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WEb BUCKLLIN:G IN BEAMS

by
i
John 1. I.'lr.-\l’o.l‘l"' #nd Clinton J. Gindding”

LiITRODUCTTOH

Webu of beams with large deplh-Lhickness ratlos are subject to buckling.
Web crippling can occwr ot locations with concentrated loads or at supports.
In reglons of large chear, veb buckling can occur due to the resulting compres-
ulve pripeipal atresn. Vertical huckling of the compresulve flange into the
wveb resilts from Lhe Luending deformations when the webs are too thin. The
longitudinul compreussd v Lending otrewsen can cuune buckling. While rmach of
thene lu well defined (C), deslm upproachun ure wot wlwayn readlly avadlsble,
purticularly for the laut type. 'he"SpecirClcution for the Lomign, Fubrication
and Erection of 3tructural Stecl tor Bulldingd' (8) has an apprunch which was
developed for I-shaped plate girders and iu thus nol generally applicable to
other sections. The"Specification for the Deulgn of Cold-Formed Stoel Strue-
turul Momberd' (9) does not fully consider ihe reoulling postbuckling behavior.

Buckling due Lo the cospressive bendlng obreasec Lo of ialerest in Wiln
prymiry Wik eaplinila on Whe poatbuck Hine strenpgbh,. Provious work s Ineluded

u thuoretleal nnd cxpielimuntal abtudy o box seetions In whileh Lhe moroement

A Azet. Prof. of Clvil Enginerring, The iniveruaitly of Connactleut, Ctorrs,

Connecticut.

2 Aspistunt Englneer, Hortheont ULLlitles Sorvice Company, Berlin, Connscticut.
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192 FOURTH SPECIALTY CONFERENCE

trbween L Lwe ws Jacklgs (3), na oxperimontal Invealleabion of ad nminum
privates sl dere (B), tentn of oleel plute glmlern which turnished lotormetion
for Lhe v dooment of the Clrsl mentloned speei Plentlon wbove (L), nnd an
crpurirental ctudy of box-type sections with a preliminary method proposed
tor vredicting theilr strength (5).

This atudy han Involved an experimental :itudy of hat shaped sections with
deplii-thlcknesy rutlon bolwoen 136 mnd 36k, From these no unalytical approsch

Las been develupad bused on delermining the web effective width,

EXPERIMENTAL [NVERTIGATTON

l'wo scto of hat-shuped sectlons were teated, one with Lhe neulral axis
nk the conter of ihe web and one with It located so that GO% of the web vas
In coepresafon, The erosin-aectlon is shown in Flg., L. The sections were
prous=hirake fupmesl and conoioted of two plates rlveled together at the compren-
slon Mange. Additivoelly, plutes were riveted to the lower tennlon flunge
l'or the lntter set. The dimension of Lthe cross-secliuns are given in Table 1.

Carbon uteel of a struclural quality yielded at 37.8 ksi (260.4 x 103
Mi/m?) end had wmn ullimate stress of 50.3 ksi (346.6 x 103 Mi/n?). The
elongation of a £ in. (50.8 mm) gage length at rupture was 39%.

'ne beam wns londed equlidisiance from the ends as chown in Fig. 2.
The lemgth of Lhe central portlon, In pure flexuro, wan proporiioned no that
Lhe web Loekled In Uheee had Fowaves,

Web erlppd log wivs prevented by attnehlng chanueln vertically to the web
al pulnty of lowilng. Buckllug due to the shear oiressrs in the end regions
wiis prevenbsd by spot welding additional plates to the section. Vertical buckling
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of the comprrnuslon flange wius prevenled by minlmizning the ares of the compression
flange. l[akternal bracine prevented Internl-torsinnal buckling.

Straln gnges were applied nn one web und the commreasion [lange at the
renter of the beam. They warc located ‘in palrs on adjacent sides of the plate
to measure the hendling deformatlons and the average longltudinal stress in the
plate. Additlonally the web out-of-plane deformatlons were measured.

All failures wvere due to web buckling. As a conseguence the compression
flange buckled. In all subscquent calculations pertaining to the fallure load,
the ares of the compression flange was reduced to an effective one so that the
edge stress times the effective arca oroduced the same resultant force. The
effective arcn ranged Ifrom 82 to 92% of the lull area.

The moments at failure, ll,n.p. are given in Table 2. If buckling had not
oerurred und the ntress distribution kL fallure was Aistributed linearly with
o muximum equnl to the yleld stress, the eorresponding momentu, referred to as
Il,,. would be ue shown in the third colusn In Tnable 2. Thls shows clearly that
plate buckling wignificantly reduces the strength, by as much as 60%. This
1o primarily attributeble to buckling in the web since the reduction in the moment
ansumlng flunge butkling only, with the web Tully effective, ranged fram 5 to
9%. This was determined by using the reduced effective area of the compressive
flange and the full aren of Lhe webs and the tenslon flange so that Il,, - o,!."lc.
vhere c’ is the yirld ntresn, T .. the resulting elfective area, nnd c the
distanes Lo tho cxtreme comprennlion fiber.

The maximum comprestive dbreass In Lhe web at buckling, T is shown in
Table 2. T™ia wan delermined by averaging the eritiesl astraino Ffrom the ditferont
pairs of nLraln gwies on the compressive reglon in the web. The eritienl strain
was taken ws the maximum compreonslve strain In the gage on the convex side of
the wave In the buckled plate. A linear (lexural stress dintribution wvas assumed
at buckling. The moment datermined from this, "er-' is nlso listed. The ratioa
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of M.xpn‘er' up to h.0, chow that the nostbuckling ranse is nubstantial.

The veb vut-of-plane deformations just prior to failure ronged from approxi-
moately one quarter of the plate thickness to the full plate thickness for merles
A, and from approximntely one-hall to one nnd a half times the plute thicknesn
for series B. The deeper sections ylelded the larger valuen.

The behavior of the wob in the postbuckling range is demonstrated from
plots of the stresses on the wob, Figa. 3-10. The stresses vere determined by
averaging the strains on opposite sides of the plate. The stress distributions
with largest values at the web extremes were those jJust prior to fallure. These
demonstrate that at failure the stresses in the compressive portiom of the web
near the neutral axis decrease to approximately sero. The neutral axis shifts

dovnwnard with thle, resulting in & nonlinear stress distribution.

PROPOSED ANALYTLCAL METHUD

Besed on the behuvior demunstrated from the stress dlstributions at fallure,
the section is reduced to an effective one as shown in Fig. 11. The compression
flange is also reduced, as noted previocusly. The resulting compressive and
tensile stress distributions are linear.

The effective depth of the compresnion region was determined experimentally
uwnd lloblod In Table 3 B0 o wxp’ Thia wna dona by e¢quating the aclunl Internal
momont dlobribution on the weh with that for the winumed distribution. ‘The ranpe
in effectivn widtha n“'p ls ronnidernbly aomaller than the runge in depths d ror
the secLlona. For serien A, the depth of nection Ab ls 2.0 times that lor Al
vhile the ratio of Lhe effective widths in only 1.27. For series B, the ratio
of the depths of Bb to Rl is 2.67 und the ratio of the effective widths is 1.17.

It is auoumed that ot fallure, the effective width expresszion should be &

-
function of "cl-hm + Vhare o 1z the maximum stresa, equal to 9 This
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followe from effective width expressiom utilized for uniformly compressed
plates (10,11). Additionally it has been assumed that the effective width

for the web can be expressed in terms of the depth of the web compression

zome prior to web buckling, do' rather than the entire depth. For determin-
ing @,, the compression flange is fully effective since buckling has not
occurred. These assumptions are st least partially verified vhen 'w’m
is plotted versus ‘o' shown in Fig. 12. The test critical stress wvas used for
Topt The relationship between these terms can be spproximated by assuming a
linear relationship, shown as the solid line. The best fit is obtained with a
slope equal to 0.7. The resulting effective wldth for webs in pure flexure

is them:

a
L w0.7 =z (1)

4 Oy

Values of a determined from Eq. (1) using the test 9, Talue and o, =
37.8 kai (260.h MN/m2) are given in Teble 3. The maximum variation from the
test value wvas 12% and the mean 6%.

Using a determined from Eq. (1), the neutral axis location is calculated
by equating the first moment of the ares of the compression sone about the
neutral axis with that of the tension zone. The maximum temnsile stress, LA
is then calculated so that the internal compressive and tensile resultant forces
are equal, The resulting moment is then calculated from the resulting stress
distribution.

Volues of A', the width of the web compression none for the effective
section, ut.rmd the predicted ultimate moment, M, are given in Table k. With
the exception of Specimen Bl, all predictions are within 10% of the test ultimate
moments. It is felt that possible imperfections in the manufacture of BM induced
initial stresses which led to premature failure.



196 FOURTH SPECIALTY CONFERENCE

Bince only a limited nusber of tests wvere used in the establishment of =,
possible refinement could result from additional tests. As an indication of what
effect this would have on the resulting moment, a wes arbitrarily varied 10%.

The resulting moments are listed in Table 5. The variation in M is equal or less
than 48, demonstrating that for sections im which the web comprises a major
porticn of the cross-secticnal area, the precise determinstion of a is not so

important.

DESIGN SIMPLIPICATION

In design situations, Ty CE not be determined from tests, but must be
ealculated., The classical critical stress for plates is:

=2 g
= K (2)
for T ¥ ?) (@2

in vhich E io the modulus of Elssticity, v Poisson's ratioc, 4 the plate width,
or web depth here, snd k & factor vhich depends on the manner in which the plate
is supported along the edges in the direction of the compressive astress and the
location of the neutral axis in the case of non-uniformly compressed elements.
Conservative values of k, sssociasted with simply supported edges, are used in
design. Approximate simply supported valuss are 23.9 for series A and 15.7 for
series B (2).

For steel, E is approximstely 29,500 kips per square inch (2.03 x 105 mu/m?),
und v is spproximately 0.3. Gubstituting these wvalues into BEg. (2) and then
substituting thin into Eq. (1) yields:

A, uh.al i (3
do d / o )
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Bince ‘o is egqual to 0.5 4 for series A and 0.6 4 for series B, & is not a function
of the element depth~thickness ratios for the separate series. This is comsistent
with the small varistion in the effective width, s, shown in the test results.
Note that the constant k varied due to the variation in the relative width-thicknesa
ratios of the web mnd flanges. s

The limiting web depth-thickness ratio, below which the section is fully
effective, is obtained by setting m = d_ in Eq. (3) mnd solving for 4/t:

(%]:IJ.I = 11k.3 / g (k)

Thus for web depths exceeding that in Eq. (4), the effective compressiom
zone is determined from Eq. (3) sssuming a simply supported value of k. The
location of the neutral axis as shown in Fig. 11 is then determined so that the
first moments of the aress of the tension and compression zones sbout the axis
are equal. The maximum tensile stress is then celculated so that the resultant
forces on the cross-psection are equal. The resulting stress distribution then
establishes the ultimmte moment.

Values of the effective width, s, wvere determined using the simply supported
k values and are presented in Table 3. These values are equal to or smaller
than those determined from the test results, with a mean variation of 16.T%.
The critical stresses for the plates used Iln determining the values of a and
the resulting ultimate moments are given in Table 6. 'The maximm varistion
between the predicted and test values is 15%, and the mean variation is 10.6%.

CLUSIONS

Tests of hat-shaped sections in which the web buckles due to the flexural
mnirescer have shown: (1) Web buckling considerably reduces the flexural strengih;
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(2) The postbuckling range is substantiel and can be utilized in design since
the out-of-plane deformations are not so large.

A conceptually simple method is proposed for predicting the ultimate
moment for bemms. The section is reduced to an effective cne by assuming
that a portion of the web compression zome nesrest the neutral axis is ineffec-
tive. An espirical expression based on present effective width concepts is
given which s a function of the eritical stress, the yleld stress and the
depth of the web compression sone. The method is not limited to the cross-

section studied.
Additionsl tests could lead to refinement in the effective width expression.

The research described in this paper wes supported by the Natlional Science
Foundation, Grant Number ENOT5-10299.
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AFPENDIX TI. WOTATION

predicted effective width of web compreasion zonej
effective width of web compression zone from testn;
wvidth of tension in flange;

distance from neutral axis to extreme Tiber;

depth of section;

maximum web depth thickness ratio for which the web is fully
effective;

depth of web compression zone prior to buckling;
predicted depth of web compression zone at fallure;
modulus of elasticity (assumed as 29500 ksi);

clear distance between flanges;

moment of inertia for full web and tension flange, effective
portion of compression flange;

edge support coefficient for plate buckling;

predicted ultimate moment;

ultimate moment for a equal to 0.9 a from Bg. (1);
ultimate moment for s equal to 1.1 a from Eq. (1);
moment at which the web buckled in tests;

soment at fallure for test specimens;

moment predicted mssuming no plate buckling;

plate thickness;

thickness of ndditional tensinn flange aroem;

eritical web stress, at jJunction wiih compression flangei
maximum stress in web compression zone;

predicted maximum stress in veb tensile zone at failure;
yield stress;

Poisson's ratio
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Cross-Section Dimensions

TABLE 1.

Web depth-

t. tas b, d, thickness

Specimen in inches | in inches | in inchea | in inches | ritlo, h/t
Al 0.066 0.0 8.3 12 179
A2 0.066 0.0 8.3 16 2ho
A3 0.066 0.0 B.3 20 301
ah n.06k 0.0 8.3 2h M
Bl 0.060 0,006 7.8 9 13h
u2 0.0066 0.132 C.0 14 210
B3 0.066 D.192 6.8 19 2As
BY 0.066 0.1372 7.8 24 361

Note: I inch = 25.4 mm



Ta5lE 2. - Test Noments

| Teze Zaltuve Failure Moment Critical |
.:.a:;n: g sssuming a0 stress, Opp; | Test critical
% “exp' | buckling, I, i in kips per | moment, X, % M

Jpeciren iz irch-zizs in inch-kips 'eghs' square inck in lnch-kgn e’ er
a i 216 263 2.76 2 168 1.29
A2 i € 430 271 15 162 1.8
A3 P1 605 0.65 10 133 2.9k
Ab -EL Boé 0.58 8 18 3.93
81 5 213 2.70 30 125 1.20
82 257 L0 0.70 13 1% 2.06
B3 ¥ 660 0.55 9 90 k.00
Bk 3% 9Th 0.40 6 110 3,54

|

Jote: 1 inck-kip = 113 Jer; 1 kip per square inch = 6.5 Mi/m?.

HONSNHINOD ALTVIDEdS HLENOd



TABLE 3, - Effective Widths

Effective vidth determined
ponst it || tvom e Lttt | sty ot e
u?zhil:m. —£L

Bpecimen in 8, in inches ‘h!ﬂ a, in inches nh“p
A 3.0 3.1 | 103 3.0 1.00
A2 3.8 3.5 0.92 3.0 0.79
A3 3.7 3.6 0.97 3.0 0.81
A 3.4 3.8 1.12 3.0 0.88
BL 3.6 3.3 0.92 2.9 0.81
B2 i 3.5 3.4 0.97 2.9 0.83
B3 | 3.5 3.8 1.09 2.9 0.83
BY | b L.0 0.98 2.9 0.7

Bote: 1 inck = 25.4mm

SIVEE N1 ONI'TIONE §3M



TABLE &, - Ultimate Moment Capacity

Distance to Maximur temsile Predicted
reutral exs at stress, g, ultimate Test ultimate
failure, d', in kips per moment, M, moment , s M
Specinen in inches square inch in inch-kips in in exp

M 6.5 26.0 201 216 0.93
A2 8.9 23.7 280 306 0.92
A3 1.k 21.4 355 P 0.91
Ab 13.9 20.1 hko hél 0.95
Bl 5.7 18.% 161 150 1.07
B2 9.3 15.2 258 287 0.90
83 12.9 13.5 372 360 1.03
Bl 16.9 1.7 k81 380 1.2k

Note: 1 inch = 25.k mm; 1 kip per square inch = 6,89 Mi/w?; 1 inch-kip = 113 N-m

HONSHHANOD ALTVIOHAS HLNNOA
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TABLE 5. - Effect of Varying Effective Width

S-=009 | 0.1 ;91 :l =11 o7 / ;51 :I
o Y o ¥y
%.9 5.1
siacion’ liw Snenas inchi-::lpl '“0.9"' in deee an;l-‘np "y

A 2.8 19h.3 0.96 3.5 208.1 1.03
A2 3.1 269.4 0.96 3.8 290.0 1.0k
A3 3.2 340.9 0.96 3.9 367.9 1.0k
Ak 3.h k21.8 0.96 k.2 456.9 1.0k
Bl 3.0 155.1 0.96 3.6 166.0 1.03
B2 3.1 248.5 0.96 3.7 267.8 1.04
B3 3.5 356.8 0.95 k.2 387.0 1.04
B4 3.6 k60.5 0.95 L. b 501.1 1.0k

#M given in Table k.

Note:

1 inch = 25.% mm; 1 {nch-kip = 113 B'm




TABLE 6. - Ultimate Moments Determined According to Design Simplification

Critical Distance to Meximum Predicted |Test ultimate
stress, O,., (neutral axis |tensile stress, wltimate moment
in kips per | at fallure, |0., in kips per | moment, M, 1:&" W
Specimen square inch |d', in inches | square inch in inch-kips |[in kips ‘exp
A 10.7 6.5 25.5 198 216 0.91
A2 1.1 9.0 22,5 265 306 0.87
A3 1.0 n.7 20.3 32 » 0.85
Ak b9 b4 18.6 koo W6k 0.86
Bl 23.7 5.8 i7.6 155 150 1.03
B2 9.7 9.5 LN 25 287 0.85
B3 5.2 13.k 12.2 335 360 0.93
3k 3.3 17.6 10.k 426 389 1.09

Hote: 1 kip per square inch = 6.89 MF/m?; 1 inch = 25.b mm; 1 inch-kip = 113 K-z

HONFHHANOD ALTVIOAAS HLENO4
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=S
3 . Rivets Spaced
12 PN Longitudinally at
| I/72in.
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Fil. 1. = Cross Becllon of Tent Cpeclmen in Region
of Flexure Only



COMPRESSION HEAD OF TEST
k?f”’ MACHINE

ROLLER
o=

le—— WIDE FLANGE

ROLLER

BEARING PLATE

| le— TEST SPECIMAN
| <F— CHANNEL

il

BEARING PLATE

<— WIDE FLANGE

BASE OF TEST MACHH\JE/’l

PIG

|

. 2. - Loading Arrangement
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9 18 33 40
KSI KSI KSI  KSi

N.A. Prior To
Buckling

40 311 88 9
KSI  KSI KSI KSI

FlIfi. 3. - Web Stress Distributions at Loads Equal to

2h, 51, T8, and 100 % of Ultimate Load for
Speclmen Al (n/t = 179)
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75 IS 24 38
KSI KSI Ksi KSI

N.A. Prior o
Buckling

35 255 865 9
KSI KSI KSI KSi

FIG., b, = Web Stress Distributions at Loads Equal to
26, 53, 79, and 100 § of Ultimate Load for
Cpecimen A2 (h/t = 2h0)
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68 IS 255 385
KSI Ksi KSi KSI

N.A. Prior To
Buckling

255 B9 135 68
KS1 KSI KSI KSI

FIG. 5. - Web Stress Distributions at Loads Equal to
26, 51, 77, and 100 ¥ of Ultimate Load for
Specimen A3 (h/t = 301)
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105 215 345
KSI KSI KsSI

N.A. Prior To
Buckling

233 165 83
KSI KSI KSI

FIC. 6. - Web Btress Distributions at Loads Equal to
34, 67, and 98 ¥ of Ultimate Load for
Specimen AW (h/t = 361)
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2.8 233 345
KSI KSI KSI

N.A. Prior To
Buckling

I8 128 &8
KSI KSi KSI

FIG. T. - Web BEtress Distributions at Loads Equal
to 32, 64, and 96 ¥ of Ultimate Load for
Specimen BL (h/t = 13h4)
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—  N.A. Prior To
Buckling

165 10.2 54
KSI KSI| KSI

FIG. B, = Web Btress Distributions et Loads Equal
to 33, 67, and 100 ¥ of Ultimate Load for
Specimen B2 (h/t = 210)
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12 285 40
KSI KSI KSI

= - N.A. Prior To
Buckling

143 105 SI
KS! KSI KSI

FIf. 9. - Web Otress Distributions at Loads Egqusl
to 33, 67, and 100 ¥ of Ultimate Load for
Specimen B3 (h/t = 28s5)

215



216 FOURTH SPECIALTY CONFERENCE

6.8 129 345
KSI KSI KSI

N.A. Prior TO
Buckling

il
s 6 3
KS! KSI Ksi

FIG, 10, = Web Stress Distributions at Loads Equal
to 32, 64, and 100 ¥ of Ultimate Losd for
Specimen Bh (h/t = 361)
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1 1 1 | 1 1
) 2 5 6 8 10 2 14
dg (in.)

FIO. 12. - Relation Between Effective Width
and Depth of Web Compression Zone
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