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1.3 All the above theories ascumo plane cross sections warp but that
there is no distortion in their geometry in the plane of their cross
scctions, i,e., the various parts of the cross sections rctain the same
relative orientation even with warping., It is also assumed that overall
failure of the section in torsional flexural buckling takes place and is
not accompanied by local buckling. Attempts have becen madeG, by Chilver
and others to clearly define regions of local and overall buckling withe
out success. Separate analysis of local and overall buckling can only
give approximate values, since it is unrealistic in co far as it scparates
a single phcnomenon into two separate and arbitrary phcnomena, fAn analy-
sis to cover local and overall buckling simultaneously would be mathenat-
ically intractable. However, a large number of tests would enable clear
identification of tho type of buckling, as a function of tho parameterc de-
noting the gcometrical configuration, the size of the flange and web, the
size of lip, and the thickness of the sheeting, I'rom such results, it would
be possible to earmark ranges of these paramete;s in vhich either local or
primary buckling may be anticipated. This would mean that, when a new
section is to be assessed for its strength, it would be first ceen if it
would fail by primary buckling or local buckling., then the mode of buckle-
ing has thus been ascertained, the relcvant decign formulae can be chosen

to determine working loads,

1.b It has been observed from tests carried out by Kollbrunncr8 and

Ch:llver'6 that most of the cexperimental points lie well above the thcorectic-

ally predicted valucs of strength for thin walled cross sections like
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where 'd" depth of channel! in inches
npn area of channel in sguare inches
o™t distance of Centroid from the web contre line
Ixx'I vy tioments of inertia about xx and yy resply

npre Varping stiffness

- The above equation is aprroximate and is within one percent of
the values for bulbed chanrels, channels with circular lips as determined
by Coodiers solution, Table l.l provides the geometrical properties of

four different sections of channcla.

1.8 It may bo observed that provision of circular lips increases the
varping stiffneso conciderably., then warping is restrained by flat end
supports as in ordinary construction it is recaconable to expect a groater
torsional stiffnesa for gections with pgreater warping rigidity. 7This

aspect of the problem has not received its due attention, and in exploratory
testc it was obvious that the warping rigidity had much to do with the
prevention of torsional displaccements of the soction., The theorotical
analysis and evaluation of gecrmotrical constants bring out the mathenatical
relationdxiﬁ between warping stiffness and toraional radius of gyration,
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within the small thicknecss of the plate element itself ignored. Considering
the "i"th plate element along with the "i-1"th and the "i+1''th plate (see
Fig. 2.2b), sgince "p" is small it may be assumed Cos'"P"equals 1 and
Sin "p" equals "g ",
Then, " ﬂi" the displacement parallel to the 7) axis is
M, =-u Sincbl- +V Coscj)c + BTt

d*n; _m:
The curvature of the "i''th plate in its own plane is ! =fnf
dz

and the longitudinal strain at the centroid is €,. The strain emergy of

one plate element, due to direct and flexural deformation, is

2 .
é_—] (EIM +EAE: ) 47 (2.1)

For all '"n" plates in the cross section the strain energy is

v | n "Z _2 d
| =% | > (EI™ +EA;& )9 (2.2)
l_l.:l
the integral being carried over the whole range " L_".
At each corner where two plates join the longitudinal strain should

be the same s0 that the conditions of continuity are satisfied. Consider-

ing the "i-1"th plate and the "i'th plate then

— ' i — it
€. +a,_ M, =€ -7 (2.3)
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A being the area expressed in terms of the develped width of sections
concerncd, The ratio Rg/Aw takes into account the different cross section-
al areas of the sections and reduces it to a single parameter for compar-
ison, The length being constant, critical stress is directly proportional

to Ra The following is the order in vhich the sections can be placed

5
starting from the section having the largest value of this parameter, and
proceeding in the descending order.

1, Channel No, 6 (Table 2.8)

2. Channel No. & ( do )

3. Channel No. 2 ( do
4, Channel No. 3 ( do

5. Channel No. 1 ( do

6. Channel Ho. 5 ( do

2.9 OFTI:M SHAPE

Using the I.B,M., 7040 computer the following geometrical
properties were calculated for varying values of non-dimensional para-
meters Q and R:

1., Equivalent radius of gyration RE

2. Radius of gyration for pure torsional buckling RB

3, \arping Stiffness " T "

B and Rp vere computed as ratios, which, when

multiplied by the flange width in any system of units, would yield the

Of the above quantities, R

corresponding radius of gyration., Varping stiffness " T " is of the

sixth power of linear dimensions, and the non-dimensional coefficient will
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anrother, This means that the influence of change in bulb radius iz nmuch
less evident in this case than in the channel considered in Fig. 2.6(4),
In Fig. 2.6(3), in the range of ¢ = 0,5 to 0,75, the largest paranecter
for cquivalent radius of gyration is given by the smallest radius of
bulb R = 0,05. Trom @ = 0.75 to @ = 1,bk the largest value of RE occurs
with a radius of bulb 0,06 times the flange width., TIron Q = 1.kb4 to

Q= 1.875, a radius corresponding to R = 0,09 provides the greatect RE.
From 3 = 1.875 to ¢ = 2,0, radius corresponding to R = C,12 furnighes
the greatest value of RE.

Couparing the graphs in Fig. 2.6(1) and 2.6(B), the curves in
(3) show greater ordinates than in (A) for the values of Q betueen 0,625
and 2., Comparison is nmade in the follouing of sone gpecific points to
enphasize this trend,

At a radius of R = 0,03, for parameter Q) = 1,0, the channel with
2 bulbs (Fig. 2.6(1)) has an equivalent Rp = 0.1735., The channcl with 4
bulbs (FMig. 2.6(3)) has a value 0,1395. At R = 0,C6 and G = 1.0 the
values for the channels with 2 bulbs and the channel wvith L4 bulbs are
0,164 and 0,196 respectively. At the same ratio Q = 1,C, at R = 0,09,
lthe two values are 0,118 and 0,1375 respectively for the channels in
Fig.s 2.6(A) and (B). At R = 0,12, vith Q at a value 1 apain, the valucs
for RE are 0,10 and 0,1745 for the iuo chonnels.

The change in this poraneter defining the cquivalent radius of
gyration at a constant value of ¢ = 1.5 can now be studied. Tne values
referred to here are again in the game order, viz. value for 2 bulbed
channel (TFig, 2,6(A)) followed by the value for & bulbed channel (Fig. 2.6(3)).

At R = 0.03' the values are €,210 and C.2315. At R = C’.C6| the valuos are
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Variation of radii of gyration with shepe.
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Variation of waiping stiffness with shape.
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scctions than in those with 2 bulbs,

Mg, 2.,7(A) and (B) shows that the variation in the non-dimension-
al paranmcter governing warping rigidity " 77" increases initially,
reaches a maximum and decreases with further increase in radius, To
obtain warping rigidity of a section the parameter " T1'" ghown on rig.
2,7(A) and (B), will have to be multiplied by the sixth power of the flange
vidth first, and then further multiplied by the thickness of sheeting.
Comparing maxdmum ordinates at Q = 1.0 and Q = 2,0, the values of "7 "
are 0,09 and 0,54 respectively. Hence, increase in Q has a significant
effect on "T1 ", The maxinum vwarping rigidity for Q = 2.0 occurs at a
radius of 0,09 times the flange width,

Referring to Fig. 2.7(B), for a U4 bulbed channel, the constant
" 11 " continuously increases with R, This increase is steep for higher
values of Q of 1,5 and 2, and is flatter for values of Q of 1 and 0.5.
For instance, at a radius per unit flange width of 0,04, " T " for
Q = 2.0 is 0.61 and for @ = 1.0, it is 0.,135. lere also the influence
of increase in Q is significant. Comparing Figs. 2.7(A) and 2.7(B) it
can be scen that the values of the warping rigidity for the 4 bulbed
channel are always larger than those for the 2 bulbed channels. At Q =1,
the maxdoum value for coefficient "T' " is 0,09, corresponding to a bulb
radius of 0,04 times flange width (Fig. 2.7(A)), The 4 bulbed channcl,
hovever, has a value of 0,105 for the values Q = 1.0 and R = 0.0k,

At Q = 1,5, the maximun value for the coefficient " T'" is 0.255
(Fig, 2.7(A)) at a radius equal to C.065 of the flange width., At
corresponding value of Q and R, the U4 bulbed channel (Fig, 2.7(B)) has a

" T yalue of 0.45,
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2.11 As a sequel to the foregoing theoretical study of the behaviour
of bulbed channels, experimental vork was planned and carried out as
outlined in the following chapter. It can be seen from Table 2.8 that
the equivalent radius of gyration RE is less than the minimun radius
of gyration in flexure "Ry"’ in all the sections considered. Hence, it
may be expected that the sections chosen for tests would buckle in the
torsional flexural mode, rather than in pure flexure. The purpose of
the experimental work was to determine if failure did take place in the

mode anticipated or not. Further tests would demonstrate the actual

behaviour of such columns,
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above the stress is so low that the vhole section is decmed to be effect-
ive.

Figs., 3.6(a) and (b) have been mzde from the experimental results.
Fige 3.6 (a) gives the points plotted concidering the individual bulb or
lip separately in the various sections. The values of parameter
"b/t \[;/_IE" in Fig. 3.6(a) are plotted for each 1lip or bulb at various
nominal stresses., ig. 3.6(b) relates to the average values for the lips
and bulbs at various nominal stress levels. In both figures the constant
"C" which defines the effective wvidth of the section in relation to the
total width of plating in web and flanges, has been plotted for varying
values of the non-dimensional parameter "b/t \/O_/E'_'. The non-dimensional
constant "C'" ig derived from the following relationship:
Effective width of section = Developed width of bulbs + C (Total width
of flange and web plate).
In this relationship, the thickness of the sheeting "t" has been climinated
since it is uniform. The effective widths, thercforo, are in the same
proportion as the effective areas of the section. In Fig, 3.6(a) and (b)
the Uinter curve is plotted alongside for convenient rcference. All the
points from the tests lie above the Vinter curve showing that iinter's
proposals are conservative, Also shoun on the same two figures are threc
points, corresponding to three different sections, plotted to indicate
the values vhen the stress at the bulbs reaches the yield stress for the
material, viz. 40,450 psi. These three points are hypothetical since
stresses recorded in the bulbs just prior to failure were less than the
yicld stress, and failure wac caused by yield at a section vhere strain

gauges were not provided, The trends obgserved in these curves are similar
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5.3 Stiffening elements of triangular or circular shape have been
found to be superior to straight lips in enhancing the strength of a

channel.,

5.4 The values of the coefficient '"C" defining the effective width
in relation to the parameter "b/t‘/ o/E", are all above the curve
proposed by llinter., The trends in the results show that the effective

width concept could be applied to the type of sections under consideration.

545 The variation in effective width is dependent on the shape of

the stiffening elements.

5.6 Ultimate strength of such sections is a function of the position

of the stiffening bulb or 1lip, and its shape.
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