1 Supplement to
’ DESIGN OF PLYWOOD WEBS
IN BOX BEAMS

REST SERVIG,
BUCKLING IN SHEAR WEBS OF BOX AND | BEAMS |=oués

AND THE EFFECT UPON DESIGN CRITERIA e
Information Reviewed and Reaffirmed

April 1960

No. 1318-B

I ‘M | l‘
||lHHH‘HHlHiHIHIIII i
UL 1 ‘W

UNITED STATES DEPARIMENI OF AGRICULTURE
FOREST SERVICE

FOREST PRODUCTS LABORATORY

MADISON , WI NSI . . . . . y
2 TR In Cooperation with the University of Wisconsin




BUCKLING IN SHEAR WEBS OF BOX AND I-BEAMS AND

THE EFFECT UPON DESIGN CRITERTA:

By

W. C. LEWIS, Assistant Engineer
T. B. HEEBINK, Assistant Engineer
W. S. COTTINGHAM, Senior Engineer

and _ :
E. R. DAWLEY, Senior Engineer

e
Forest Products Laboratory,™ Forest Service
U.8. Department of Agriculture

Summa.ry

i " Evidence from tests of built-up box and I-beams is that the theoretical
| buckling curve for plywood webs in shear, as shown in figure 2-19 of the
‘ "ANC< Handbook on the Design of Wood Aircraft Structures," July 1942,

applies reasonsbly well for values of i—‘greater than about 1.6, When
o

8 415 small, buckles are likely to form at loads considerably lower than

\ :
o . 3
‘ . those indicated by the theory. ' Structural damage to the plywood results
‘ from buckles occurring in the lower range of &— when the proportional
R
. } o
limit stress in compression for plywood is less than the buckling stress.

: L - : ' _

A curve (fig. 17)~ is presented from which it is possible to estimate
the shear stress which may produce buckling. This figure also shows
the curves of figure U4 of Forest Products Laboratory Report No. 1318,

lOriginal report dated October. 1943. This report was one of a series of
progress reports prepared by the Forest Products Laboratory to further
the nation's war effort. Results here reported are preliminary and .
may be revised as additional date become available,

gMaintained at Madison, Wis., in cooperation with the University of
Wisconsin, :

SArmy-Navy-Civil Committee on Aircraft Design Criteria.

EThe figures and tables in this supplement are numbered consecutively
~ with those of Reports 1318 and 1318-A.

Rept. No. 1318-B




Introduction

This study was undertaken to determine the buckling characteristics
of shear webs of box and I-beams and to ascertain the correlation
between experimental buckling stresses and theoretical values as
represented by the buckling curve of figure 2-19 of the ANC Handbook.

The oObservations on buckling and the data herein presented were
obtained from a study of tests of box and I-beams differing in panel
dimensions, in web thickness, and in direction of face grain.

Forest Products Laboratory Reports Nos. 1318, "Design of Plywood Webs
for Box Beams," and 1318-A, "Stiffeners in Box Beams and Details of

Design," present detalls of beams 2A to 63 and methods of testing not
included in this report.

Notation

The following symbols, ANC whenever possible, are used in this report:

a = the length of the short side of the panel (the distance between
flanges or between stiffeners, whichever is smaller) in inches,

the width of a hypothetical panel of length b, which.will buckle

o
il

? at a shearing stress of F ggs 1n inches,
b = the length of the long side of the panel in inches,
o™ mbdulus of elasticity of wood in the directlon'parallel to ‘the
grain, in pounds per square inch.
fy = calculated unit shear etress, in pounds per square inch, at

ex P
buckling load = ___E '
' . 21t

allowable (ultimate) stress for plywood in shear, in pounds per
square inch, where 6 1s the angle of the face plies from the
axis of the beam. ‘

)

: 8 = moment of inertia® of the cross section of the beam about its

]
ft

neutral axis in inches,

2The area of the webs was transformed by using the modular ratio of 1/k
(ANC Handbook, sec., 3,1151) both in locating the neutral axis and in
calculating I and Q.
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load on the beam, at buckling, in pounds.

cr

Q = static momentz of the ares external to the shear section abOut.
the neuﬁral axis 1n IEEEEE?

t = total thickness of webs in inches.

t, o = thickness of thinner web in inches.

Description of Beams

The beams were all 10-1/2 feet long, from 4-1/16 to 5-1/2 inches wide,
and from 9 to 32-1/2 inches in height. Webs of 3-ply yellow~poplar.
plywood varied in thickness from 1/16 to l/h inch with the grain of the
plies making an angle of *45° with the horizontal axis of the beam,
Ply-thickness ratios were 1:2:1 for all beams with the exception of
beam 56 which had a 1:1:1 ratio. Plywood was manufactured at the
Laboratory from commercial veneers for box beams 2A to 63, inclusive.
The webs of the remainder of the beams were of commercial alrcraft-
grade plywood, Flanges were of Sitka spruce, laminated in nearly all
tension flanges and in the majority of compression flanges. Solid and
built-up load blocks, reaction blocks, and stiffeners were used. Tego
No. 2 film was used to fabricate the plywood; Plaskon 250-2, a cold-
setting urea-formaldehyde resin glue, was used for all assembly gluing.

Marking and Matching

Minor specimens representative of the material of the webs of beams

2A to 63, inclusive, were obtained from companion panels fabricated at
the same time as the webs. Minors for the webs of the remaining beams
were obtained from each sheet of the commercial aircraft plywood used.

Minor test specimens were prepared from the ends of all Sitka spruce
planks., Minor tests were made prior to final selection for flanges.

Methods of Tests

The box and I-beams were tested in a 200,000-pound screw-type testing
machine by loading at the third points of a simply supported 10-foot
span, Load was applied at ASTM standard rates in predetermined
increments. Loading was stopped during the early stages of each test
while strains and deflections were observed.
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The flatness of the panels was checked at each increment of load, and the

first visible sign of buckling was noted. The load at which buckling

first occurred was determined by one or more of the following observa=

tions: Placing a straight edge against the panels and observing deforms-

tions, a sudden increase in the rate of deflection of the beam, or a

sudden increase in rate of web deformation in the vertical, inclined, or R
horizontal direction as disclosed by strain measurements,

All dials and gages were removed when the beam gave signs of approaching
failure, From this time wuntil failure, the load was applied contimu-
ously. Centerline deflections and the corresponding loads were the only

" readings taken during this stage of the tests.

Tests of the minor specimens for the flanges consisted of toughness,
static bending, and compression, Moisture content at time of test and
specific gravity were also determined,

Tests of the minor specimens for the webs included static bending, com-
pression, and tension, made both parallel and perpendicular to the face
grain of the material. A plate deflection test for the determination of
modulus of rigidity was run in most instances., Minor specimens were
stored with the beams until time of test and tested simultaneously with
the beam whenever possible. Thus, the moisture content as determined
from the minors represented the condition of the corresponding beam at
time of test,

Presentation of Data

Data obtained from these tests are presented in table 3. Columns 2 to 13 -
present dimensional date for the beams and other tails of importance.
Column 4 shows the direction of grain; (+) indicates that the diagonal
tensile stress was parallel to the grain in the face plies, and (-)
indicates that the diagonal tensile stress was perpendicular to the grain
in the face plies. ,

The type of beam cross section is indicated in column 6, Beams 8-S, 12-S,

and 13-S were modified from the normal box cross sectlon, and the widths of

the flanges were increased by gluing to the outer faces of the webs strips

of spruce, 1/2 inch wide having depths equal to those of the flanges. .
Beams of I section, 1-I to 6-1, were constructed by gluing flanges, !
stiffeners, load blocks, and reaction blocks to opposite faces of a single

plywood web., Defects developed in the flanges of beams 8, 9, 21, and U45;

they were modified, before testing to destruction, by gluing cap strips ’
to the flanges,

The modulus of elasticity of the wood parallel to the grain (E;) and the

plywood ultimate shear values (Fse)’ tebulated in columns 18 and 19, were
ca}culated’from averaged plywood minor test data., These values were
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arithmetic means obtained for each thickness of plywood from each source.
Sample calculations on pages 4 to T, inclusive, of Forest Products
Laboratory Report 1318 show the methods used.

The change in the slope of the load-deflection curve of a beam due to

buckling is illustrated in figure 13. This is typical of the majority
of beams in which buckling occurred. When the buckle load was low and
the straight line portion of the curve before buckling was short, the

break in the curve sometimes could not be detected.

Ty

The values of 2~ and - L for each of the tests, and the theoretical
a .
o s6
buckling curve, are plotted in figure 16. An empirical curve for 3—
. ' o
values of less than 2,4 is shown as a dotted line in this figure.

Formation and Development of Buckles

The formation and development of buckles in the webs was observed during
the testing of the beams. Regardless of the shape or position of the
panel or of the thickness of plywood, ridges or valleys of the buckles
appeared first on 45° lines usually extending to those corners of the
panel at which, by reason of the direction of the shearing forces, the
plywood was subjected to tensile stress. In panels not square, the
buckles were observed to form first with an inclination of about h5 >
later changing so as to approach the diagonal of the panel, This tendency,
eventually to form a single diagonal buckle,was apparent even in panels.
in which the a/b ratio was far from unity and in which several buckles
formed at first. Only in panels in which the shorter side was horizontal
was there any noticeable tendency for multiple buckles to remain. Figure
1k illustrates a dual buckle pattern just prior to failure in a rectan-
gular panel (beam 22), and figure 15 shows a single buckle in a square
panel (beam 16-8S).

Analysis of Results

The full-line curve in figure 16 shows the theoretical unit stress at
which buckling may be expected and is based upon the assumption that the
edges are simply supported. Similar curves for clamped edges would be
higher, As shown by the plotted points representing test results, most

webs with values of & larger than 1.6 buckled at stresses greater than
a .
o :
those indicated by the curve. This is to be expected, for the edges of
the panels were restrained either by gluing to the flanges and stiffeners
or by continuity. A fully clamped condition is difficult to obtain, :
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however, and a small reduction in edge fixity has a large influence on
the panel behavior. The buckling constants for simply supported edges
were used in determining a, for each web. The conditions at the edges
of the panels in the webs of the box and I-beams were between simply
gupported and clamped, but comparison indicates that conditions in these
beams more closely approximated those of simply supported edges than
clamped.

Webs with gﬁ- less than 1.6 showed & tendency to buckle at unit stresses
. o ;

lower than those indicated by the theoretical curve. This phenomenon

is similar to that observed in column tests and may be explained by the

fact that,due to eccentricity of loading, initial deviation from a

perfect plane, and variability of material, the plywood reached its

proportional limit before reaching the buckling stress represented by

the theoretical curve. Buckles occurring in webs with gf-less than
. : :
1.2 often damaged the material and were therefore termed inelastic

buckles. Buckles which formed in webs with &- greater than 2.2 are

8o

termed elastic buckles, inasmuch as the material was not damaged until
loading approached the ultimate stress. A transition stage between

values of gf-‘eqpal to 1,2 and 2.2 existed where both types of buckling
(e]
occurred.

The buckling curve represented by the dotted line in figure 16 is
drawn below the buckling stress ratio (fS /Fsu5o) of most of the test
cr

beams and is tangent to the thedretical buckling curve at about

%; = 2,4, The relation of buckling stress to panel dimensions (a/b ratio)
does not appear to be sufficiently well defined to Justify more than the
single curve. i

Figure 17 shows the ultimate stress ratio (Fs/Fse) curves, presented in
figure 4 of the original report, and the buckling curve. This buckling

curve is the dotted empirical curve of figure‘l6,for values of E}-leSS'
o

than 2.4 and the theoretical curve for values of i— greater then 2.k,
: : )
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Gonclusions

Buckles forming in the web of a beam take an angle at the beginning of
their formation of about 1&5°, usually changing angle with increasing
load to approach a position between diagonally opposite corners of the
panels. Several buckles may begin to form in a panel but tend to merge
with increasing load,so that at fallure only one or at most two buckles

remain, Buckles in webs may be of two kinds depending upon the 3—- ratio.
A : &

For webs with large g—- 'ratios, buckling in its early stages is elastic
: 6
and is not harmful _'to the material, Webs with small values of the ratio

g‘— may be harmed as soon as buckling oecurs, Care should be exercised

o

to avold the use of webs that may be damaged by buckling before the limit
or yleld stress is reached. Figure 17 1s presented from which the lower
limit of the buckling stress can be obtained. This figure shows also

the ultimate curves of figure 4 of Report 1318.
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' abls 3.--Buckling loads and computed stresses for box snd I veams.d

Construction details :  Panel information ¢ Critical : Probable type: Calculations
i : :  buckling :  of buckle : 2
Boan Ho. t AR ST RS T e Ine- : t\ g t t 1 »
beam : both ivertical: G / seritical: uckle -lutic'nvnt-ge:nve;ggu: -I.ﬂ t - 4
: webs tor hori-: : ! : uckle: from : Teo
5 : s 3 sminors : H
) 6) : )] (12) : (13) ¢ QW) s (17) : (18) : (19) ¢
¢ Ingh : Inches: + Pounds :Pounds : 1,000 :Pounds
4 H t ] i :Ml H T
L i : H H H T i 8QUA)
: 3 : ' : :&aﬁ ;" inch :
> s 3 : : inch i 1 i
2A 12 e 1/8 Box : 0.230 : 40.00 : 0.233 : 4,000 : % : 1,540 : 3,410 : 2.12 : 0.233
2B + 12 - :1/8 n 271 : : 32.50 : .269 ¢+ 6,000 : x £ 1,540 @ 3,410 : 1.;5 : .308
34 : ig : : ' lxjg : : gssg : : l"oo f .23 + 2,200 x : ishhg : 3,% : 3.63 : 1;&
G i - eafiee WAy Phoidas 1251 1 K < : 1:;60 : ;‘szo : g:sg Lot
B +12 § ¢ = tiaig oy .17 o : D350+ .289 5 2,200 ¢ x £ 10760 : 3,620 : 2.82 1 .1
7 11855 Rt (U .57 ¢ . : :79.21 ¢ .611 1 9,000 : x : 1,540 : 3,560 : 1.98 : M7
8 i, A2t v+ 118 " 2581 . : $12.63 ¢ .799 ¢ 4,500 : x : 1,540 : 3,560 : 3.05 : .231
8 modified : 12 3 : o+ 18 L4 i .58 7 . : + 1163 : .799 : 5,000 : > : 1,540 : 3,560 : 3.05 : .233
9 modified : 12 : P 1/8 " .263 : . 5 +9.27 + .h4O5 : 12,000 E 8 1 1,540 ¢ 3,560 : 1.36 : .587
10 v 12 : L 1/8 " 2255 0 . 3 9.26 2405 17'000 pox s 1:5140 : }'luo :0.72 : .897
1 127 Aol fae a1z " 78 . : 9.99 : .582 : 2,500 x £ 1,760 : 3,610 : 2.95 : .179
12 12 : LI 1/12 * 2 L1750 . : : 10.63 : .940 : 2,000 x ;1,760 : 3,610 : K.31 @ .145
1 -1 : P 1/16 - " <118 % : . 2 35.75 ¢ .293 ¢ 200 £t : 1,770 & 3,380 : 8.26 : .022
1 iy 1 i e " 106 . : .75 : .295: 150 £ £ 1,770t 3,720 1 4.9k : .085
1 12 s h1/8 o+ 1116 " .113 : .055 : 189.6 : 16.97 : 10.51v : 11.75 : .89 800 x 3 + 1,770 : 3,380 : 7.01 : .095
1 i 12 : l:‘:1/!: - 1/16 : noowo.nbeo.osh 1873 1 .74 : 10.53v : 11.75 : .896 : 1,790 0 £ 1,770 : 3,720 : 3.28 : .18k
17 12 :41/8 o+ :1/16 *oo o7 057 1903 17.02: 8.75h:10.52: .632: 1,000 x. 1,770 : 3,380 : 5.80 : .112
18 : 13 : t—l/s (R 1/12 i ;2117 : .054 : 193.0 : 17.21 : 8&.75h : 10.55 : .829 : 2,500 X iy 1,770 : 3,720 : 2.91 : .255
19 112 : 1‘:1/5 t o+ :1/16 3 33118 <059 : 18M.6 : 16.50 : 3.75h : 10.55 : .355 : 3,500 : T : 1,770 : 3,380 : 2.78 ¢ .391
2OGE o hE L VB DML ERIRIRR R LR T iR R e B
21 modified: 12  : M-1/8 : ¢ :1/16 & * . : X : 75 10.21 § i?; ;% : T i 1:;;:: : §:§m z:;a 3
22 : 12 s h1/8 2 - i 1/16 L £ 10,51 : .357 : 3,500 : x :1,770:.3,720 : 1.52 : .355
30 132 : be1/h - 1/8 R | 11.63 : .785 : 7,000 : x 1,710 : 3,410 : 1.51 = .Gh3
31 : 12 s b1/l + 1/8 " : 35.75 ¢ .256 : 1,500 : x : 1,710 : 3,370 : 3.81 : .098
32 112 b1y + VR 0 : 79.13 : 617 : 4,000 : x 1,710 : 3,370 : 2.09 : .25
3 ¢ 12 s b1/l + 18y . : 9.1 .533 i 6,000 : T v 1,710 : 3,370 : 1.90 : .368
3 12 s 4-1/h - yi/g o 15951 .533 : 10,000 : :ox 1,710 : 3,410 : 0.88 ¢ .581
37 : 12 s h1/l oo+ 1 1fe B : 9.16 : .009 : 9,000 : xEa + 1,710 : 3,370 : 1.40 : .537
38 112 r b1/l - L8 Ty ¥ 9.13 : .41 : 11,000 : x 1,710: 3,810 : 0.74 ¢ .BB7
- by 1 13-1/2 : 4-1/2 - /4 . 35.75 + .21l : 28,000 : ] 1,710 : 3,550 : 0.82 : .792
41 1 13-1/2 : 412 + 1/ 0w 35.75 :+ .211 : 16,000 : x 1,710 : 3,560 : 1.50 : uzh
1 13-1/2 ¢ 4-1/2 * YOO .88 1 .689 : 19,000 : x : 1,710 : 3,560 : 1.31» ¢ 562
45 modified: 13-1/2 : ¥-1/2 'z - :1/4 : * : 7.52 ¢ .723 : 30,000 : : ox 11,710 : 3,550 : 047 @ 747
: 18 : he1/4 - /g ;o : 14.97 ¢ .376 : 15,000 : P 1,710 : 3,410 : 1.07 : .5
51 18 RSV 1/8 » + 14.97 .326 6,000 XY 1,710 : 3,370 : 1.98 : . gg
52 18 h-1/4 + :1/8 s 14.99 ¢+ .726 : 3,000 x 1,710 : 3,370 : 3.75 : .114
5 118 s1/h oy - 118 " :14.90 : .730 : 8,000 x 1,710 : 3,010 : 1.83 : .34
5 18 4-1/4 RN | 25.75 ;. 418 : 4,000 x 1,710 : 3,410 : 3.11 : .16
6 + 18 s 4-3/8 - 316 s ¥ 14.96 : .251 : 34,000 x 1,690 : 3,400 : 0.52 : .891
0 118 g5e3fe s 1N e : 3475 ¢ ,381 : 22,000 s ox 1,710 1 3,550 : 1.34 @ a7
61 1 18 51/2 1 + 1/4 n : 34.75 : .382 : 8,000 xh g 1,710 : 3,560 : 2.69 ¢+ .160
62 1 18 1512 1 o+ Y - * :13.27 : .848 : 16,000 x ot 1,710 : 3,560 : 1.95 ;.37
63 118 1 5-1/2 1 - /4 " 13.27 ¢ .BU48 : 40,000 : x 11,710 : 3,550 : 0.84 : .775
| 6-D 12 shaflr - o182 ® 9.26 1 .554 : 11,000 : x : 1,837 : 3,870 : 0.98 : .592
| 9-D 12 1 41/b 4.1 1f8 a0 N : 9.25 : .338 : 12,000 x4 : 1,837 : 3,990 : 1.28 ¢ .62k
| 21-D s 3/8 s o+ Lf16 0% W 10.50 : .298 : 1,600 x:-0 % 1,588 : 3, s 2.3% : 173
: 50-D  : 18-1/2 : M-1/4 - 118 1m : 1497 ¢ .326 : 21,000 iox 1,837 : 3,870 : 1.07 : .742
| 60-D 51/2 : - & 1f% . 1 W75 .38 4,000 : :ox 1,713 : 3,750 : 1.30 :  .M19
63-D : 18 5-1/2 = AN et 3 13.24 ¢ .925.: 40,900 : :ox 1,713 : 3,750 : 0.8 : .712
1-8 17 512 1 - VA Ry 11.00 : .920 000 : : ox o+ 1,713 : 3,750 : 0.67 : .950
2-8 12 s o - /g8 i @ 8.38 : .99% 000 :ox 1,837 : 3,870 : 1.10 : .556
-5 s 41/6 : - 112 - R 7.25 .9%6 600 G - 1,633 : 3,340 : 1.49 : .335
s 151/2 : 4-1/2 + 1l 9 11.01 : 1.000 Q00 : x 1,733 : 3,980 : 1.7 : 387
5-8 12-1f2 : 4106 :+ - 3 1f12 ¢ M X x + 1,633 : 3,340 : 2.28 : .230
6-s : 10 s b/l ;¢ /8 . x : 1,837 : 3,990 : 2.60 ¢ .150
7-5 s 41/l + 18 ae ¥ x 1,837 : 3,990 : 3.23 : .120
;—s 10-1/4 : 2:1;6 + 1%2 x 1,633 : 3,410 : 5,12 t .%z
-8 : 1/2 + 1 x 1,713 : 3,980 : 1.72 ¢ .b57
10-8 & 9-1/2 : 4-1/8 & - 1/16 x 1,588 : 3,59 : 1.77 = .H00
11-§ 12-1/% : 418 ¢ +  :1/16 : e : 1,588 : 3,350 ¢ 1.73 ¢ .
12-8  : 10-7/8 : 5-1/6 : - 1/12 : x 1,633 : 3,340 :
13-8  : 9-1/4 3:1/6 + 1/12 : : 1,633 1 3,410
s : 17-5/8 : L-1/8 #1162 : x 1,588 : 3,350
16-5 @ 32-1/2 : 4-1/8 - :1/16 : x : 1,588 : 3,5%
1-1 2 13-1/2 : b1/ o= s 1fM o : x : 1,713 : 3,70
2-1 3 10-3/4 : 4-1/4 + /4 1 E o 1,713 : 3,980
1 14-7/8 & 4-1/4 + i 1/M 1 2. 8 1,713 t 3,980 :
1 16-3/4 ¢ M-1/b i+ by : x : 1,713 : 3,980 :
BAL. -4 u-gla : 4-1/16 : - :1/16 s 250 : 1,588 : 3.390 £
b-1 : 10-1/6 : 4-1/12 : + 1/12 : 3 -x .3 : 1,633 ¢+ 3,M10
H 3 1 it H i 1 i 4 : H H H H H H

'I'Enmn were tested under third point loading over a 10-foot s, ; flanges were Sitks epruce; webs were three-ply yellowpoplar with grain st U5 degreee to the direction of
the span; ply thickness ratios were 1:2:1, excepting beam 56 which was 1:1:1.

2, indicates that the dlagonal tensile stress was parallel to the grain in the face plies.
- indicates that the diagonal tensile stress was perpendicular to the grain in the face plies.
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