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WEB CRIPPLING. OF STEEL BEAMS

by Inge Lyse* and H.J. Godfrey*¥

INTRODUCTION

In order to study the stability of the web in struc-
tural steel beams under a concentrated 1oad;,a cooperative
investigation was underteken by the Bethlehem Steel Cbmpany
and its subsidiary, the McClintic-Marshall Corporation, and
the Fritz Engineering Laboratory 6f Lehigh University. The
Bethlehem Steel Company désigned and supplied the beams,'and'
the Fritz Engineéring Laboratory carried out the testing
programa | |

vTo distinguish the failure of.the web under a concen-
trated load from interior web buckling, the failure has been
termed "web orippling" fhroughout this report. Web crippking
is prinéipally a local failure produced by excessive compres-
sive stresses, The préblem of preventing web erippling'is
mcét common for structural beams supported on seat ahgles.
The aim of this study was to establish the stress at which
the beams yvielded due to ﬁpb crippling.

~ ACKNOWLEDGMENT

A theoretical study of this problem was made by Pro=-
fessor Joseph B. Reynolds of Lehigh University. This study
is included in the appendix of this report, | '

* Research Assistant Professor of Engineering Materials
Lehigh University, Bethlehem, Pennsylvania

** Research Fellow in Civil Engineering, Lehigh University,etce.



PROGRAM

" Since only a few bedmsvwere EVeilabie for this

investigation,'these tests were more of a preliminary
than of a final nature.

" The program included the testing of six Bethlehem
"B 22-58 rolled beams, four of which were cut from the same
section and two from another section., The informetion for
these beams is given 1in Table I, and the loading arrange--
ment is shown in Fig. & and 2, The h/% ratio of these beamsi
' was about 52. Three. of the beams were designed to fail at
the point of application of the load and the other three to
fail at the supports. The ﬁominal bearing 1engths ﬁereJ?
‘and 11 inches for the center failures, and}5-1/2 and 5-1/2
‘inches for the end feilufes.' The bearing'iengths bf 3-1/2
and 5-1/2 inches correspond to seat angles of 4 and 6 inches
respeotively. A |

In order to prevent failure due to end twisting,
steel pletes were welded to fhe bottom flange at each end
of the beam, In eech end plate, at a height even with the
top flange, there was & slot which served as a guide'fof
“bars weided to the center of the t0p~flange.” This arrange-‘
ment as shown in Fig. 3, allowed the top flange to deflect :
vertically but restrained it.fromeggring laterally.



DESCRIPTION OF TESTS

All the beams were supported by . rollers and loaded
'jat the center of the span. - A roller was also used fer the
applicatlon of the- load for beams Nos 1 and 2, but a spher- -
.1eal bearing bloeKIWas'employed for thie'purpose lnvbhe
Atestlng ef the‘remalning femr bemms. Steel bearing‘plates ;
of the proper lengthewere msea bO-transfer the'load from
the mollere'and bearing block to fhembeama The load was
generally epplied in increments of 20,000 1lb, at low loads .
and lO,GOO‘lba at higher leads, at.e;sbeed;ef 0+05 in. per
minute, A - o . |
Vertiealiderléet‘ions and strain gage :ebsex.'vati_e.ns-
- were taken on all beeme‘_1Leteral web deflections were _
measured only on Bemm Ne; 1, The.lecatiom,ef gage lengths~v
and deflection gages is shewh in Figa l and 2. Exoept'fer

Beam Nos l, all beams ‘were whitewashed before testing.

RESULTS OF TESTS

. The vertiecal defleetions of Beam No. 1 are shown
1n Fig. 4, from which 1t 1s noted that considerable set-
tling ofAthe supports ‘took plece at low loads. The net
' deflection ofvthe beam as shown by the curve, C = !Léili,
shows & uniform rate of deflection up»to'alload efhléb,ooo
_ lb;; et.which an increase in the rate of deflection took

place; The deflections neer fhe supports also increased -



at this load, Fubthermore, Fig., 5 shows that the strains

at point N3 increase greatly at a load of 190,000 1b., in-
dicating that-the actual yieldiﬁg of the beam occurred at
| this load: At point N-9, which is immediately aboveAthe

- flange, the Strain curves indicate that the yield point of
the material in the web was reached at considerably lower

loads, However, this local yielding'did not have any ef-

fect on the beam as a ﬁhole§ The lateral web deflections

gave no definite information of the behavior_of the bean,

thus they have been omitted from this report. -

Strain lines in the web appeared at both supports
at a load of 115,000 1b,, and at the center at & load of
200,000 1b, The beam continued to take load until a max-
imum of 202,000 1b; was reached at which time the web
crippled at»the end, as shown in Fig. 8.

In computing the actual bearing length at the root -
of the web it was assumed that the stress was distributed
through the flange on an angle of 45° The total bearing
length thus equals the length of the 5eafing plate plus
twice the thickness of the flange at the root of the{web.
The thickness of the flange was measured by micrometers at
a point next to the fillet as indicated in Teble I. The
" length of the bearing plate was 3-1/2 inches at the supports
where the beam was designed to fail., The compressive stress

at the root of the web at the yield point of the beam was



50,500, 1b, pér'sq.in., which compares‘ﬁéry well with the
average tensile yield-point stress of 49 000 lb. per sq.
‘ins for the web material. The full yield-point stress
of the web was thus utilized in this beam.

Beam No, 2 was designed to fail at the loading
"point where the length of the bearing plate was seven
inches, The vertical deflections of this beam are pre- .
" sented in Fig. 7. Since thé failure of this‘beém occur-
red at the loading point‘no definite indication of yield-
ing could be obtained from the deflection curves: The
strain gage‘rééults as shown in Fig. 8 show that the
strains near the_roof of the web (Nci) 1nefeaéed,at a
~ high rate above a load of 120,000 1b; The strains
measured at the center of the web (NC3) indicated é
yielding at a load of 166,600 l1b. The latter value was
taken as.the yield-point load of the beam.

Strain lines appeared af.the supports at a load
“of 100,000 1b, and at the loading point at 140,000 1lbs
The beam continued to take load until a mazimum of
2239000 1b: was reached, at which time the web orippled
‘at the loading point as shown in Fig. 9% o |

At the yield point of the beam the maximum com-
H>pressive stress af the root of'the.web was.49,000.1b.
per sqe.in., or -the same as the}tensile:yield-point stress

of the web material.



- Beam Noe 3 wasrdesigned to fail at the supports

where the length. of the bearing plates was 5-1/2 inches.,
To prevent failure at the,ssnter, stiffeners were welded
to both sides of the web at this points |

' The vertical deflection curves in Fig. 10 indicate
a definite yielding of the beam at a load of 230, 000 lb. _
" The st:ain curves, shown in Fig. 11, indicate yielding at
a load of 220,000 1bs which wes taken as the yield point
of the beam, | | R | o

'The first strain lines eppeared in the’web near
the center at a 1oad of 60, 000 1bs; The strain lines con-
Atinued to form and at a load of 110 000 1b. they appeared
in the web at the supports‘ The web showed an indication‘
of crippling at a load of 220,000 1lb,., and at the maximum
of 231,500 1b; the web did cripple at one of the supports,
as shown in Fig, 12, ‘ )

The maximum compressive stress at the To0t of the
web was 41,000 1lbs per sq.in, at the yisld point of the
béam. This is considerably less then the tensile yield-
point stress -of 50, 000 1b. per sq.in. for the material in
the webe



; As Beam No. 4 was designed to fail at the center,
stiffeners were welded te the web at the supperts. , The -
length ef the bearing plate at- the center of this beam was .
7'eleven inches. ‘As this’ beam failed at the. center, the ver-i':‘
tical.deflection curves shewn in Figs 13 gave 1o indication
_ef yielding of the beam up to a load ef 260 000 lb. However,
the strain curves given in Fig. 14 indicate a yielding at a j"

yload of 210 000 lb‘ which was taken as the yield-point 1oad.d |

k The first strain lines appeared in the web at the };f
'f_'supports at a load of 90,000 1b. end at 1zo0, 000 1bs they'
}appeared under the loading point.' The beam eontinued to
_take load until a maximum of 264 400 lb. was reached, at
i‘swhich time the web crippled at the center of the beam as !
shown in Fig. 15. - | o
At the yield—point load the maximum comrressive
stress at the ro0t of the web was 45 200 lb. per sq.in., :
'which is considerably less than the tensile yield-point
- stress of the web material, ' o |
~ Attention 1s called to the faot that both beams
fNo. 3 and 4 yielded at stresses considerably below the .
yield point of the material. The explanation offered for .}f
‘this ‘behavior is’ the faot that the bearing lengths of
ithese two beams were so leng that it was impossible to

‘maintain an even stress distribution over the entire o



bearing distance, -The stress was probably concentrated
over a part of the bearing length-and deveioped high
local stresses which caused the material to yield.

Beam Noy 5 was similar to Beam No.~l, having a
bearing length of 3-1/2 inbhes at the supperts where it
was designed to fails The vertical deflections shown
in Fig. 16 have an increase in rate at a load of 160,000
1b.' The strain curves shown in.Fig. 17 and 18 also show
that the beam yielded at this load.

The first strain lines appeared in the web at the
supports at a load of 60,000 1b, and at the loading point
at a load of 130,000 1b: A slight crippling of thq web
at the support was noted at 190,000 1lbs, and at a load of
205,000 1b, the Web crippled as shown in Fig. 19.

At the yield-point load of ieo,ooo 1bs the com-
puted stress at the root of the web was 41,900 lb. per
sq.in., which comperes favorably with the yield-point
stress of 44,660 lb. per sq.in. for the web material..

Beam No, 6 was similar to Beam No. 2, having a
bearing_iength of seven inches at the loading point. As
'this beam failed at the center, the vertical deflemtions,
as shown in Fig. 20, indicate that there was no yielding
of the beam as & whole. The strain curves, however, as
presented in Fig. 21, indioate a bending tendency in the
wab‘at a load of 80,000 1b, The rate of strains increased
at a load of 150,000 1b; which was taken as the yield-point

of the beam,



The first strain lines appéared at the centef at
a load of 48,000 1b, and at the supports at 70,000 lb,
The ‘beam continued to take load until a meximum of 209, 506
lb, was reached and at this load the web crippled under
the center as shown in Fig. 22. |

At the yield-point load of the beam the maximum
compressive stress at the‘féot of the web was 45,000 1b.
per s8q.in, which is very close'to the yield-point étress
of 44, 660 lb. per sq.in, for the web materlal.

As both the flexural and sheering stresses were
low in all of these beams, there was no indication of

yielding due to jheSe stresses,

Singe only six‘beﬁms were teétedlin this investi-
gatidn, no general conclusions can be draﬁn,“HOWever,
from the results obtained, the follewing is indicated.

' le The appearange of the first strain 11nes |
have no relatien to the yielding of the beam as a whole -
but are mnst an indication of high local stress,

| 2. TFor short bearing lengths, elther at the
support or 1dad1ng point, the compressive stress at the
‘root of the web at thé yieldvpoint of the beam was founé-
to correspond very well with the tensile yield=-point

stress of the material,
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e3. For lenger'bearing lengths, the stress is
~ probably not evenly distributed over its entireflengtha"'
The conoentrated stresses msy cause the material to
yield before the entire bearing area is fully utilized.,
| 4, In all these beams, the yielding was ‘caused
by the compressive stresses at the root ‘of the web,

'5¢ The following formulavfor eompressive}stress
at the.root of the web is:recemmended.for shoft bearing

‘lengths.

COmpressive Stress = 8 = :
R . C o t(aw)

where:

load on bearing plate
thickness of web

length of bearing plate :
thickness of flange at edge of fillet .

2 b o W
n

“June 22, 1933



TABLE I - END CRIPPLING

Tensile °
e Web Bearing | Bearing | Yield-Point | 95er3o55¥® | yio1d-point | Ultimate
Thickness Length Area Load Stress Stress of Load
s R Material
nones ncaes o 1 b. b, D e 1b.
3 A+ oy | 8% 10 1 1b. /sq 1b./sq. in.
cT-1 0.387 4,74 1,88 190,000 50,500 49,000 202,000
CT=-2 0,397 8.24 De’ 160,000 49,000 49,000 223,000
CT=3 0.397 6.74 2.68 220,000 41,000 50,000 231,500 !
f
CT-4 0.397 12.24 4.86 210,000 43,200 50,000 264,400 |
CT-5 0.407 4,69 1.91 160,000 41,900 44,660 205,000
CT-6 0.407 8.17 3.33 150,000 45,000 44,660 209,500 |
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y Figs 3 - Beam CT-5, Showing End Plate for the
Prevention of End Twisting
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Fig. 6 - Beam CT-1l, Showing Failure at the Support
Due to Weh Crippling
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Figs 9 - CT-2, Showing Failure at the

Center Due to Web Crippling
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Fig. 12 - Beam CT-3, Showing Failure at the Supports Due to Web Crippling
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Fig. 15 - Beam CT-4, Showing Failure at the Center Due to Web Crippling
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Fig. 19 - Beam CT-5, Showing Failure at the Supports Due to Web Crippling
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Fig., 22 - Beam CT-6, Showing Failure at the Center Due to Web Crippling
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APPENDIX
E. by

Joseph Be Reynolds*

A A mathematical solution that gives results closely
’approximating those found by experiment to exist in a deep
‘horizontal I—beam loaded.over a short portion of its upper

" length, has been found‘._ In applying this solution we ae-

sume the deep web of the beam as a continuous th1n plate

of infinite extent from one straight boundary (the upper

edge). 'This is, in effect, assuming that’the extra wldth ‘
vfepresented by the upper flange doea little more than help
hold the web in a vertioal plane and that the stresses and '
strains are so small towards the bottom of the web that-
they differ little from the values they would have in an
infinite thin vertical plate at oorresponding points. |

e The-theory assumes that the stresses and strains

dealt with are the averages over the thiekness of the»web,

that the faces of the Web are free from shear and that
fibres perpendicular'to these}faoes are free froﬁ-stress;

The notation used is as follows:

- e e s = am e e s M T e} W En WA W B Wl ey TE OB E» m W wn @) en e e

* Professor of Mathematios and Theoretioal Mechanics,
Lehigh University, Bethlehen, Pennsylvania

+ See article by J. H. Michell, London Math,Proc. Vol 34,
. p. 154.
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" & = length of loaded span

ey, 69, erg, en, 08¢ = strains correspending in sense
to the stresses Sr, Sg, Srg, Sn, S¢
‘= Young's modulus o

stress function of r, 8, ', 9'

‘= ghear modulus, 2(1+4)G = E

constant ‘

applied load o

H W R Q@ WO

,Tt= radii vectors of points P(r 9) (r',e') in neutral
plane of web o
Sn. = normal stress, tension in fibers normal to a
' curved section of the web |
S¢ _=‘tangentiai stress, tensien in fibers parallel
| | | to the tangent to curve in the
neutral plane of the web and 1n
the section determined by this curve
Stn = ’ | L " B .
Stnt" } Tangential shear on ourved'seetion
Sps Sp? = radial stress, tension in radial fibers‘
6\ qﬁ' = peripheral stress, temsion in fibers on
' circular ares about origin of coordinates’

Sre’sre = peripheral shear, shear on sectlons perpendicular. -

. to radius
9, @' = vectoral angles
Y;L = Poisson's ratio

2V = angle'between radii vectors r,’r'

B
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 The stresses can be obtained from the stress function by

means of the equations:
| 19F , 1%

Sr = :
r dr 1r2Je°

(l) ' SQ = 33]?
R arz,
Sre = - ar(’f "'6) 4
The strains are oonneoted with the stresses by the relation5°
©p "-‘.AE(SI "MaSg.)i"
S 1.
(2)  eq = g(Se - aSr) |
s +»-) |
ere =TT 3re asre_
For a curve cutting the radius vector r at an angle ¢ we ‘have:

: St = Srooa 2d & 2sresin¢ces¢ + Sgsin2¢
(3) Sn =_srsin2¢ - zsrgsin¢eos¢ + Sgcos?g
o= (Sg - Sr)sin¢oos¢ + S‘rg(coszﬁf - sin2¢)

Finally the stress funotion must satisfy the differential

equation. &
) (22 Lr2 -1-3)%
ar?« S ror r2 303

The solution we are interested in is given by super- f
| posing the two stress systems given'by the étress functions
kr®9 and -krt2er, ‘both og which satisfy (4). ' Thus:

(5) F = k(r29 - r'ze')

-
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The origins of the two sets of coordinates'(r,e)
and (rt', ') are two points O end O' on the straight bound-
ary of the plate (Fig.l). -

The formulas (1) applied to (5) give the two stresé

systems: o

| Sy = 2k6 S7% = ~2ke"
(6) Sg = 2k | set = ~2k8"
| Sre = -k 4S£9§ =k

Along the line 0'A, © = @' = 0; so that the radiel tension
Sp + Sé‘ = 0 on this part of the boundary, On the same line
the normal stress Sg + S§§ = 0 and also the shear Spe+55g t=0s
Hence the boundary along 0'A is free of stress, For theﬂ
line 0B, © = 6! = 7, and th&s part of the boundary is found
to be free of stress,

For the part of the boundary, 00‘, e =0, 6! =1T;
so that for it the radial tension, Sy + Sé” = ~2kT, the nor-
mal tension, Sg +‘Sf'g' = =2k7 and the shear; Sre +. sé.'g-'. = O,
Hence this'portion OC' of the boundary is under const;nt nor-
mal pressure 2kw per éqnare 1n¢h, for this stress function to
yield the solution. When this 1s the external loading on 00!
this part of the boundary is under cohstgnt tangential stresé_
also. In other,words,‘0 and O0' tend to move towards each |

other, If the thickness of the plate is t and the total



applied load P, we must have 2kr = P/td where 00' = d, end
therefore: B SRR F
(7) - k= g-fg | | |
we next refer the combined stress system to the bi-

sectors of the engles between r and r* at P, Fig. 1. fFor
- this purpose the primed system must be rotated through an .
angle =-v by use of equatlonsw(z) and the other system through
an angle +§ where the'angle OPO! = 2v,  Adding the reeulte
thus .obtained we find: ,A |

8y = -2xfav - sinzv] - - Elev - sinZ;].
(8) - sp = fzk[év*tjsio2€] =,~7;%E¥%v + einzr]A“ie i

Spr = 0 : .

' Equations (8) show that these bisectors are tangents
to the lines of principal stress aﬁ P. Since tangents to el=~
_lipses with O and 0' as £o61 bisect the external.angies'be- J
Atween’r end'r'eand tangents tO'pyperbolas with O and Ot as
foci bisect the internaloangles between T and r' the lines of
stress are evidently confoca;.h&ﬁerbolas and~6111PSGSs These
curves are shown 1n‘Fig..2. f

The stresses St and Sn have, as seen by (8), the same
magnitude for all points for which v has the same value. Such -
points lie on a circular arc passing through 0 and or subtend-

ing en angle 2 - 4v at the center of the circles If the el-
astic limit is reached at a limiting value'of_‘sn the region so
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. affected wéﬁld be expected to be bbunded apﬁrbkimately by
the arc of a circle, This has-beén found to be the came*.
If S%n?tis the éhear.tangential to a curve through
P making an,angle ﬁ with the 11n§s of principal:stress,.we
have by the third of équations‘(s) since Stp = O.
(8)  Sin' = (84 = Sp)sinPoosy = 2ksin2vsingl
The shear is, therefofe, gregtest for a given éalué
of v along lines at 450 to the iines of principai stress.
Two pairs'of these linés.are shown on Fig. 2. TFailure in
shear would be expéqted to foilow sufh lines; Experiment

has demonstrated that it does so*,

Values of v were éomputed from the formuia:
2 4 pt2 o g2
2zr'

(10) = cos2v =

" The values on the right being obtained from measurement.
From equations of the form of (2) it was found that:

(11) . Sy = -.__E___z(en' + e 04), St = —L'g(-#-en + o)
: 1 - L e ) :

which were used to determine observed values of Sp and Sg,

the strains‘en and et being taken from the specimen undér
test. | |

~ The theoreticai stresses were computed by meens
of equatidns‘(s) values of v being known from (10).

* In additions to the results of this test see an article
by G. Mesmer ‘B4 I Technisehe Mechanik und Thermody-
namik ps 85 et seq.

.
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