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I·NvESTIGATION .OF wEB BUCKLING IN STEEL BEAMS

by Inge Lyse* and H.J. Godfrey**

---------~-~------~----+--------

1. Sl'NOPSI S

This report presents the results of an investigation

on web failure of steel beams. Test~ were made on r~lled sec-

tions ~s well a~ on sections made up from plates by me~ns of

electric welding~ The depth-thickness r~tio of the web of

the beams varied considerably, and all the beams gave indi­

cation of initial failure due to shear rather than buckling.

The computed shearing stress in the web at the initial fail­

ure of the beam (the yield point) was found to correspond

very well with the yield-point stress in shear as determined

on coupons taken. from the web. The conclusion is drawn·that

for depth-thickness ratios of 70 or less, the safety ot the

beam is determined by shear rather than by buckling.

2. INTRODUCTION

Since the questio.n of web buckling of beams and gird-

ers has been a doubtful one and very little experimental data

are available, an investigation of this subject was very much

rieeded~ ~his inv~stigation was therefore undertaken to study

the reliab~lity of present design formulae for buckling of

the Web.

- - - - - - - - --- - - - - - - - - - - - - --- - - ~ - - -
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This study was made as a cooperati~e investigation by

the Fritz Engineering Laboratory of Lehigh University and the

Bethlehem Steel Company. The Bethlehem Steel Company design­

ed and furnished all of the beams, and: the Fritz Engineering

Laborator~T carried out the test ing program. The great inter-

est taken by the steel industry in this investigation is man­

ifested by the number of representatives present during a part

. of the testing. The following representatives witnessed the

testing on one or ~ore days.

Jonathan Jones, Chief Engineer, McClintic ...Marshall Corporation

C.R.Mercer, Consulting Engineer,McClintic-Marshall Corporation

V.E.Ellstrom, Manager, .Sales Engineering, Bethlehem Steel Co.

C. E. Blank, Sales Engineer,

E. F. Kenny, Metallurgical Engineer,

N.J .Rittinp,er, Engineor,

Bethlehem Steel Coo

Bethlehem Steel Co.

Bethlehem Steel Co.

Lee H. Miller, Chief En~ineer,

American Institute of Steel Construction

F.R.Frankland, Director of Engineering Service,
American Institute·of Steel Construction

B.G. Rastings, District Engineer, .
American Institute of Steel Construction

Magnus Gunderson, Chief Structural Engineer,
Graham, Anderson, Probst and· white

o. E. Hovey, Consulting Engineer, American Bridge Company

R. A. Marble, Structural Engineer, Carnegie Steel Company

F. C. Lucas, Structural Engineer, Illinois Steel Company

Fred Crane, .A,ssistant Metallurgist, Illinois Steel Company

F. T. Llewellyn, United States Steel Corporation



Since the usefulness of a beam is determined by the

maximum load it can carry without exc,e~sive deflection, the

yield point of the beam is conse(luently the mO$t important

factor in the testing. Emphasis was therefore placed u~on

the securing of the actual yield-point strength instead qf

the ultimate, The ultimate load has no other significance

than that of being a measure of the toughness of the beam

after it has lost its usefulness. In the study of the data

the yield-point strength of the beam was used as the criter­

ion for its load.carrying capacity.

3

9, PROGRAM

In order to study the method of testing to be used in

the major investigation, a preliminary series of tests was

carried out, This preliminary series of tests included the

testing of four Bethlehem Bl2-28 rolled sections. Two of the

beams had free ends and the remaining two had steel plates

welded to the end sections in order to prevent end twisting.

A one-foot sample section of each beam was furnished for the

preparation of test cou?ons, on which tensile and shear tests

were made.

The' ma,jor investigation consisted of two groups of

beams desi~ned to secure a definite failure in the web, The

first group consisted of five beams, three of which were made

up of steel plates welded together and the remaining two were

rolled sections reinforced with cover plates welded to the



fianges o The second group oonsisted of five beams, all of

which were welded sections.· Since t~e design formulae make

the depth-thickness ratio of the web the criterion fo~ the

working stresses, beams having high ratios were included in

these tests. The highest hit ratio* for rolled sections was

about 55, and for welded sections about 70.

4. PRELIMINARY INVESTIGATION

The information on the beams tested in the prelimin-

ary investigation.is presented in Table 1. It is noted that

these beams 'had an hit ratio of about 40. These beams were

tested in the 300.000-lb. capacity Olsen screw-power testing

machine. The slowest speed of the head of this machine, which

is about Oo05-in •. per minute, was used in the testing of the

beams. The dimensions of the sections were measured with mi-

crometers'on all beams, and they were found to be slightly

different from the handbook section. The properties based

on the actual dimensions are given in Table 1.

The beams were supported on a roller at one end and

on a spherical bearing block at the other end~ The load was

applied to the beam at the quarterpoints of the span, through

a roller and ~ spherical bearing block. At that side ~f the

center line where a roller was used as support, a spherical

bearing 'block was used for the ap.?li.cation of the load·; and

I

L

* In this report, h represents the clear distance between
the flanges, and! the thickness of the web.
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vice versa. The loading arrangement for these beams is shown

in Fig.l. The two beams having welded plates at the ends were

whitewashed before testing, so that the appearance of strain

lines could be studied. Lateral deflections of the web were

observed at one end of the beams by means of a group of dial

gages placed on both sides of the web along a line connecting

the loading point and the support. A movement of O.OOOl~inch

could be read directly by these gages. On the first beam test­

ed (No.1), the gages were supported on a frame attached to the

table of the machine. This arrangement, however, did not give

satisfactory results due to the relative movement between the

beam and the table. For the remaining three beams the frame

holding the gages was clamped directly to the flanges of the

beams. Vertical deflections were observed only on the beams

having fixed ends.

In the first beam having free ends the center of the

web was 3/16-inch off center with respect to the top flange.

This beam showed scaling of the web at a load of 110,000 lb.,

which was taken as the yield point of the beam. However, the

beam continued to take load until a total load of 120,000 lb.

had been applied. At this load one end of the beam twisted

sideways in the same manner as that illustrated for beam No.2

in Fig. 2. The eccentricity of the top flange may have con­

tributed to an earlier twisting than would otherwise have

occurred.
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The arrangement of the gages in the second beam having

free ends, is shown in Fig. 3 and the observed lateral deflec­

tion is shown in Fi~. 4. It is noted that the full depth of.::>

the web deflected to one side only. The greatest lateral de-

flection was near the top flange where, at a load of 110,000 lb.

the deflection was about 0.075-inch. Up to a load of 60,000 lb.

the increase in lateral deflection was nearly constant for each

increment of load. Beyond 60,000 lb. the rate of increase in

lateral deflection became greater for each additional increment

of load. Strain gage measurements were also taken on this beam

during the application of the load. The location of the strain

gage points is illustrated in Fig.5. A 2-in. Olsen strain gage

was used, and the average results obtained are shown in Fi~. 6

and 7. It is noted that at a load of 110,000 lb. none of the

gage lines showed strain near the yield-point strain of the ma­

terial in the web, but there is a tendency for the strains to

increase at a greater rate. The first scaling of the beam was

observed at a load of 120,000 lb. which was taken as the yield

point of the beam. This beam also continued to take load until

a maximum of 129,000 lb. was reached. At this load the beam

twisted sideways in the same manner as Beam No.1, and the type

of failure is illustrated in Fig. 2.

Table 1 shows that the test coupons gave yield-point

stress in shear of web of 23,650 and 22,500 lb. per sq. in. for

Beams 1 and 2 respectively. The average yield-point and ulti­

mate strength in tension as determined on the coupons from the
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flanges of these beams, were 37,700 and 59,000 lb. per sq.in.

The yield-point st~ess in shear, as determined from the cou­

pons, was thus about 64 per cent of the yield-point stress in

tension. The computed maximum shearing stresses in the web

at the yield point of the beam were 18,550 and 20,250 Ib.per

sq.in. for the two beams. The maximum fibre stresses in the

flange at the yield point were 29.000 and 31,600 lb. per sq.

in. These figures show that the yield point of the material

had not been reached, either in shear or in tension, at the

yield point of the beam. This indicates that the first scal­

ing off does not determine the true yield point of the beam.

Furthermore, the failure was due to end twisting instead of

web buckling. Steel plates were therefore welded to the ends

of the remaining beams in order to prevent end twisting.

For the beams having end plates, vertical deflection

measurements were made in addition to the lateral deflections.

These beams were whitewashed before the testing so that strain

lines could be observed more readily. The loading arrangement

is shown in Fig. 8. The lateral deflections for Beams No.3

and 4 are similar in shape, as is shown in Fig. 9 and 10. It

is noted, however, that the lateral deflection of the web of

Beam No.4 became less after a load of 50,000 lb. had been ap­

plied, whereas in Beam No.3 the deflection increased through­

out the test. The similarity of the vertical deflection curves

is very noticeable, as is shown by Fig. 11 and 12. The yield
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point for these beams has been taken as the point at which the

slope of the tangent to the deflection curve is twice as large

as the slope of the prdceding straight portion of the curve.

The loads at the yield points were 130,000 and 131,000 lb. The

beams continued to take load beyond the yield point and until

maximum loads of 141,500 and 144,450 lb. were reached. At max­

imum load,. end twisting occurred.

On both beams, at a load of about 110,000 lb., the

first strain lines appeared in the form of horizontal lines,

on the root of the web near the support. With increased load,

more strain lines appeared over the support at both bottom and

top of the web, and also below the loading point. Fig.8 shows

the appearance of the horizontal lines in Beam No.3 after it

had been loaded b~yond its yield point. At loads of 138,500

and 134,550 lb. for Beams No.3 and 4 respectively, the yield­

ing was so great that it produced a drop in the beam of the

testing machine. Further increase in the load produced also

vertical strain lines which appeared in the web between the

support and the point of loading. All these lines were evi­

dently due to shear. An illustration or' the appearance of

the strain lines is shown in Fig. 13.

The computed maximum shearing stresses in the web of

Beams No.3 and 4 at the yield point, were 22,400 and 22,600

lb. per sq.in. These agree very closely with the yield-point

stresses in shear (22,300 and 24,500 lb. pe~ sq.in.) obtained

on the coupons. The maximum fibre stresses in the flan~es at
.:">



the yield point of the beams were 35,100 and 35,400 lb. per
• I

sq.in. Since the tensile yield-point stresses of the ooupons

were 40,800 and 39,550 lb. per sq. in., the yield point of the

beam was not caused by the flexural stresses. If the flexural

stresses were computed for loads corresponding to the drop of

the beam, they would still be less than the yield~point stres

of the material. It may therefore be concluded that the yield

point of these beams was determined by the yield point in shear

of the material in the web. Furthermore, it may be said that

the beams having free ends did not develop their full yield-

point value of the material since twisting took place at lower

loads. The tests demonstrated that no web buckling ap~eared for

hit ratios of 40. In the major series of tests the hit ratios

were therefore considerably above 40, and it was deemed advis-

able to restrain the ends of the beams in order to prevent end

twisting below the yield point of the beam.

The tension specimens made from the outer edge of the

flange usually were of higher strength than the specimens made

from the center of the flange. Tension specimens were also

made from the web, and were found to be uniform for all four

beams. Shearing strengths of the material in the web were ob-

tained on slotted plate specimens tested in a tension machine.
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5 ~ :MAJOR INVESTIGATION

GROUP A - Group A consisted of five beams,three of

which were all-welded sections, and two of which were rein­

forced rolled sections. The welded beams (WB-l, WB-2, WB-3)

were made of 1/4-in. tank plates for the web, and 1-1/2 in_

plates for the flanges. The hit ratios for these three beams

were 56.5; 54.9; and 58.9, respectively. All the beams had

reinforcing plate stiffeners at the loading points and sup­

ports. Steel plates were welded to each end section to pre­

vent end twisting. Beam WB-3 had, furthermore, two angle

stiffners on each side of the web in one of the panels be­

tween the s~pport and loading point. The make-up and the

loading arrangement for these beams are shown in Fig. 14.

Both vertical and lateral deflection measurements were taken

during the testing of these beams. The location of the gages

was similar to that of the beams in the preliminary tests.

The beam designated in Table 2 as WB-2 was not whitewashed,

and strain gage observations were taken with a 2-in. gage

length at points of the web as indicated in Fig. 14. Both

WB-I and WB-3 were whitewashed and had no strain gage obser­

vations. The properties of the .beams based on their actual

dimensions, and the results of the tests are also given in

Table 2. Records were~taken of the appearance of strain

lines in the web.
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For Beam WB·-l the first local strain lines appeared

at a load of only 50~000 lb. These strain lines on the web

were quite small a~d appeared under the loading point near

the Junction of the web and top flange. At a load of 125,000

lb. horizontal and vertical strain lines appeared in the web

in the panel between the loading point and support. The size

and number of strain lines increased with an increase in load.

The yield point at 155,000 lb. was determined from the deflec­

tion curve in the same manner as that used in the preliminary

investigation. The beam continued to take .load until a maxim­

um of 218,500 lb. was attained and at this point the load fell

off, accompanied with a gradual sagging of the beam.

The lateral deflections for WE-l are given in Fig.15.

It is noted that the center of the web deflected in opposite

directions to the deflections at the top and bottom. No ex­

cessive lateral deflection took·place at the yield point of

the beam, indicating that bucklin~ of the web was not the

cause of yield.ins . The vertical deflections of this beam are

given in Fi~. 16. ,It is seen that a fairly sharp increase in

the rate of deflection took place at a load of 155,000 lb., in­

dicating the yield point of the beam. This load produced a

computed maximum shearing stress of 20,400 lb. per sq.in. The

coupon gave a yield-point stress in shear of 22,000 lb. per

sq. in. which is not <grea.tly different from the computed shear­

ing stress at the yield point of the beam.
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The appearance of Vffi-l at the yield-point load is

shown in Fig. 17. A large number of horizontal strain lines

on the web were present at the yield-point load. The appear­

ance of one-half of the beam after the yield-point load had

been exceeded is shown in Fig. 18 and 19. It is noted that

the horizontal and vertical strain lines are predominating.

It is also seen that a number of local strain lines group

themselves along the welds. After the beam had reached the

maximum load a slight buckling of the web could easily be

seen.

The beam WB-2 was tested in a manner similar to WE-I,

except that strain gage observations were also taken. The lo­

cation of the observation points is indicated in Fig. 14. Th~

first strain lines on the web appeared at a load of 6b,000 lb.

and the yield point as determined from the deflection curve,

was found to be at a load of 190,000 lb. The lateral deflec­

tions are given in-Fig.20, from which it can be seeri'that the

web deflected to one side only. The vertical deflections are

shown in Fig. 21. The yield point of the beam was determined

in the usual manner from the vertical deflection curves. The

beam continued to take load b~yond the yield point and reached,- .

a maximum load of 255,600 Ib.~ at which time a slight buckle

could be seen in the center of that web panel which contained

strain gage holes. The computed maximum shearing stress at

the yield point of the beam was 24,400 lb. per sq.in. This
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compared very well with a yield-point stress in shear of

24,500 lb. per s~oin., obtained on the coupons. The strains

obtained by means of the 2-in o gage are plotted in Fig. 22.

It is noted that certain gage lines showed strains indicat­

ing stresses approaching the yield point at a load of 175,000

Welded Beam WE-3 was tested in the same manner as WE-I.

The first local strain lines appeared already at a load of

38,000 lb. After a load of 50,000 lb. had been applied the

load was released to 1000 lb. and a set reading was observed.

This was also done after every following increment of loading

up to the maximum load. A complete set of deflection obser-

vations were taken at the release of the load, as well as at

the loading increment. The lateral deflections as shown in

Fig. 23 indicate that some permanent set had taken place even

at low loads. The amount of set increased considerably after

the yield point had been reached. The vertical deflections

as given in Fis. 24 showed only very small sets at low loads,

and that the yield point of the beam was reached at a load of

230,000 lb.. The permanent set increased considerably as soon

as the beam had been loaded. beyond its yield point. The com­

puted maximum shearing stress at the yield point of the beam

was 24,700 lb. per s~.in. This compares favorably with a

. ,,

yield-point stress in shear of 26,470 obtained on the coupons.

The appearance of the beam at the maximum load of 278,000 lb •
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is shown in Fi~. 25. While no indication of buckling of the

web was present at the yield point of the beam, definite buck­

ling of the web appeared at maximum load.

At the yield point of the beam the average shearing

stresses as determined by dividing the reaction by the net

area of the web, were 22,300, 26,600 and 26,300 lb.per sq.

in. for WE-I, WB-2 and WB-3" respectively. These values also

compare very closely with the shearing stress determined from

the coupons. Although the hit ratios of these beams were 56.5,

54.9 and 58.9, no indication of buckling was present up to the

yield-point load.

These welded beams prov~d very satisfactory as no beam

showed any indication of distress in the fillet welds.

The beam WB-4 was of a rolled Bethlehem B28-91 section.

This beam had plate stiffeners welded to the web at points of

support and loading and also had riveted angle stiffeners in

one of the end panels. In order to prev.ent flexural failure,

cover-~latGs e~tended to within a short distance of'the sup­

ports. The make-up of the beam is shown in Fig. 14.

Both lateral and vertical deformation measurements

were taken. Due to the size of this beam it had to be tested

in the 800,000-lb. capacity Riehle testing machine. The beam

was whitewashed before the application of the load. Fig. 26

shows the beam in the testing machine before the loading. As

the load was applied the whole beam deflected sideways to some



extent
Q

When a load of 475,000 lb. was reached, that end of

the beam which was supported by the spherical bearing block

twisted sideways. The yield point of the beam had not been

reached before this twisting took place. Fig. 27 shows that

up to a load of 475,000 lb. there was no indication of yield-

ing.

Small strain lines appeared on the stiffeners at a

load of 100,000 lb. That these strain lines had no relation

to the yield point of the beam is shown by the deflection

curves in Fig. 27. Strain lines continued to occur to a

slight extent during the increase of the load up to 475,000

lb. The lateral deflections for this beam are shown in Fig •
.

28. A photograph of the spherical bearing block and the gages

for lateral deflections on the end of the beam which twisted,

is presented in Fig. 29.

Since the twisting of one end of the beam evidently

was due to the loading arrangement, it was deemed advisable

to retest this beam under more favorable conditions. Conse-

quently lateral restrains for the ends of the beam, in form

of channels bolted to the supporting beam, was used in the

retesting. The friction between the upper flange of the beam

and the channels was kept at a minimum bl the use of rollers.

A roller was also substituted for the bearing block used as

one of the supports in the previous test. The vertical and

lateral deflections obtained during the retesting are shown
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in Fig o 30 and 31. From Fi~. 30 the yield point of the beam

was determined at the load of 560~000 lb. Set readings were

observed at a load of 25,000 lb. and it is noted that in this

test the lateral set of the web was very small in comparison

to the lateral deflection of the web. This may be due either

to the better restraining of the ends of the beam by the use

of channels, or to the substitution of the roller for the

spherical bearing block. This small set of the web indicates

that lateral buckling of the web had not taken place. The beam

continued to take load until a maximum load of 597,600 lb. was

reached. The beam started to rotate at a load of only 325,000

lb. This rotation continued with the increase in load until at

the maximum load the beam twisted so nrnch that the whole load­

ing rig was out of position and the beam did not take any

greater load. At the maximum load the web did not scale ex­

cept on the stiffeners and along the junction between the web

and the flange.

The computed maximum shearing stress in the web at the

yield-point load was 24,200 lb. per sq.in. in the section be­

tween the support and the cover-plates on the flanges, and

21,130 lb. per sq. in. in the web within the section having

cover-plates. The yield-point stress in shear obtained from

tests of coupons was 22,000 lb. per sq.in. For this beam al­

so, the relation between the yield point in shear obtained

from the material and the shearing stress computed for the

web at the yield point of the beam was ve~y good.
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The beam WB-5 was a Bethlehem B22-62 reinforced with

plate stiffeners and cover-plates, as indicated in Fig. 14.

The beam which was whitewashed was also tested in the 800,000­

lb. testing machine) and vertical and lateral deflection meas­

urements were taken similarly to the previous tests. This beam,

like all previous beams, had plates welded to the ends so as

to prevent end twisting. The first appearance of scaling on

the web was discovered at a load of 50,000 lb. As the load

on the beam was increased, the scaling incr~ased, especially

at the stiffeners. The strain lines on the web were primar­

ily horizontal, indicating shearing stress. Since the scal­

ing off had no relation to the yield point of the beam, it

was probably caused. by high int ernal strains in the material.

The vertical and lateral deflections and sets are given in

Fig. 32 and 33. Tbe lateral deflections increased until a

load of 275,000 lb. was reached. For greater loads there was

a tendency of the web to return to its original position. The

yield point of the beam, as determined from the curves in Fi?

32, was 420,000 lb. The beam continued to take load until a

maximum of 450,000 lb. was reached. At this load the beam

continued to deflect vertically without any increase in the

load. The beam showed no indication of web buckling, even

at maximum load. At this load a large portion of the white­

wash had flaked off in the portions between the support and

the loading.point, as can be seen quite clearly in Fig. 34.
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The beam had rollers at both supports in order to secure more

favorable conditions.

The computed maximum shearing stress at the yield

point of the beam was 25,700 lb. per sq.in. at the section

of the web between support and cover plate, and 23,250 lb.

per sq.in. in the seGtion having cover plates. These values

are both somewhat lower than the yield point in shear of the

coupons. The yield point in shear of the coupons was 29,200

lb. per sq.in. which is considerably above any of the values

obtained from coupons of the other beams. All other beams

showed yield point in shear of the coupons between 22,000 and

26,47-0 lb. per sq.in. It seems, therefore, that the -value of

29,200 lb. per sq.in. may be somewhat in error. For Beams WB-l

to WB-4 the ratio between the yield point in shear and that in

tension varied between 0.506 and 0.534. However, the ratio ob­

tained for WB-5 was 0.569, which is considerably above the

other ratios. Granting that the yield-point stress of the cou­

pons was in error, Beam vVB-5 also showed a fair agreement be­

tween the computed maximum shearing stress at yield point of

the beam and yield point in shear of the material.

The computed maximum fibre stress in the flanges at

the yield point of these beams was only 21,700 lb. per sq.in.

as seen- from Table 2. This is so far below the yield point

of the material which had for -a minimum 43,500 lb. per sq.in.,

as to make it quite evident that the beams were not damaged

in flexure.
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GROUP B - Group B consisted of five welded beams,

(WB-6 - WB-10) all of which were whitewashed before being

tested in the 300,000-lb. Olsen testin~ machine. The load

was applied to the center of the beam through a spherical

bearing block, and rollers were used at both supports. In

order,to prevent end twisting, plates were welded to each

end section of the beams. Plate stiffene~s were welded on

the web of the beams at the supports and loading points so

that local failure would not occur. The make-up and loading

arrangement of these beams are shown in Fig. 35. Vertical

and lateral deflections were observed, and strain gage rea~­

ings were taken on various parts of the beams.

The lateral deflections of the web were observed by

means of a group of O.OOOl-inch dial gages placed along the

web between the loading point and support. The vertical de­

flections were also measured by dial ~ages. A 10-inch Whit­

temore strain gage was used in measuring the deformations in

the web and the flange. The load was applied in various in-

crements, and observations and measurements were taken after

each increment of load. The properties of these beams based

on actual dimensions are given in Table III. The hit ratios

ranged from 49.4 to 70.0. The mild steel plates ~sed for

the web of these beams were found to be very ductile.
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During the testing of these beams a decided drop of

the beam of the testing machine was noted. The load at this

point was considered the yield-point load of the beam.

Beam WB-6 had a web ratio of 70. The lateral ga~es

were placed alon~ the web in one of the panels, and strain

gage readings were taken in the center of the other panel.

The strain gage lines were at 45 degrees with the horizontal

so that both compressive and tensile strains were measured.

Strain gage readings were taken in the center of the bottom

flange in order to determine the maximum flexural stresses

developed. The position of the gages and strain gage holes

are shown in Fi~. 35.

The first flaking of the whitewash occurred at a load

of 24,000 lb. The scaling was in the form of vertical lines,

and appeared in the top corner of the web below the loading

point. As the load increased, approximately vertical and hor­

izontal strain lines extended across the web. At a load of

50,000 lb. strain lines appeared in the web near one of the

supports. A gradual increase in the strain lines followed an

increase in load, and the condition of the beam at a load of

120,000 lb. ~an be seen in Fig. 36. The general formation ,­

of strain lines as they appeared on the beams in this group

of tests is shown in Fie. 37.
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The net deflection of Beam WB-6 is shown in Fig.38

from which it is noted that an increase in the rate of de­

flection occurred at a load of 140,000 lb. At a load of

150,000 lb. the rate of deflection increased very sharp~y

and a decided drop of the beam was observed at a load of

157,600 lb. No buckling was observed at this load, and

the lateral deflections of the web are shown in Fig. 39.

The maximum deflection was only about 0.008 in. at a load

of 150,000 lb. and decreased as the load increased beyond

this value. The strain curve for the flange, as shown in

Fig. 40, indicates that the stress in the flange was very

low at th~ yield point of the beam. The tensile strains

in the web, as shown in Fi~. 40, increased regularly until

a load of 120,000 lb. was reached. At 140,000 lb. there

was a decided increase in the tension strains. The compres­

sive strains are shown in Fi~. 41, in which the strains on

both sides of the web have been plotted separately in order

to bring out the buckling behavior. It is found that the

strains on each side coincide almost e~actly throughout the

test, indicating that no buckling took place within the

loads for which observations were taken. Had buckling oc­

curred, the strains on one side of the web would have in­

creased much faster than the strains on the opposite side,

due to the bending effect. Fig. 41 is therefore a ~ood il­

lustration of the fact that no buckling took place at the

yield point of the beam. The beam continued to take load
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until a maximum of 192,600 lb. was attained. With further

motion of the head of the testing machine the web in one of

the panels buckled considerably, as shown in Fig. 42. Table

III shows a close agreement between the shearing stress in

the web at the drop of the beam and the yield-point stress

of the material, indicating that the yielding of the beam

was due to the yielding of the material in shear, The com­

putedmaximum shearing stress at the yield point of the beam

was 16,500 lb. per sq.in. This value agrees with .the yield­

point stress in shear of 17,450 lb. per sq.in. as determined

by the test coupons. It is noted that the maximum shearing

stress is less than the total shear divided by the net area

of the web. This is due to the unusually thick flanges on

these beams which tend to increase the moment of inertia of

the beam relatively more than the statical moment. In Table

IV the shearing stresses in the web are computed at the yield­

point loads which were determined from the strain and deflec­

tion curves. These values are very compatible and still they

do not agree very well with the yield point in shear as deter­

mined from the slotted plate coupons. However, it has been

found that the values of the yie~d point in shear as deter­

mined from plate coupons, are about the same as those deter­

mined from solid torsion coupons. Seely and Putnam in Bulle­

tin No.115 of the University of Illinois, say that the correct



- 23

yield point in shear is about 85 per cent of the value ob­

tained on solid coupons. If the values for the yield point

in shear as found on the plate coupons, are reduced to 85

per cent of their original values, they will correspond fairly

well with 'the shearing stress computed at the yield~point loads

determined from strain and deflection curves.

The beam WE-?, of which the loading arrangement and

, m~ke-up are shown in Fig. 35, had a web-ratio of 60.6. The

first strain lines appeared on the web near the loading point

at a load of 20,000 lb. Nearly vertical and horizontal strain

lines continued to appear in the usual manner with an increase

in the load. The deflection curve for WB-? is shown in Fig.43.

At a load of approximately 130,000 lb. an increase in the rate

of deflection was noted and at a load of 148,200 lb. a decided

drop of the beam took place. The lateral deflection, as shown

in Fig. 44, reached a maximum of about 0.025-inch at a load of

150,000 lb. The tensile strains in the flange, and also in

the web, are presented in Fi~. 45. A decided increase in the

tension strains was noted at a load of 120,000 lb., while the

flan~e strains show no indication of yielding at the yield

point of the beam. The compressive strains are shown in Fig.

46, in which the strains on both sides of the web are plotted~

These strains were almost the same on both sides of the web

throughout the test, indicating that no buckling occurred. A

sharp increase in the compressive strains is noted at a load
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of 12Q.000 lb., which agrees with the behavior of the tensile

strains. The beam continued to ta~e load until one of the web

panels began to buckle at a maximum load of 190,100 lb. A pho­

tograph of the beam after the maximum load had been reached is

ehown in Fi~. 47. The computed stresses are g~ven in Tables

III and IV. The maximum shearin~ stress in the web at the drop

of the beam was 17,600 lb. per sq.in. The yield point in shear

as determined from the coupons, was 18,600 lb. per sq.in. which

is in agreement with the computed stress at the drop of the

beam. The shearing stresses computed at yield-point loads de­

termined from the strain and deflection curves are somewhat

lower as in the case of Beam WB-6.

The beam WE-8 was a companion of Beam WB-7 and had a

web ratio of 59.7. This beam was the only one in Group B

that had web material from a different steel plate. Instead

of lateral ga~es being placed along one of the web panels,

strain ~age readings were taken in both panels to determine

if the load was evenly distributed on both sides of the load­

ing point. The loadin~ arran~ement and make-up are shown in

Fig. 35. This beam behaved similarly to WB-7 throughout the

loading, and the strain curves indicate a fairly even distri­

bution of the load. An increase in the rate of deflection

occurred at a load of 130,000 lb. as shown in Fi~. 48, and a

pronounced drop of the beam took place at a load of 143,100

lb. The tensile strains for both panels, as given in Fig.49,
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show an increase in strain at a lead of 120,000 lb. The com­

pressive strains for both sides of the web are shown in Fig.

50 and 51. These curves also indicate that buckling did not

take place within the range of loading for which observations

were made. The beam continued to take load after the yield

point was reached, until a buckle in both panels began at a

maximum load of 199,500 lb. The' greatest buckle occurred in
the east panel. The condition of the beam at the maximum

load is shown in Fi~. 52. The. results as given in Table III,

show maximum shearing stress in the web of 16,250 lb. per sq.

in. at the drop of the beam. This value is less than that

obtained for WB-7 and also less than the yield-point stress

in shear as found by the test coupons. However, the shear­

ing values found by the test coupons are somewhat doubtful.

It is noted tha~ the yield-point stress in tension for the

specimens of this beam was 29,680 lb. per so.in. as compared

with 33,700 lb. per sq.in. for WB-7. Since Beam WB-7 had

material with a yield-point stress in shear of 18,600 lb.

per sq.in., the 19,920 lb. per sq.in. for vffi-8 seems to be

'too high. Since the tensile yield point of the material for

WB-8 was lower than the values for all the other beams in

this group, and the yield-point stress in shear is the high­

est value, it seems that the hi~h value of the shearing yield

point of the coupon is in error. The shearing stresses com­

puted in Table IV are also found to be relatively lower than

the shearing stresses determined from the test coupons.
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The beam vVB-9, the loeding arrangement and make-up of

which are shown in Fig. 35, had a web ratio of 50. Strain

lines were visible on the web near the loading point at a load

of 20,000 lb. Both vertical and horizontal strain lines ap-.

peared. with an increase in load in the same manner as describ­

ed for the other beams in this group. The deflection curves

as given in Fi~.53, show an increase in the rate of deflection

at a load of 100,000 lb. and a' decided drop of the beam took

place at a load of 118,900 lb. Fig. 54 gives a maximum later­

al deflection of the web of 0.0045-inch at a load of 130,000

lb. which indicates that .buckling had not occurred up to that

point. The average compressive and tensile strains in the web

and the tensile strains in the flan~e are given in Fig. 55. A

decided increase in the web strains occurred at a load of

90,000 lb. The compression strains for both sides of the web

are plotted in Fi~. 56 and ind.icate that the strains at loads

above the yield point of the beam are slightly greater on the

north side than on the south side. Below the yield point,

however, the strains on the north side were the smaller of

the two, and this indicates that the small difference in

strains was due to experimental errors. The maximum load car­

ried was 184,000 lb. Both web panels buckled as shown in Fig.

57. The results which are given in Table III, show a good

agreement between the shearing stresses in the web at the drop

of the beam and the yield-point stress of the mat~rial. The
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maximum shearing stress was l7,250 lb. per s~.in., and the

plate coupons gave 18,480 lb. pe~ sq. in. The shearing

stresses computed at the yield point of the beam as deter­

min~d by strain and deflection curves, show the same rela­

tive results as in the other beams.

The beam WB-IO was a companion to Beam WE-9. The

loading arran~ement and make-up are shown in Fig. 35. The

first strain lines appeared on the web at a load of 20,000

lb. near the loading point. Vertical and horizontal strain

lines appeared in the usual manner as the load was increased.

The deflection curve, Fi~. 58, shows an increase in the rate

of deflection at a load of about 120,000 lb. and a drop of

the beam occurred at a load of 121,600 lb. The average ten­

sile strains in the web and in the flange are shown in Fi~.

59, from which it is seen that an increase in the tensile

strains occurred at a load of 100.000 lb. The compressive

strains for both sides of the ~eb are plotted individually

for the two web panels in Fig. 60 and 61. The curves show

a sharp break at a load of 100,000 lb. The agreement of

the strains on both sides of the web indicates that buckl­

ing did not take place. The beam continued to take load

until a maximum of 188,000 lb. had bee'n reached. The ap­

pearance of the beam at the completion of the test is shown

in Fig. 62. The results which are ~iven in Table III show

a very good agreement between this beam and its companion,

WB-9. The, computed s:r,earin~ stresses at the drop of the
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beam check the yield-point st~ess in shear as found by the

test coupons.

In all these beams the maximum stresses in the

flanges at the drop of the beam, were less than one-half

the yield-point stress in tension of the material.

6. EFFECT OF hit RATIO

In order to study the relation between the hit ratio

and the shearing stresses developed, Fig. 63 was prepared.

The beams in Group B were the only ones which lent themselves

to such a study. It is noted that the shea~ing stress at the

drop of the beam of the testing machine was very nearly the

same for all beams, regardless of their slenderness ratio.

The shearin~ stress at the drop of the beam was about 17,000

lb. per sq.in. This is somewhat l~ss than the average shear­

ing stress at the yield point of the test coupons which was

16,600 lb. per sg.in., but it was in excess of the 85 percent

of the coupon stress. This indicates that up to an hit ratio

of 70 the yield-point stress in shear of the web material de~

termines the useful load-carryin~ capacity of the beam. For

hit ratios of 70 or less, there seems to be no reason for de­

signing beams on the basis of web buckling:.

The shearing stress at maximum load is also shown in

Fig. 63. The stress developed in the web is greater for beams

having a low slenderness ratio than for beams having a high

ratio. The maximum shearin'!,' stress decreased quite regularly
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with the increase in the hit ratios, indicating that the

toughness of the beam decreased with the increase in this

ratio.

If bucklin~ of the .web had occurred in any of the

beams, the maximum load would have been equal to, or less

than the yield-point load.

? SUMMARY

Althou~h the number of beams tested in this inves­

tigation was too small on ~hich to base final conclusions,

the results obtained indicated that:

1. The beams which had free ends did not develop

the full yield-point strength of the material, either in

shear or in tension, due to failure in end twistin~.

2. At the yield point of all the beams which had

plates welded to the ends, the computed maximum shearing

stress in the web corresponded very well with the yield

point in shear of the material.

3. No beam showed any· evidence of buclcling at,. or

below its yield point, indicating that with hit ratios up

to ?O there is no danger o·f weD bucklin.;s.

4. The yield point of the beam, rather than the

maximum load., should be used as a criterion for the factor

of safety. In general, the average shearing stress in the

web should be based on net area, that is, h.t, rather than

on gross area, D.t.



5. The first appearance of strain lines had no

relation to the yield point of the beam.

6. The yield point of the beam was not affected

by the hit rQtio of the web. The maximum load, however,

decreased with an increase in the hit ratio.

7. The yield-point stress in shear was the im­

portant factor for all the beams included in this in­

vestigation. Fnrther investigation of the shear prop­

erties of the materials is therefore of utmost importance~
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~ige 2 - End View of Beam No.2, Bethlehem ~2-28 Section

S~owin~ Failure Due to ~d Twisting



Fig~ 3 - End V1ew of Beam No.2, Bethlehem B12-28. Sectioi.

Showing Arrangement of Gages

to Measure Web Buckling











FiS. 8 - Loading Arr2n!ement of Beam NO,3, 12 x 26-lb. Bethlehem Section

wi th Weld.eo. End Pla.tes Showin r Web Failure Due to Shear....
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Fig. 17 - Welded Beam, Vm-l, Showing Web Failure Due to Shear
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18 - Welded Beam
f

WE-I, Showing Str~in Lines on Web Due to Shear



Fig. 19 - Welded Beam WB-l Showing Strain Lines

on Web and Stiffeners













Fig~ 25 - Welded Beam WB-3 ShoNing Failure at Ultimate Load
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Fig. 26 - Lo~a1ng Arrangement o{ 3eam WB-4, A Reinforced

Bethlehem B23-91 Sectio~







Fig, 29 - Loading Arrangement for Beam WB-4,

A Reinforced Bethlehem B28-'1 Section











Fi~. 34 - Condition of Beam WB-5, Bethlehem B22-62 Section

at Ul ti"late Load
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Fig. 36 - Appearance of Beam WB-6 Under Load of 120,000 lb.

Tested November 30, 1932
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Fig. 42 - Appeara~ce of Bean WB-6 at the Maximum Load

of 192,600 lb. Tested November 30, 1932











Fi~. 47 - Appearance o~ Beam "ffi-7 at the Maximum Load
of 190,100 lb. Tested December 1, 1932











Fig. 52 - Appearance of Bean W3-8 at the Maximum Load

of 199,500 lb. Tested December 2, 1932











Fig. 57 - Appearance of Bean WB-9 at the Maximum Load

of 184 000 lb. Tested December 1, 1932
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Fiy.. 62 - Appearance of Beam VIT-IO at the Maximum Load
of 188,000 lb. Testt~ December 2, 1932
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