau and Osgood ({) at the U. S,
National Bureau of 3tandards.

A Theoretical analysis of the stresses in the web of an un-
reinforced square knee was given and GThe results of this analysis were
confirmed by the test of a full=scale bullt=up unreinforced riveted
square knee; the test resulbts and oredictions were satisfactory.

It was also found that leg stresses, even close to the knee, were
predicted satlisfactorily by the ordinary bean foriula.

They also found that this solution was in error in exbtreme cases
where the flange area was very small. The solution given for this
case 1is complex and need not be considered for practical cases,.

To supplement the work at the Burecan of Standards, a complete
quarter=gcale bullt-up riveted portal Irame with square knees was
tested at Lebigh University by Lyse and Black (2) (l942). They found
that Osgood's solution predic ted stresses very satisfactorilye.

Hendry (3) (4) published two papers in 1947 and 1950. In his
first paper he found that the flange stresses in the legs adjacent to
the knee could be estimmted quite accurately by the ordinary flexural
theory, bul the stresses in the web of the knee were not estimated
accurately by Osgood's tTheory. The reason for this may have been
the absence ol stiffners across the web, in line with the flanges,
which would have served to dlstribute load across the web.

_ Photo=elastic models, geometrically similer to the steel frame
tested showed the effect of web stiffners In knees., 3tifiners placed
diagonally across the knee were found to be most efifective in re-
ducing web shear stresses, stiffners placed in line with the inner
flanges had no effect on the web shecar stresses,.

In his second paper, Hendry observed that in general web buckl-
ing and/or latersl deflection of the compression flange tended to
occur afiter the web had ylelded in shear.

Iin the conclusion of his paper, Hendry suggested that sguare
knees should always have web reinfar cement end be used in secondary
structures.,

o Blelceh in 1943, proposed an approximate method for the de=-
sien of square knees, The assuwmptions made weres a) the [lexural
woment and Totel thrust are taken by the ilanges; b) the shear
forces are taken by the webe

Griffiths, In 1948 get up recommerdations [or design., They do
not suggest a e thod of analysls, but are more a rule of thuub pro-
cedure based on the theories developed by Osgood and Blelch.,

AL this bime the adveances made in the plastlic design of steel
gtrac tures, wmade necessary the study of connections up to the In=-
elastic range. Tor this purpose a program of investigablon was
cetb forth at Lehigh University.




in 18958l and 192 52, Topractsoglou, Beedle and Johnston publighsd
three papers, conbtalning the results and proposed theories for sqguare,
naunched and curved kneess.

Part [ of these reports gives the test results. To obtain in-
foruation on the relative cost of fabrication, the welding and cutting
operations were careifully tlmed. It was lmpractlical to determine ac-
curately the entire lador cost of fabricatlon of each knee. bLowever,
the data taken was believed to be an expresslon of the comparative
cos ts of fabrication of the knees.

Part II, gives a theoretical anal ysis for straight knees which
form tie basls for couparing experimental results with theory. Hlastic
and plastic analysis was made for ldentical and dissimllar rolled
sections Joining at the knee. A robtatlional analysis for reinforced
and unreiniorced square knees 1is also given.

CIn Part LII, the test results are discussed. Sguare knees were
found to develop the plastic moment with sufficient rotation capacity.
L1t was also found that ylelding in shear of the web took place belore
Plexurdl yielding in the flanges. An expression was derived for the
web bthickness, so as to have shear ylelding in the web simultaneously
wlth yielding due to flexure,

for relnforced webg in sqguare knees, Lt was recommended that
plastic desiymn should he used, in which the yield capacity of the
weo in shear is slmply added to that of the stiffners in compression,

Ho comparisons between test results and the theories for rein-
forced square knces was made,.

Further experiwents were made by Tonpac, bBeedle, Fisher, Driscolil
and Schultz, at Lehilgh University; the references are listed at the
end of thls paper.

Stralght and curved hauncied Connections

Stang, Greenspan end Osgood, bebween 1938 and 1941, presented an
aoproximate analysis for knees with curved ilnner ilanges. This Cheory
was checied experimentally at the U,%. National Huresu of Standards.

Lyse and Black tested a complebe quarter-scale bullt-up riveted
portal frame with a curved inncr flange lnees, Osgood's solution was
found to predict stresses very satisfactorily.

Hendry in 19 47 tested two knees with curved inner flanges. It
was found that Vierendel's solution estimated satisfactorily the
stresses in the flange, whereas the effect of cross bending was esti-
mated satisfactorily by Lleich's scolution, Radial stresses in the
web attached to tle cuwved flange were predicted by Canpus' formula,

Tests made by the vhoto~elasgtic metliod, showed the elffectiveness
of haunching in reducing flange stresses as well as web stresses.




The same conclusion for stralght knees with regard to sbtiifners
across the web were found to hold for haunched knces,

Hendry in 1950, tested six knees with curved inner f{langes,
and Lt was found that an unstiifened web offered less resistance
bo dinstability in the case of knees with curved inner ilanges,
than 1t did 1n the case of simple square knees, Thus, although
stiffners may not be needed as web reinfarcement in knees with
curved inner flanges, they may be needed to provide stability.

Three coumple te portal frame models, with varying amounts of
haunching at the knees, were tested, and 1t was observed thalt the
load carrying capacity of a portal frame could be increased appre-
ciably by haunching the kneess,

Topractsoglou, beedle and Johnston in 1961 and 1952 tested
several welded knee comnections, (square, haunched and wlth curved
lnner flanges).

These teats were carried well into the plastic range, and
with adequate bracing end web reinforcements, to prevent shear
failure, All the knee types ltested were strong erough to devedor,
at the knee the full plastic moment capacity of the legs.

It was found that although the haunched knees and knees with
curved loner llanges had a greater moment capacity than the square
knees, they were not able to gustain large deflectlons abt near
maximwn moments. 'The primary cause ol these premature fallures was
bhe instabllity of the haunched portion of the connections. llowever,
no theories were proposed and no checks were made beltween the exe
perimental results obtained and Theories proposed elsewhere for
these types. '

Until now the theories for the elastic analyses of haunched
connections lead to methods gensrally too unwieldly to be
used in the design offlce. The method proposed by Qsgood is
rationally developed from the equations of compatability and equi=-
librlum from the theory of the wedge. However, 1t 1s tedious to use,

'y Blelch developed a theory based on the relationships bebween
stress and straln wlth regard to a curved beam, This theory un=-
folds rationally, but again terminates in unwieldly expressions,

The recormendations for design as set forth by Griffiths do
not suggest a method of analysis, but are more a mle of thumb pro-
cedure based on the theories developed by 0sgood and Bleich,

Olender has somewnat simpliiied the slastic approach by an
approximation to the wedge theory utilizing the conventlonal beam
formulas. This has not reduced the amount oi work involved In the
deslgn, el though the expressions involved are in a more Tamiliar
form,

Smith in 1956, at Lehigh University, made a comparison between
«the methods proposed by Csgood and Olander, end found that Olander's




iethod was for all practical purposes as acourate as Osgoodls wmethod,
A design exanple 1s presented indicating how this method is applied.
In his work the knee was designed to remain In the elastic range,
wille the plastlic hinge was forced to be produced at beam Jjuncbion.
This was made so due to the previous findings that hainched con-
nection did not have adequate rotation ceapacity.

A comple e test was made on a haunched connection whose glrder
intersected at en angle greater than ninety degrees with the column,
This comectbion was proportioned by Clander's method., ihe con-
nection had a very good performance and susbtained large deflections
at mexlmum load (plastic hinge in the beam). Very good azreement
between Olander's method and tests results was found.

Fisher in 19568, made o theoretical analysis which led him to
the conclusion that plastic hinges could form in the haunch and sus=-
taln large deflections at maximum lcad, if adequate provisions were
made to prevent lateral bvuckling of the compression flange. For
this purpose he derived the ewation necessary to determine the
maximum unsupported length of the compression flange for haunches
with stralght and curved inner flanges.,

He made comparisons with previous experiments finding a very
pood correlation between theory and test resulbs.

In 1959, Wisher, Lee and Driscoll continued the work on heaunched
connections = verifying the theory developed by risher,

Beam to Column Comnections

Innumerasle experiments and theoretical analysis have been
made for these types of connectlons, as well as a very large nunbsr
of books containing procedures for design are avellable (references
are glven).,

Bxperiments carried’into the plastic range have been conducted,
and the summary of this work may be found in the report ol Craham,
Sherbourne and Khabbaz, 1960, Design rules are susgested, among
others, the determination ol column stiifener sizes required to pre-
vent buckling, or excesslve bending of the column web and [langes.
Also are glven several deslipn examples wihich 1llustrate very clearly
the deslgn procedures.

oA s s M

RO S
JHNARY
50 ) .

A summary ol rules to design all these types of conmections in
the plastic range, was prepared by the I'ritz ingineering Laboratory,
Lehigh University, and published in the Proceedings of the American
soclety of Civil Englneers: "Commentary ou Plastic Design in Steel®
April 1960.
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BEAM COLUMNS

Beam columns are members which are subjected to combined bending and
compression. Bending may be produced by lateral loads, couples applied at
any point on the beam, or end moments resulting from excentricity of the
axial loads at one or both ends of the menber,

Beam columns fail by buckling in the plane of the applied bending
forces, with or without twisting.

Considering first the case of buckling without twisting, the ultimate
strength of a beam-column has been described by von Karman (95) by the
following reasoning: :

"A beam-column collapses when, because of yielding caused by the com-
bined bending and axial stresses, the stiffness of the member against
additional bending is reduced to the point where instability occurs, that is,
~the Wltimate axial load is the critieal load of the partially yielded column,"

Thus the determination of the ultimate load of a beam-column is essen-
tially a non-linear stability problem in which the effects of inelastic
action must be considered,

The method used is a step by step procedure (32) for which it is nec=
essary to know the stress-strain diagram of the material, initial conditions
of residual stress, crookedness and boundary conditions. With these elements
the M - @ - P curves are found and together with Hooke's and Navier's laws
the effect of yielding and the reduction of the stiffness of the member is
found,

This involves laborious and complex computations not suited for design
purposes.

F. Bleich (32) and S. Timoshenko (1L48) have analyzed the major contribu-
tions by von Karman (9k4) (95), Ross and Brumnner (32), Chwalla (52), Weester-
gaard and Osgood (166), Jezek (86)(87) and others, Turther developments and
verifications were made by O, M, Sidebottom and M. E, Clark (145); R. L.

Ketter, L. Kaminsky and L. S. Beedle (105); T. V. Galambos and R, L. Ketter (65);
R. E. Mason, G. P, Fisher, P, P, Bijlaard and G. Winter (24); F. Campus and
C. Massonnet (52) etec. ‘

P. V. Galambos and R. L. Ketter (65), based on the theorie developed by
von Karman, made computations of the ultimate strength of a 8 WF 31 section
subjected to combined bemding and compression. Residual stresses are taken
into account, and no torsional buckling is considered. Interaction diagrams
are given for different ldg. conditions and are assumed to apply to all
sections, '

A very popular procedure is to consider as the limit of the strength of
a beam-column when the most stressed fiber reached the yield stress.
This is called the limiting stress criteria.




2,

Exact methods to determine the maximum bending moment and axial force,
are summarized by S. Timoshenko (1h8), Several types of loadings are con=
sidered and in the appendix of his book several tables are given to facil-
itate the use of the methods treated,

Tabular and graphical solutions for several loading conditions have been
developed by S. Timoshenko (148); D. H. Young (171) (172); S. Zavriev; O. G.
Julian (92); H. K. Stephenson and K. Clominger (143); AASHO, etc,

In the case of equal end excentricities the secant formula is used to
predict the initiation of yielding. In this formula two methods are used
to take account of initial imperfections of the column, crookedness and
residual stresses. One method is to introduce an equivalent end excentricity.
The second method is to use the tangent modulus correction (3). Both give
the same results if the initial excentricities are those recommended in the
CRC Handbook (38).

Another popular method to determine the strength of a beam=column are
the interaction equations. Interaction equations are based on an assumed
interaction curve between axial load alone and bending moments alone. This
curve was first considered to be a straight line but now is being modified
to teke into account the magnifiance effect of the axial load on the deflec-
tion of the beam-column, (136) (113) (3) o

Interaction equations have been developed to take account of elastic
and plastic or inelastic action., They also may take account of lateral
torsional buckling which cannot be done by the secant formula procedure,

Tnteraction equations have been developed by the AISC (1); Shanley (1h2),
J. Zickel and D.'C. Drucker (17l4); H, N, Hill, B, C, Hartman and J. Clark (73);
M. Salvadori (136); W. J. Austin (3); Massonnet (113), Horne (75); etc.

They have proven to agree well with experimental resulis; they are not
always on the safe side, but the error in the unsafe zone doesn't exceed
10%.

RESTRAINED COLUMNS

Columns in framed structures are connected at their ends to other
members that provide translational and rotational restraints.

‘The beams of an ordinary tier building transmit bending momente and
axial forces to the columns because of the rigidity of the beam to column
connections. These bending moments together with the axial loads in the
columns, cause the columns to flex from the very beginning of loading,
Eventually if the axial load in a column becomes large enough, the sign
of the bending moments at the column ends may change and the beams take
over the role of restraining the end rotations of the column and thereby
limit its deflections. (Introduction from Ojalovts Paper) (126),

Various aspects of the restrained column problem have been investigated
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by E. Chwalla (51), P. P, Bijlaard, G. P. Fisher, and G. Winter (2L); T. C.
Kevanagh (97) (98) (99) (100) (101) (102) (103), Bijlasrd (26); L. F. Baker,
M. R. Horne, and J. W. Roderick (28); J. S. Ellis (59); M. Ojalve (126) and
others,

The phenomena of buckling of framed (restrained) columns is non-linear,
This is due to two separate effects: first, there is the change in geometry
of the structure particularly in the column; secondly, there is the change
Ain stiffness of the material where the stresses have exceeded the proportional
limit,

Three principal general theoretical approaches have been used to solve
the problem of restrained columns, These are:
The method of von Karman (9Li) and Clwalla (51)
The method of Baker, Horne and Roderick (28)
The method of Bijlaard (26)

The theoretical solutions for isolated restrained columns that have
been developed so far are only applicable to columns of rectangular or
anular cross sections and to an I cross section for bending about the weak
axis, With the exception of Bijlaard's solution the methods are also
inadequate Lo cover the general case of unequal end restraints and unequal
applied end moments. '

M. Ojalvo (126) has developed a method based on Chwalla's approach,
and extends its applicability to cases where the rotational restraints at
the ends of the column are not elastic, The method is applicable for loads
applied to the columns with equal or unequal excentricities and can be used
for cases where the restraining moments are not linear functions of the end
rotations of the column., It also takes account of the inelastic action of
the column and thus leads to the true ultimate capacity of such merbers.
Nomographs are made available, such that may be used in design office.

Simplified procedures have been proposed by Winter (159), Lee (109) and
Austine (3)

Rigorous methods of calculating the stability of complete frames are
available and have been checked by test, These methods involve the appli-
cation of both the classical and modern techniques of indeterminate
analysis, i.e. moment distribution, modified to take account of axial loads
and of plastic action on the stiffness or rigidity of the members., These
procedures are not applicable to routine design problems.

A simplified procedure has been outlined by T. C. Kavanagh (102) and
recommended in the CRC Guide (38).

Further references may be found in the summary given further.
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BIAXIAL BENDING

No precise theoretical studies, based on the von Karman theory of the
strength of beam-columns, which faill by bending about both principal axes,
seem to have been made. Also, little test data is available.

The limlting stress criterion has been used to predict the buckling
loads,.

The secant formula, or the solution given by Young or the nonograph by
Julian can be extended to include bisxial buckling.

The interaction equations for plane buckling can be modified to take
account of bending about both principal axes. (AISC (1) Austin (3) etc.)
Test of six columns loaded with an excentricity diagonal to the principal
axes were reported by the ASCE Special Committee on Steel Column Research (42).
The average stress ot collapse was from 15% to 40% greater than the theoretical
average stress at initial yielding, computed by the secant formula. Thus the
initial yield criterion may provide e rather counservative estimate of the
buckling load.

DIFBERENEL BETWEEN CONVENTIONAL DESIGN
AND PLASTIC DESLGN WHEN APPLIED QQ_COLUMN DESTGN

In conventional design the ultimate strength of a member is considered
to be reached when the most stressed fiber reaches the yield stress., In
plastic design the ultimate strength is Obt&;nad'when all the cross section
of a member is fully yielded.

In the design of axially loaded columns, conventionsl design is based
on ‘the ultimate capacity of the member. Thus no difference exists between
conventional and plastic design of axially loaded columns. In the design
of beam-columns, conventional design is based on the limiting stress
criteria for the combined effects of bending and axial forces. In plastie
design the beam~column is allowed to be stressed beyond the vield stress,
until the remaining elastic portion fails by instability due to direct
compression.

In the interaction formulas, the yield moment used in conventional
design is replaced by the plastic moment if lateral buckling is prevented.
Exact compubtetbions for this case were made by T. V. Galombos and Ketter (64).
Both procedures agree very well with test results, although the interaction
equations in certein cases are somewhet unsafe. ( 10%).

If lateral buckling is nobt prevented, modifications to the conventionel
critical stress formula for lateral buckling must be made to consider inelastic
failure. An exact solution for this case wes mede by T. V. Galambos (66),
approximate methods are suggested in the CRC Guide to be used in the inter=-
action formulas for the inelastic casec.

More reference for this cese may be found in the first pages of this
reporb.
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DIFFERENCES BETWEEN ROLL&D WELDED AND COLD FORMED COLUMNS

Welded columns as compared to rolled sections are weaker because of a
mere severe residual stress pattern due to welding. There are few tests re-
ported on welded columns and very little information on the residu&l stress
pattern due to welding.

Cold formed sections as compared to rolled sections of the same mech-
enical propteties are stronger, because they have no residual stresses due
to cooling as in rolled sections. Bending of the plates to form the sections
modifies the stress strein disgrem (Baushinger effect) of the material, but
in a btransverse direction. In the longitudinel directlion there is no effect
of the cold bending operation. For this reason cold bent sections of the
seme mechanical proterties, stress-strain diagrams, are stronger thaen rolled
gsections.

Tests are noW being conducted at Cornell University under the direction
of G. Winter to determine the stress-strain diagram from a stubl column
test of the entire cross section of a cold formed member.

SUMMARY OF REFERENCES

T. Von Karman (94)(95)
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BEAM COLUMNS ELASTICALLY RESTRAINED

E. Chwalla (51)
Theoretical Bijlaard, Fisher and Winter (2h)
approaches Kavanagh (97)

Bijlaard (5)

Baker, Horne and Roderick (28)

Ellis (59)

Ojalveo (126)

Horne (76)
Simplified Horne (75)
Analysis 0jalvo (126)

Salvadori (137)
Stephenson (143)

COLUMNS WHICH FATL BY COMBINED BENDING AND TORSION

Wagner (157)

Investigation of Kappus (96)
torsional flexural Goodier (62) (63)

buckling Timoshenko (1L9)
| Bleich (32)
Campus & Massomnet (52)

Johnston (89)

Important Goodier (62) (63)

solutions A Hill and Clark (72)
Salvadori (137)
Nylander (120)
Zickel (173)
Thurlimarm (151)
Horne (75)

STRENGTH OF FRAMEWORKS

' S. Timoshenko (148)
Strength analysis F. Bleich (32) -

considering axial Kavanagh (99)
forces Puwein (128 a)
Sahmel (137)

Sievres (138)
Kavanagh (103)

Practieal means CRC (L3) ' -
to estimate the Julian and Lawrence (93)
- effective length in British Standard (3L)
framed columns Winter (4 2k)
A, Y. Lee (109)
Austin (3)

Lundguist & Kroll (110)




Tests

Te

Campus and Massonnet (52)

Mason Fisher and Winter (112)
University of Wisconsin, CRC (41) (42)
Johnston and Cheney (90) :
We Clark (46)

Ketter, Beedle and Johnston (104)
Ketter, Kaminsky and Beedle (105)

Hill, Hartmen and Clark (73)

Massonnet (113) (114)

Baker, Horne and Heymen (29 )
Baker, Horne and Roderick (28)
Bijlaard, Fisher and Winter (6)
Fisher (60)

Bijlaard (5)

Salvadori (137)




1.

de

5.

6.

8o

Qe

10.

11.

A.r's.c.

Austin, W. Y,

Aarflot, M. G,
Bijlaard, P, P,
Bijlaard, Ps P,

Fisher, G. Pe
Winter, G.

Bijlaard, P. P.

Bijlaard, P. P

Bijlasrd, P. P,
Pigher, G, P.

Bijleard, Ps P

Bijlaard, P, Po

Bijllard, P« P»

Assoce Profe, Dept. of Civil Engineering,

8

"Plastic Design in Steel™ Amer. Inst. of Steel
Construction, New York 1959,

Ohio State Unive, Columbus, Ohio,

"The Strength end Design of Members Subjected 4o
Combined Axial and Bending Forces" Repor®
prepared for Research Committee B, CRC, Feb., 1958

"A New Column Formula," Bulle. Awm. Soc. SwediB
Bngrs. Vol, 26, ps 7, 1931, :

"Buckling of Columns with Bqual and Unequel Ind
Eccentrieities and Bqual and Unequal Ind Restraints"
Procesdings, Second Natl. Congress of Applied
Mechaniecs, Ann Arbor, Nich., 1954

"Becenbrically Loaded Engd-Restrained Colunms"
Transactions, A.S.C.E., Vol. 120, 1955, p. 1070.

"Theory of the Plastic Stability of Thin Plates,"
Puble. International Associetion for Bridge and
Structural fngineering, Zurich, Vol. 6, pp H5-69,
194.0m41

"Some Contributions to the Theory of Elastic and
Plastic Stebility,”" Publ. Internationsl Association
for Bridge and Structural Fngineering, Zurich,

Vol. 8, PP 17-80, 1947,

"Interaction of Coluwm and Local Buckling in
Compression Members" NACA TN 2640 lNarch 1952

"Theory and Tests on the Plastic Stability of Plates
and Shells" Journal Aero. Sci. Vol. 16,
No. G, ppe 529-541, 1949,

"Exaet Compubation for the Buckling of +the Webs
of Truss Members Used in Bridge Building"

De Ingenieur in Ned., Indie, Vol. 2, pp. 117-123,
1938,

"Column Strength of H scctions and Square Tubes in
Post buckling Range of Component Plates," NACA
IN 2994, Aungust 1953,



14,

16,

17,

18.

19,

20,

21,

LN

Bijlaard,
Bijleard,
Johaston,

Bijlaaxd,

Bijlaard,

Bijlaard,

Bijlasrd,

Bijlaard,

Bijlaard,

Bijlaard,

Bijlaard,

P

P
Ga

P

P.

P.

Pe

Peo

Se

Py

Po

P

Po

P

Pe

P

P

Do

"Some Remarks on Chepter IX and Some Other
Tbems in Bleich, Buckling Strength of lMetal
Structures.” Report to Column Research
Cowneil, 1952.

"Compressive Buckling of Plates “ue to Forced
Jrippling of Stiffemers” Fart I and IT, ‘
Iustitute of the Aeronaubical Sciences, Sherman
Fairehild Fund Paper No. FF -8 Jenuary 1953

"In the Buckliﬂg of Stringer Penels, Including
Forced Crippling." Journal of the Aeronsutical
Science, Vol. 22, July 1955, pp. 491-501.

. "Some Remarks on the Influence of Residual

Stresses on the Brittle, Plagtic and Fatigue
Behavior of Structures" Chepter in Book

Residual Stresses in Metals end Metal Comsbruction
by We R, Osgood, Reinhold Publishing Corpe,

New York, 1954, pp. 127-138,

"Theory of Plasbic Buekling of Plates and Application
to Simply Supported Plates Subjected to Bending o
Eceentric Compression in their Plane" Jourasl of
Applied Mecheanics, Vol. 23, Nos 1 March 1956

ppe 2T7=34. ’

"Plastic Buckling of Simply Supported Plates
Subjected to Combined Sheor and Bending or -
liccentric Compression in their Plane." Journel
of the Aeronauvbical Sciences, April 1957,

Ppe 291=-303,

"Analysis of the Blastic and Plastic Stability of
Sandwich Plates by the Method of Split Rigidities,"
IT Journal Aeronauticel Sciences, Vol. 18,

No. 12, ppe 790-796, B29 Dec, 1951,

"Buckling of Plates under Non Homogeneous Stress,"
Journal of the Engineering Mechanics Uivision,

Proceedings AeS.Cella July L1951, pps. 1233~1 to

1293~314 : :

"Buckling Security of Built-Up Sections, Connected
by Batten Plates," De Ingenieur No. 7, 1933

"On the Leteral Stability of End-portals of Truss=
bridges,”" De Ingenieur in Ned, Indie No. 1, ppe II
1-I1-12; 1939,



23

24,

- 25.

26

27

29,
30,
31,

32,

LEN

55

Bijlaard, P. P,

Bijlaard, P, P,

Winter, G.

G'i Sheif', GQ P

Bijllard, P.P.

Bijlaard, Po Po

Baker, J. F.

Bak@z‘,’ Je F'
Horne, M. R,
Roderick, J. W,

Baker, J. Fo
Horne, M. R,
Heymen, dJ.

Beedle, L, S.
Thurlimam, B.
Ketter, R L.

Bethlehem Steel Co,.

Bleich, F,

Benton Kolendsr

British Stendards

Co Ko Co

10,

"Werivation of Simple Formula and Biagrems for
the Determination of the Buckling Stress of the
Webs of the Members of Steel Trusses,” De
Ingenisur in Ned. Indie No. 10, pp L1.23 G =

I. 266 1939.

"Strength of Columns elastically restrained and
eccentrically loaded" Proce. A.S.C.E. separate
Mo 29?, Pe 52 Oo'b. 19030

"Investigation of flexural Buckling of Rigid
Jointed Structures, Second Progress Report,
Cornell University Ithasca 1951

"Investigation on Buckling of Rigid Jointed
Structures," First Progress Report, Cornell
University, Ithace 1949.

"The Plastic Method of Designing Steel Structures,"
Journal of the Structural Vivision of the A.3.C.ke

Vol. 85 No, 374 April 1969,

"Ihe Behaviorrof Continuous Stanchions,"
Proceedings of the Roye.l Socleﬁy Vol. 198,
pa 493 (1949)

"The Steol Skelebon Vol. 11" Canmbridge University
Press, Cambridge 1966

"Plastic design in structural steel - Lecture notes
of the summer course." Septe 1955

"Torsional Stresses in Structural Beams"
Booklet 5-57 1960

"Buckling Strengbh of Metal Structures," MacGraw

. Hill Book Co,, Inc., New York PFirst Edition 1952,

“hustrian Specifications 1956, Part 2 p. 401
Wme Brnst & Con, Publisher,

(44931948 The "Use of Structural Steel in
Building."

Second Frogress Report of Special Committee on
Steel Colunn Reseanrch, Transactions AeS.C.he
Vol. 95, 1931 p, 11562




36,

37 o

38

39,

40,

41.

42

43

44,

46,

46,

47

48.

49,

11.

Ce Ro Co "Final Report of the Special Committee on
Steel Column Research" Trensections A.S.C.E.
VOl. 97, 1955 Pc 1936~

C. R. C. Unpublished letter to Research Committee
: C and B, Ocbober 14, 1957. Information is
sumnarized in C.R.C, Guide 48,

Co Re Co "Guide to Design Criterion for Metal Compression
Members" Bngrg. Foundation 1960 (a) Bz 5.5,
Pe 76 .

Co Ro Co Final Report of the Special Committee on Steel
Columns and Transe. heS.CoH, Vol. 83

pe 1583, 1919-1920.,

Co Ro Co Progress Report of Special Committee on Steel
Uolumn Research Trans. A.S.C.H., Vol. 89,
Pe 1485, 1926,

Co Ro Co Progress Report of Speoiel Committee on Steel
Column Research, Trans. £eS5.C.5., Vol. 95,
pe 1152, 1931, '

Co Ro Co Final Report of the Speciel Committee on Steel
' Column Research Trans. A.S.C.E,, Vol. 98,
pe 1376, 1933,

Go Ro Co Proceedings of the Seventh Techniecal Session
Engineering Foundetion May 1988,

Cornell University "A Study on Column Anelysis" <thesis,
1949 in partial fulfillment of the requirements
of the degree of doctor of philosophy.

Clark, J. W, Becentrically Loaded Aluminum Columns
Transactions A.S.C.E. Vol., 120, 1955 p, 1116,

Clark, J. W "Lateral Buckling of Beams" Proceedings
Hill, H. W, boeBSeColie Vol, 86 No, ST 7 July 1960, pe. 175,
Clark, J. W, "Consideration of Design Formulas for Beams and

Beam Columns in Light of Recent Research Work"
Report of Subcommitbttee of Research Committee &,
Co Ro Co (not published).

Cosgens, Jo Tables for Computing Verious Cases of Beam Column
NACA Tech. Mem. 985« 1941




50,

51.

. 62,

53,

b4,

55,

56,

57

58,

59,

60a

6l.

Jossens, Je
Chwalla, E.
Campus, F.

Massonnet, C.

Dutheil 9 Je

Dubtheil, J.
Dutheil, J.

Din 4114

De Vries, K.

Bdwards, J. H,

Whittemore, H. L,

S‘tang, Ae He

Ellis, de Se
Pisher, G, Pe

Fish@l‘, Ge Po

62, Goodier, J. N

12.

Buckling Tests on Becentriecally Loaded Beam
Columns NACA Tech., Mem, 989, 1941,

Theory of the eccentrically compressed bar of mild
steel (in German) Stohlbeu Vol. 7 = 8 - 10.

"Researches on the buckling of T columns in steel
A 37 obliquely loaded." Bulletin du CeR.ReB.Ss,
Liege, Vol. F pp. 119=338, 1955 and 1 RSIA
Compte-Rendu de Recherches No. 17, April 1956,

"The foundation instability problems in metal
construction; buckling and lateral buckling."
Bull. Soc, Roy. Belge Inge. Ind, Noe. 3 ppe 95-114,
1950. '

"Theory of instability by equilibriuwm divergence,™
Fourth Congress of the IABSE Cambridge and London,
1952, Preliminary Publication.

"Theory of instebility by equilibrium divergence."
Fourth Congress of the A.B.S.B. CLembridge and
London 1952 Final Report.

German Specifications on Buckling

Strength of beams as determined by lateral
buckling Trans. £e.S.Celia, Vol, 112 pp. 1245-1320,
1947,

Compressive Tests of Jointed H Sections Columns.
Natl. Bur. Standards (U.S.) four Research
Volo‘ ,6, pl 305, 1951.

Plastic Behavior of Compression Members
Journal of the Mechanics end Physics of Solids
Vol. 6, 1958,

Investigation of Flexural Buckling of Rigid
Jointed Structures. Third Progress Report
Cornell University, Ithaca, 1952,

"Investigation on Buckling of Rigid Joint Structures.'

Third Progress Report with Lppendices by
Pe Po Bijlaard and G, Winter, Cornell University,
December 1953, B

"The Buckling of Compressed Bars by Torsion and
Flexing." Bull No. 27, Cornell University,
Bngrg. Bxperiment Sta., Ithaca, N.¥., 1941,




63

64,

65.

66,

67

68.

69,

704

Tl

72,

Téeo

75

Goodier, J. M.

Galombos, Te Ve
Ketber, Re Le

Galombos, Te V.
KQt”i‘J@r, Ro ILis

Galonlbos, To V-'

GI‘@CQ@, Te Wo

Gottlleb, R
Thompson, TM.
Witt, Bs Co

Griffith, Je. G
G‘T&.gg, Jo Go

Greespan, M.

Hilli, H. N.
Glark, J. W

Hill, H, N,
Clark, J. W,

311, H. N,
Hartmen, B. C.
Cl&fk, ) o W

Hill, H. W,

Horne, M. R,

138,

"Flexural-Torsional Buckling of Bars of Open Section"

Bull, No. 28, Cornell Univ. Engrg. Dxperiment
Stf’le, I'bh@.@a, N, Yc, 194"20

"Columns under Combined Bending and Thrust." Pro=
G@ediﬂg@ A,CSQCQEQ Vol. 85 Noa Mg f’:.pr'il 1959,90 1

Purther studies of columns uwnder combined bending
and thrust - Welded conbinuour frames and their
components, Report Noe. 30,

Inelastic Lateral=-Forsional Buckling of Eccentrically,

Loaded WI' Steel Columms Rhd. Dissertetion,
Lehigh University, 1959

Strength of Steel Tubing under Coubined Columa
and Transverse Loading, ‘ncluding Tests of Columns
end Beams, Natl, Bur. Standards, (U.S.) Technol.
Paper 258, Vol. 18, 1924,

Combined Beam Column Stresses of Aluminum Alloy
Channel Sections Ne.h.Cole Tech. Note 726, 1939,

Tests of Large Bridge Columns  Natl. Bur. Standards
(UeSs ) Technol. Papers, Vol. 10, pe 3, 1918,

Axisl Rigidity of Perforated Structurael Members,
Notl, Bur. Standards (U.S.) four Research Vol. 1,
pe B05, 1948,

Later .Buckling of Becentrically Loaded T Section
Columns Transactions AeS.Ce.f., Vol, 116, 1951,
Pe 1179, .

Lateral Buckling of Eccentricelly Loaded I and H
Section Columns. Proceedings Natl. Congress of
Applied Mechenicse A.S.M.HE, 1951,

"Design of Aluminum Alloy Beam Columns."
Transachbions A.3.C.H. Vol. 121, 1966,

Compression Tests of Some 17 $-% Aluwninum Alloy
Specimens of I Cross Section, N.A.C.h. Tech,

"Note 198, 1941,

The Stanchion Problem in Frame Structures
Designed According to Ultimate Cerrying Capacity
Proceedings. Structural Paper Vol. 46, Inste.

of Co V. Bngrs,, Part 5, 1956, pe 105,




76

77

T8

79

80,

8l

820

83,

84,

86,

86 .

87,

88

Horne, M, Ra

Horne, M. R.
Gilroy, Jo M,

Neil, s.
Wilson, G.

Huﬂlﬁ%y, Jo B.

Hoff, Ne Jo

Hotf, No Jdos

Hoff, N. Jo

HOff, N, Je
Boley, Be A
Nerdo, S. V.
Raufman, Se

Hoffy No Jo
Boley, B. fe
Nardo, S. V,
Keufman, S

Hoff, W. J.

Ko Lg.g;er

K. Lezek

Ko Lezek

Be Co Johmston

14,

"The BElastic-Plastic Theory of Compression Members"
~Journal of the Mechanies and Physics of Solids,
Vole 4, pe 493 (1956)

"Further Tests on I Section Stenchions Bend aboub
the Major Axis" British Welding Journal,
Vols 3, p. 258 (1956)

A Simplified Column Formule of the Secant Type,
Bulls, AR B A Vol. 29, No. 300, pe 197, 1927,

Elagtically Encastered Struts, Jours. Roy.
Aeronaut. Soce Vol, 40, p. 663, 1936,

"Steble and Unstable Bquilibrium of Plane Frameworks"
~Journal of Aeromautical Sciences, Vol. 8, pe 116
(1941)

Stress Anelysis of Aircraft Frameworks, Proceedings
of the Royal Aeromautical Society, Vol. 45, p. 241,
1941,

"Sunmary of Buckling of Rigid Jointed Plane Trusses.'
Transactions of the A.S.C.E., Vol. 116, pe. 958,
(1951)

"Buckling of Rigid-Jointed Plane Trusses."
Proce heSeCelie, Yune 1959 (Separsate No. 24)

"The Analysis of Structures" J. Wiley and Sons,
New York, 1956, -

"he resistance of compressed bars of steel"
Springer Vienne, (1937)

"The cerrying capacity of an excentrically and
trensversely loaded colwmn of an ideal plastic
material." Akademie der Wisseuschaften in Wein.
Vole, 143 (1934)

"The strength of excentrically loaded steel
columns of arbitrary cross section"
Dor Bauingemiour, Vol. 17, p. 306 (1936)

"A survey of progress 19%4—1951 Golumn Research
Council of Dnglneerlng Foundation," Bulletin
Woo 1 (1952)



89,

90,

9l.

92,

98

94 o

97 .

98,

99,

100.

101.

Johnston, B. Ge

Johnstoﬁ, Be G
Cheney, L.

Johnston, R. S,
Julian, O, G.

Julian, O. G.

Karmen, Te. von
Dunn, L. Ge
Tsieu, He S
Karmen, T. von

Kappus, R

Kavanagh, Te Co

Kavanagh, T. C,

Kavenagh, Te Co
Kavenagh, T. C,

Kavanagh, T. Cs
Moore, Je He

16.

"Lateral buckling of I-Section Columns with
eccentric end loads in the pleme of the web,"
Trensactions, A.S.M.E, Vol., 62, 1941,

Poe b=176,

"Steel Columus of Rolled Wide Flange Section"
Report Wo. 2, ALSC nove 1942,

"Tests of Large-sixe Columns of three grades of
structural steel"
ling., News-Record, Vol. 103, p. 999, (1929)

"Discussion~Compression Members in trusses and
Fremes," The Philosophy of Column Design, '
Proceedings, Fourth Tech. Session CeR.C. May 1954,

"Nomogrem:for determination of effective lengths"
Unpublished Notesg, 1969,

"he influence of curvature on the buckling
choracteristics of structures™ Journ.
Aeronaute Scie, Vol. 7, pe. 276, 1940,

"Studies on Buckling"
Forschungsarbeiten, Berlin 1910.

"Torsional buckling of centrically compressed
bars with open crosgs-section in the elastic
renge. Luftfahrtforschung, Vol. 14, p. 144,
1937,

"Rotational simplification for the buckling length
of columns" Proceedings of the Seventh Tech.
Session, C.R.C. (1957)

"Theory of buckling of frameworks" distributed by
Co Re C., 1948, 63 p

"Columns as Part of frameworks" Report No. 1.
Approximate Analysis of frameworks withoutb
trenslation C.R.Ce 1949, 52 po

"Columns as part of frameworks" Report No. 2,
Degign of columns in trusses and frames without
translation. CeR.Co (1950)

"Columns as part of frameworks" Report No. 3.
Buckling of frameworks wibh semirigid joints.
C.R.Cs (1950) 33 pe




102,

103,

104,

105,

106,

107,

108,

109,

110,

111,

112.

114.

115,

Kavanagh, Te C.

Kevanagh, Te Ceo

Ketter, Re L.
Beedle, L, S,
Johnston, B. G.
Ketter, R, Le
Kaminsky, L. L,
Beedle, L. S.

L@@, JQ G.
Lee, Go Co

Lee, AJ Y,

Lundguist, E. B
Kroll, W. D,

Lundquist, T.E.

Mason, Re B
Figher
Winter, G.

Massonnet, Che

Ma.ssoxmet, Ch.

Millet, A

16.

"Columns es part of frameworks." Report No. 4,
Analysis and design of columms in fremes subjected
to translation. C.R.C. (1950) 70 p.

"Effoctive Length of framed columns" Proceedings,
&OS!COE.’ Vol 86, No. ST 2, Febe 1960,

"Column strength under combined bending and thrust”
Welding Journal, Dec, 19562 p. 607 - S.

"Plastic deformation of wide-~flange beem columns"
Transactions, AeS.C.E., Vol. 120, 1955 p. 1028,

"Plasticity coefficients for the plastic buckling of:
plates and shells." Journ. Aeronaut. Sci.,
Vol. 22, No. 6, June 19565,

"Tests on Durealuminum columns for Aircraft
Construction," W.S.C.A., Tech., Note 308 (1924)

"A survey of literature on the lateral instebility
of beams" Welding Research Council, Aug. 1960,

" study of column analysis" Doctor's Thesis,
Cornell University. (1949)

"Extended tables of stiffness aund carryover
factors for structural members under axial loads."”
NehoCoho, Wortime Report L-255 (ARR No. 4B24)

"Stability of structural members under axial loads"
NoAolsA, Tech, Note 617, 1937.

"Excentrically loeded, hinged steel columns"
‘Proceedings, Le3.C.E., Vol., 84, EM 4, October 1988,
ppe 1792-1

"Stability Considerations in the Design of Steel

Columns" Proceedings A.S.C.E. Vol. 85, No. ST7,
Septe 1959,

"Buckling of thin walled bars with open cross
section." Hommage Fac. Sci., Apple. Univ. Liege
a 1'A.I. Lge, G, Thone, Ede pp. 135-146, 1947.

"Essais de flamboge excecutés sur des cornieres
en acier 54 au chroniecuivre et en acier A 42
ordinaire," Annsles des ponts et chaussées,
Vol. 106, pe 252, 1936,




17.

116, Merriam, K. Ge "Excentricity in columns” Journ. Aeronsut. Scie,
Vol. 9, p. 135, 1942.

117. Merriam, K. G. "Dimensionless Coefficients Applied to the solubion
of Column Prcblems." Joure. Aeronaut. Sci. Vole. 7,
pe 478, 1940,

118, Newﬁark, W. M, "4 simple approximete formula for Effective End-
' Fixity of Columns." Journ. Aeronaut. Sci.
Vol. 16, Feb. 1949, p. 116.

119, Newmark, N. M.  "Wumerical Procedure for computing deflections
Moments and Buckling Loads." Trans. A.S.C.E,
Vol. 108, 1943, p. 1161.

120, WNylander, H, "Porsional and Lateral buckling of Excentrically
Compressed I and T Columns" Transactions,
Royal Institute of Technology, Stockholm, Sweden,
No. 28, 1949,

121, Osgood, W. R, "Excentrie Loads on Columns" Eng. News-Record,
Vol. 101, p. 30, 1928.

122, Osgood, W. Re "Beem=Columns" Journ. Aeronaute. Sci., Vol. 14,
pe 167, 1947.

125, Osgood, We Ra, "Column Curves and Stress-strain diegrams,"
Natle Bur. Standards (U.S.), Jour. Research,
Vol. 9, p. 571, 1932,

124, Osgood, W. Re "Column Strength of Tubes Mlastically Restrained
ageinst Rotation at the ends," N.A.C.A. Tech, Report
615, 1938. :

125, Osgood, W. R, : "Coluwmn Formulas™ with full discussions. Trans.
A»QS.C-EQ, 194:6, Po 165, :

126, Ojalov, M. "Restrained Columns" Proceedings heS.C.E. BEM.
October 1960. end Disertation Lehigh University
127, Parcel, J. I. "Effects of secondary stresses on ultimete
Murer, E. B, strength" A.5.CcBs Trans. Vols 101, p. 289
' (1936)
128 o Puwein, M, G, "Die Knickfestigheit des Stockwerkrahneus" Der

Stahlau, Vol. 9 (1936); Vol. 10, Vol 11, (1938)

128 b Perri, Je Go "Modified Method of Moment Distribution for
analyzing compression members as parts of rigid
frames." Doctoral Thesis, 1948, N.Y. Unive.




129,

130,

131,

132,

133,

134,

185,

186,

137,

138,

139

140,

Pridﬁ Ro AO
Heimerl, S. J.

Pride, Re Ao
Duffner, B. F.
Roderick, J. W,
Horne, M. R
I{OdEriCk, Je Wt

Roderick, J. W

Salmon, H. H,
Salvadori, M. G.
Sehmely, T.
Sievres, H.

Staug, Ae He
Greenspau, M.

Sergev, S. L,

18,

"Plastic Buckling of Simply Supported
Compressed Plates," N.A.! .A«, TN:1817, Apr. 1949,

"Blastic Buckling of e Simply Supported Plate in
Compression™ Journ. Aero. Sei. Vole. 19
Jan, 1952, PPe 69=T0,

"Stress Aualysis of Columns and Beam Columns by
the Photo elastic Method" N.A.C.A, Tech. Hote
1002, 1946,

""he Behaviour of a duotlle sbenchion length
when loaded to collapse.” B.W.R.A.,
Report No. 1/11/48.,

"Tests on stenchions bent in single curvature
about both principal axis" British Welding
Journal, Vol. 2, pe 217 (1955)

"Theory of plesticity-elements of simple theory”
The Philosophical Magszine, Vol. 39, p. 529,
London (1948)

"Columns" Oxford Techaicel Publication, Henry
Frowde and Hodder & Stoughton, London (1921)

"Lateral buckling of I-beams" Trans. A.S.C.E,

Vol. 120 (1955) p. 1165, Trans, A.S.C.E. Vol. 121
(1956) Pe 11630
"Ndherungsweise Berechnung der Knicklaugen von
Stockwerkrahmen,”™ Der Stahlbau, Vol. 24 (1955},
Vol. 26 (1951)

"Die Knickfestigheti Elastich Eingespaunter Stidbe"
Stahlbau, Vol., 13, 1950,

"Perforated Cover Plates for Steel Columns"

- "Compressive Properties of Plates having
Ovaloid Perforations and a width to thickness
ratio of 40" Netl, Bur. Standards (U.S.) Jour.
Research, Vol. 28, p. 687, 1942
Width o bhlukness ratio of 68 Vol. 29, 1942

" " " of 53 Vol. 30, 1943
"Perforated Cover Plates for Steel Golumns
Compressive Properties of Plates Haviag Circular
Perforations and a width to thickness ratio of
53," Natl, Bur. Stds. (U.S.) Jour. Research
Vol. 30, 1943

"The theoretical behaviour and design of i initislly
curved struts under an intermediate concentric
axiel load" Univ. Washington Enge Expt. Sta.
Bulletin 113 (1945)




141,

143,

144,

146,

1476

148,

149,

150.

151,

Shanley, F. R,

Shﬁnl@y 9 I3 ° R °

Stephenson, H, K,
Cloninger, K. Jr.

Stephenson, H, X,

Sidebobtom, 0. M,

Southwell, Re V.

Slater, We A.
Puller, M, O

Timoshenko, S.

Timoshenko, Se

Timoshenko, S.

Thurlimen, B

Thurliman, B.
Hoaijer, G,

19,

"Strength analysis of excentriecally loaded columng
elastically restrained end excentrically loaded,"”
Fo Re UsloLeho Report Noe 54-57, pe 42,

Moy 1954,

"Strength anslysis of excentrically loaded coluwans"
{(Report No. 54-47.)

"Stress analysis and design of steel columns"
Bulletin No. 129, Texas Engr. Bxpe Sta.,
Texas A and M College, Texas, Feb. 1953,

"Stress Anelysis end Design of Colums. A

general solution to the compression member
problem." Procsedings 34th Annuel Meeting of the
Highwaey Research Bd., Jan. 1955 Reprint 62,

Texas Engr. Exp, Sta. College Station, Texes,

"Theoretical end Experimental analysis of members
loaded excentrically and Inelastically." Bulletin
Noe 447, Unive of Illinois, fngr. Bxpe. Stos
Urbana, Ill,, Morch 1958,

"Phe Strengbh of Struts, & Review of Progress made
in theory and experiment during the war."

heron, Research Committee (Gt. Brit.) Repbs. and
Memoranda, No. 918, 1924,

"egts of Riveted and Welded Steel Columns
Transe. AeSeC.Fa, Vols 99, pe 112 (1034)
"Theory of Elastic Stability" McGraw Hill
Book Coe, Inc.,VYew York.

"Mheory of bending, btorsion, and buekling of thin
walled members of open cross-section” Journal
Franklin Institute, Vol., 239, March, April, May,
1945,

"Forking Stresses for columns and thin walled
structures" Trans. A.S.M.E., Vol, 55,
Paper A.P.M. - 565-20, 1932,

"Deformations of and stresses in initially

and excentrically loaded columns of thin walled
open cross-section" Report, CGradwte Dive. of
Applied Math., Browm Univ. Providence, R.l,
June 1963,

"On inelastbie buckling in steel™ Proce LeS.Celfe
Journ. Engnge Mech, Division paper No. 1581
April 1958.




168

154,

156,

157.

168,

1569

160,

16L.

162.

163,

164,

Thurliman, B
Drucker, Do C,

Templing Re Lo

Theodosiedis, R.
Langhaar, He L
S:mi'th, J. 0 .

Ven den Broech, Je I

Wagner, H.
Winter, G

Winter, G.

Winter, G.
Hsu, Po Te
Koo, Be

Loh, M. H.

Weight, De Te
’WoRoC- - AQSOCOE‘
Wilson, M, W,
Brown, Re L.

Westergaard, H. M.

20,

"Investigation of the A.h.S.H.0 and AREA
specifications for Columns under Combined Thrust and
bending moment" Brown Univ. Rep. No. 2 to C.R.Co

oy 1952.

"Hydraulically supported spherical seated compression
testing machine platens"
Proce AeSeTelMs Vol 42, ppe 968-976, 1942

"Inelastic Buckling of Flat Plates" First Midwestern
Conference on Solid Mechanics. Engineering Bxperiment
Station, University of Illinois, Urbana, Illinois,
Lpril 1953, ppe. 1065-111.

Columns subject to wiformly Distributed Transverse
Loads, Illustrating e new method of Column Analysis
Bnge. Your. Vol. 24, 1941,

"Porsion and buckling of open profiles"
FPostschrift "25 dJahre Technische Hochschule Danzing™
Pe 329 Danzing Kefermen, ed., 1929,

"Porformence of Compression Plates as Farts of
Struetural Members." Ingineering Structures,
Colston Papers, Academic Press, Inc., New York, 1949,

"Compression Members in Trusses and Frames"

The Philosophy of Column Design, Proceedings Fourth
Tech, Session, Column Research Council, May, 1954,
Pe 58,

"Buekling of Trusses end Rigid Frames" Cornell
Univer. Fngr. Bxper. Sba. Bull., No. 36, April 1948,

"The Design of Compressed Beama" The Engineering
Journal, Vol, 89, February 1956, pe 137.

"Commentory on Plastic Design in Steel Compression
Members." Frogress Report No. 5, Committee on
Plasticity Related to Design, Proceedings A.S.C.h,
Vol. 86, No. BE.M., Jonuary 1960, p. 117,

Effect of Residunl Longitudinal Stresses upon Load=
carrvying Capacity of Steel Columns, Univ, Illinois
Bull. Vol. 33, No. 13, 1935,

"Buekling of Hlastic Structures"™ Trans., A.5,C.H.,
Vole 85, pe 576~654,



165,

166.

167,

168,

169.

170

171.

172,

173,

17k

Widstlund, G.
Bergstrbm, S. G.

Westergaard, H, M.
Osgood, Wm. R.

Wood, R, H,
WOOd, R. He

Wessman, Hs E.
Kavanagh, T. C.
Young, D. He

Young, D. H.
Zickel, J.

Zickel, J.
Drucker, D, C.,

2A.

Buckling of comp'féssed steel members
Trans., Roy. Inst. of Techn. Stockholm
No., 30 p. 172, 1949,

"Strength of Steel Columns®
Vol. 50, APM 50-g p. 65-79

Transe AeSeM.Eo

"A Derivation of Maximum Stanchion Moments in
multi-story Frames by means of Nomographs."

The structural Engineer, Vol. 3L, p. 316, (1953)
"The Stability of Tall Buildings," Proceedings of
the Institute of Civil Engineers, Vol. 11, p. 69

(1958).

Discussion of the Paper, Multi-story Frames by
M. R. Horne, British Welding Journal, Vol. l,
p. 9 (1957).

"End Restraints on Truss Members." Proce. A.S5.C.E.
Septenber 1959 (Trans. A.S.C.E. 1950 (MS) p. 1135).

Rational Design of Steel Columns, Transactions,
AOS'C.EQ’ Vol. 101, 1936 pp. ,422—5000

Stresses in Eccentrically Loaded Steel Columns,
Pubs., Intern. Assoc. Bridge and Structural Eng.
Vol. 1, p. 507, 1932,

"General Theory of Pretwisted Beams and Colums®
Tech. Report No. 73, Graduate Div,., of Applied Math,
Brown Univ., Providence, R. I., June 1952,

"Investigation of Interaction Formula®
Brown Univ., Rep. No. 1 to CRC Ap. 1951.




	Lehigh University
	Lehigh Preserve
	1961

	Literature survey on: composite beams, plates, girders, connections, beam columns, CE 406, June 28, 1961
	Carlos A. Wiegand
	Recommended Citation


	tmp.1394459202.pdf.kuSOa

