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S

This report embodies a series of tests arranged to allow the study of
effects of bolt holes, various shapes of loed blocks, sloping grain, pre-
existing compression failures, and of compression failures induced by
inverted loading on the tension flanges of box or similar built-up beams
of wood and plywood. :

Bolt holes induced longitudinal shear cracking of the lange materiel,

the cracking first appearing at a stress of about one-helf of the modulus
of rupture or about one-third of the ultimate tension of minor specimens
matched to the flenge material. The average load at first crack was about
one-third of the ultimate load carried by ‘similar control beams .

The load capacity of the beams was affected but little by differences
between two types of load blocks. It is probable that differences in
load blocks would have more effect on lighter, more flexible beams.

The presence of a grain slope of 1 in 15 in the tension flenge reduced
the load-carrying capacity of the beams to ebout two-thirds of that of
similar beams having straight grein in the tension flange.

Preexisting compression failures in the tension flenges reduced the load-
carrying capacity of beams with solid flanges to one-third that of control
beams. In beams with laminated flanges, such faeilures reduced the value
to three-eights of that of the controls. Beams with tension flanges
demaged in compression by inverse loading developed less than ome-third of
the load-carrying capacity of control beems. .

1This 15 one of a series of progress reports prepared by the Forest Products
Laboratory relating to the use of wood in aircraft. Results here reported
are. preliminary and may be revised as edditional datae become available.

gﬂhintalned at Mbdison, Wis., in cooperation with University of Wisconsin.
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Notation

The following symbols, AHC2 whenever possible, are used in this report.
All valuves are in inch and pound units.

C. = Distance from the neutral axis to the extreme fiber in
compression.,
Cy = Distance from the neutral axis to the extreme fiber im
tension.
 Ey, = Modulus of elasticity of wood in the direction perallel to
' the grain as determined from a static bending test.
Ere = Modulus of elasticity of wood in the direction parallel to
the grain as determined from a compression test.
Ep+ = Modulus of elasticity of wood in the direction parallel to
_ . the grain as_dgt_e;:xgined‘ from a t.e_nsion test.
Py = Modulus of rupture of wood in bending for solid wood
' ’ parallel to gre.in. o
F,, = Ultimate compressive stress perallel to ths grain for solid
wood.
Fy, = Ultimate tensile stress ‘parallel to grain for solid wood.
i, = Calculated maximum’ ‘compressive stress in the beam vhile 1%
'is acted upon by the maximum load.-
fcu = Calculated maximum stress in compression when compression

fa.ilures become ‘visible dur:lng the testing of the beam in
the inverted position.

pit flci" Calculsted méximum stress in tension in the beam at the load
o " when visible shear cracks start at the edges of the holes.

vtu. = Calculated maximum stress in tension :ln the beam at ultimate

load.: _
I = Moment of inertia of the section about the neutral axis of the
beam.
P = Total load on the beam at critical loed, compression failure

lodd, or ultimate load.

241r Force-Navy<Civil Committee on Aircraft Design Criteria of the
Munitions Board Aircraft Committee,
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Introduction

The purpose of the series of tests here reported was to study the effects

of various defects of design, material, or manufacture upon the strength

of tension flanges in wood box beams. Variables, causing concentration

of stress or reductions in strength or both, considered in this study were:
(1) Holes in the tension flanges, (2) poorly designed load blocks or filler
blocks, (3) sloping grain in the tension flanges, (i) preexisting com-
pression failures in solid tension flanges, (5) preexisting compression
failures in leminated tension flanges, and (6) tension flanges in the
normal position after being loaded in an inverted position until compression
failures were visible.

Description of,Specimens

These beams were designed to fail in the temsion flange. Nominal dimensions
were the same for all beams, Figures 1, 2, and 3 show the details of con-
struction,

The tension flanges were Sitka spruce and were nominally 3 inches wide and
2-1/2 inches deep. The compression flanges were made of Dougles-fir in
order to have a material of highsr compressive strength and to insure final
failure of the beam in the tension flange without raising the neutral axis
unduly. Compression flanges were made of three approximately equal sections
4 inches deep by 3 inches wide placed one between the webs and one on either
side, thus forming a beam of T cross section. The webs were of 5-ply
yellow-poplar plywood conforming to Specification AN-NN-P-511b. Nominal
veneer thicknesses were 1/16, 1/10, 1/12, 1/10, and 1/16 inch with the grain
at 45° to the horizontal aexis of the beam, All beams were 15 feet long and
were loaded at points 20 inches either side of the center of the beam. The
span was 14 feet and 4 inches,

Material for flanges was selected by examination and on the basis of results
from minor tests made prior to the construction of the beams. Toughness,
static bending, end compression-parallel-to-the-grain tests determined the
switability of materiel for compression flanges, Toughness, static bending,
conpression-parallel-to-the-grain, and tens’on-parallel-to-the-grain tests
deterained the suitability of the material for temsion flanges. Specimens
for tese tests were provared fiom the sidss of the flat-sawn plenks so
that ihe same growth rizngs occurred in minor specimens and in the flanges.

Minor specimens were taksn from all of the plywood pansls used in making
the webs, %o check the quality of the plywood, Tests ware made in panel
shear wad i tension, compression, end static bending, both parallel and
perpsndicular to the face grain,

The waterial for the temsion flanges of control beams 1-T-1, 1.T-2,
1-T-2A, and 1-T-3 was carefully selected for streightness of grain and
freedom from defecis., The flanges were constructed of three vertical
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laminae to minimize the effects of variation of the properties of the
material. These beams served as controls for all others.

The materiel for the temsion flanges of beams 2-T-1, 2-T-1a, 2-T-2,
2-T-2A, and 2-T-3 was selected with the same care and febricated in the
same manner as for the controls. One-half-inch diameter holes were
drilled verticelly through the middle of the tension flange of beem 2-T-1
at: (1) a point 5 inches from the center of the span; (2) a point 29-1/4
inches from the center of the span thus placing the hole outslde of and
tangent to the end of the load block; and (3) a point midwey between the
load point end the reaction. Beam 2-T-1A had & 1/2-inch diameter hori-
zontal hole at middepth of the tension flanges 4% inches from the center
of the span, The plywood webs were routed out around the hole to expose
the ‘flange for observation during test, Beams 2-T-2, 2-T-2A, end 2-T-3
each had a 1/2-inch diameter vertical hole centered on the width of the
tension flange 4 inches from the center of the span,

Beams 3-T~l, 3-T-2, snd 3-T-3 were constructed similarily to the control
bedms 1«T~1, 1-T-2, and 1-T-3 excépt that a much shorter, stiffer load
block was used to accentuate the effects of poorly designed loed blocks
upon the tension flengs.

‘Beams 4oT-1, h~T-2, and U-T<3 differed from the control beams only in
that the tension flanges consisted of three vertical laminae so cut that
the grain hed & slope in’ the vertical plame of 1 in 15, o

Beams 5eT-1, 5-T-2; &nd 5-T-3 differed from the control beams only in
that the tension flanges were of one plece construction and were selected
from stock known to contain compression failures. '

Beams 6-T-l, 6-T«2, and 6-T-3 differed from the control beams only in
that the tension flanges were formed of three vertical laminae selected
from stock known to contain compression failures. :

Beams TTel, T-T-2, end 7-T~3 (for test in the normal position following
- overstress ‘in the inverted position) were in all respects similer to

the control beams, : ' ;

The minor specimens for flange material were as follows:

Toughness ,=~Specimens 5/8 by 5/8 by 10 inches loaded on & tangential
face at-the center of an 8-inch span.

Static bending.--Specimens 1 by 1 by 16 inches loaded on e tangential
face at the center of a lk-inch spen,

Compression parallel to the grein.--Specimens 1 by 1 by U inches
loaded on end. o

) Tension parellel to the grain,--Specimens 3/4 by 1 by 29 inches shaped
to a uniform section 1/k by 1/2 by 5 inches long at the center, the transi-
tion being made by a circular curve, tangent to the ends of the center
section, of 90 inches radius and leaving & full sized portion at either end
5«1/ inches long.
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Methods of Testing

The beams were tested in a 200,000-pound, screw-type testing machine by
loading at points 20 inches on either side of the center of a lhk-foot k-inch
span. Figure 4 shows a beam in the testing machine reedy for test with
the dials, strain gages, and deflection-measuring instruments in place.
The discolored area in the center part of the beam near the tension flange
is a "brittle lacquer" applied to the critical tension .area of the beam as
an aid in discovering regions of early stress concentration. The lacquer
was also helpful in locating defects end areas of partial failure. The
lecquer was applied to each beam the evening preceding test in order to
allow time for proper setting but not sufficient time for cracking of the
lacquer by moisture and temperature changes,

The beams, except T-T-1l, 7-T-2, and 7-T-3, were loaded in predetermined
increments up to the load at which the dials and gages were removed, These
increments were 5o chosen that a minimum of 10 sets of readings were obtained
before the dials and gages were removed. Dlals and gages were removed soon
after the proportionel limit of the beam, as measured by deflection, was
pessed. Deflection was applied at the rate of 0,21 ipch per minute corres-

- ponding to the rate of strain prescribed by A.S,T.M.% standards for beams

of this type. _ :
Beams 7-T-l, 7=-T-2, and 7-T-3 were first placed in the machine in in-
verted position with all disls and gages in place. Increments of load

were then applied. at the rate of 0,21 inch of deflection per minute. .
Loading was stopped vhile readings were taken, This procedure was continued
until compression wrinkles appeared in the flange designed for tension but,
in this position, taking compression stress. The beam was then removed
from the machine and the tension flange was coated with brittle lacquer.
After a rest period for the curing of the lacquer, the beam was agein placed
in the machine, but in normal position end tested in accordence with the
procedure outlined for the other beams.

Methods of Celculation

For the determination of meximum tension and compression stresses due to
flexure the section moduli of the beams were calculated using the appropriate
modulus of elasticity for each flange as determined from minor test data.

The modulus of elasticity of the plywood was-assumed as one-fourth that of
the material composing the tension flange. Thus, the recommendation of
section 3.1151 of ANC Bulletin 18, "The Design of Wood Aircraft Structures,”
was followed as closely as practicable for beams with flanges of different
materials.,. -

Sectidn moduli for beams in theka-T groupfwére calculatedzunder,tworfurther
essumptions made necessary by the fact that these beams had holes in the
tension flanges. During the early stages of loading prior to the deyelopment

YAmerican Society for Testing Materials, Standard D198-27.
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of shear cracks located by ‘the holes, bending was assumed to take place
about a neutral axis determined by the gross area of the cross section but
with all stress carried by the net section. After cracking, the neutral
axis was assumed to shift to & new position located by the net section.’
Accordingly, two Bets of section moduli were computed for these beams,

the first based upon the moment of 1nertia of the net section taken about
& neutral: exis déterminéd by the gross section, the second based upon the
noment of inertis ‘of‘the net section taken ‘about a neutrael axis determined
by the net section.

“Description of Tests end Results

Teble 1 shows the results end other pertinent data from the tests of the
individuad ‘bBeems' ‘of this géries, Table 2 summarizes the data obtained
from tests of 1 or*specimens of flangeé materiel.-Table 3 comperes the
average ‘ultimete loads and stresses;*fdr each of ‘the’ variables studied,
with the average of‘tho control beams

Control beams.--A total of four‘beams were tested-as controls. Beanm

1-T-2 did 'not carry so large a load ‘&s others in the group end examination
after feilure revealed a steep slope of grain at the point of failure
despite original careful inspection. The results from this beanb though
shown in table 1, are Aot included in the averages. The ‘three other beams
failed at &n-average load of Lk ,050° pounds, corrésponding to an average
meximim’stress in ‘the tension flaﬁge of 14,490 pounds per square inch.
This stress was 11239 ‘times the ‘average modulus ‘of rupture and 0,866 times
the averago ultimate ‘tension for minors taken from the tension flange
material

Figure 5 shows the crack ‘Petterns in-the brittle lacquer at the center-
line of beam 1473 at loads of 9,000 ‘and ‘21,000 pounds, These cracks
always form at right angles to the principel tensile deformation and -
those shown in this figure are typical for the control beams. The cracks
are uniformly distributed and, in general, at right angles to the axis of
the beam, indicating freedom from stréess.-concentrations end uniformity of
stress distribution.

Besms with rigid load blocks.--Beams 3«T-1l, 3-T-2, and 3-T-3 were
designed with short heavy Toad blocks (fig, 3) to eccentuate any stress
concentrations which could be attributed to this type. No stress con-
céntration, however, was evidenced by observation of the brittle lacquer

coating or by other behavior characteristics of 'the beam during test.

‘In a previous series of tests of box beams designed to fail in the tension
flange, the results of which have not been published, one beam was built
with a solid Sitke spruce tension flange and with solid Sitka spruce load
blocks of a modified "fishetail" type. This beam failed in temsion in
the flange, apparently due to the concentration of stress-at the outer end
of the fairly rigid load block. The flange of this beam was 2-1/2 inches
wide and 3/b inch thick; the webs were nominally 1/8 inch thick. The
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failure of the flange in tension started at the end of the load block with
e square break thet included sbout one-third of the area of the flange.

The calculated maximum stress in tension at failure was 13,660 pounds per
square inch and was 75 percent of the ultimate tensile strength of the
minors representative of the flange material. This percentage is -less
than that for the control beams of this series, It indicates that beams
with thin flanges and webs are more susceptible to concentrations of stress
at filler blocks than beams with the proportions used in this series.

The everage load carried by the beams with rigid load blocks in the present
series was 46,870 pounds and the average maximum stress in the temsion .
flange was 15,600 pounds per square inch. - This is somevhat greater than
the corresponding values as previously stated for the beams: primarily
intended as controls. Accordingly, these beams were considered as
additional contirols-end the results were averaged with the other controls
for the comparisons in table 3, The average load for the eix beams was.
45,460 pounds and the average maximum tension stress was 15,050 pounds

per: square inch.

Figure 6'is & photograph’of beam 3=T-1 after: test end shows a typical-
fallure of & straight-grained tension flange. ‘ .

.. .Beams with bolt holes in tension flanges.--The beams of this group
developed longitudinal, shear cracks epproximately tangent to. the sides of
the bolt holes end parallel to the grain of the wood, Shear fellures
were first visible at an average calculated tensile stress of 5,610 pounds
per square inch of net: area of the flange. This value is 49 percent of
the modulus ‘of rupture and 37 percemt of the ultimate temsile strength
shown by tests of specimens représenting the temsion flanges. Shear. .
failures were progressive, starting at-the holes and becoming longer as:
the load increased until, at failure of the beams, they were often. more
then 2 feet in length. The holes were stress risers that caused the first
creeking, The point of stress concentration then moved along vith the
crack causing & continuation of ‘the cracking. .

A mathematicel enalysisd of stresses around & hole shows that for the.
conditions here encountered there is a concentration of sheering stress
 whidh i¢ e maximum at the ‘ends of redil which are epproximately 78° from
‘the direction of applied stress. Figure 7 shows the ghear failures at
the edges of the horizontal hole in beam 2-T-1A; figure 8 the shear
failures at the edge of a vertical hole in beam 2-T-2; and figure 9 the
extent of shear cracking in ‘the tension flange of beem 2-T-1 at the .
failure of the beam, - The progression of the shear cracking cen also be
‘géen in these figures. These photographs show. thet the beams acted in:
“egreement with theory. -~ -~ . TN . : -

Because beam 2<T-1 failed by shear in the web due to defective gluing and
bedm 2-T-3 had sloping grain in the tension flange at point of failure,
-4heir ultimate strength values have not been included in the averages.
THe average failing load for the remainder of the beams was 32,500 pounds
with an average maximum tension stress on the net sectiom of 12,800 pounds
SThe Effect of Elliptic or Circular Holes on the Stress Distributiom in

Plates of Wood or Plywood Considered es Orthotropic Materials, by

C. B. Smith., Forest Products Laboratory Report No. 1510.
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per:square inch. This was 113 psrcent of the modulus of rupture and
85:percent of the: ultimate tension of minors from the tension: t’lange
material, _ :

- Beems: with grain at a slops of 1 in 15 in the tension flanget .--The
beams of this group developed an average calculated stress at failure in
-sthe tension flange of 10,500 pounds:per square inch, which is 97 percent
of the average modulus of rupture end 68 percent of the average ultimate
tension stress from tests of minor specimens cut so that the grain was
parallel to the axis of the specimens: These results-serve as further
substantiation of the. relations used in establishing the rule that the
ultimate tensile-strength of wood is adequately represented by the
modulus of .rupture for slopes of g‘ain as great as. l in 15.

‘The e.verage ‘tensile strength of the minor: specimens ves: 15,1370 ponnds
per square inch, 'Substituting this value in:equation:2:53: of ANC.
Bulletin 18, "Design: of Wood Aircraft . Structures,” June 1951, tosether
with assumed values for tension strengt fg perpendicular to the grain and
shear strength parallel to the grein o 370 and 1,150 pounds per square
inch respectively, the tensile strength of the:wood:with a slope of grain
of 1 in 15'was computed as 11,430 pounds: per:square-inch, - The ratio of
the average stress in the tension fleanges at ultimate to the unit tensile
strength so computed was: 0,92:whéreas the: corresponding ratic for beams
A this series srith straightvgrained tensim ﬂenges e 0.9‘* :

The: failures in the tension flanges of the beams vith l in 15 sloping
grain in the tension flanges occurred suddenly without eny previows signs
of distress. They were tomplets after which the: flanges; vere incapable
of carrying any loed. . Figure 10:is & photogreph: of-beam 4-T-1 showing the
typical failure of a tension flange with a g‘&in slppe of 1 in 15 in ghe
vertical plané-

There were two groups of these beams::those with: ‘5014d; NS i3
and those with vertically leminated tension flaqges. The preexisting
compressibn Fallures in the tension flanges of these beams were of &
magnzltude ot easily detected by ordinary. inspection methods, - They vere
usually of & mieroscopic pature and were found by microscopic examination
and’ toughrigss “tests. The appearance of the-sav cutsl at the ends of the
planks sometimes @Ve evidence of ‘the presence nf cmpreseim fa.ilures-

The twn groups of ‘beam exhibited essentielly *the.,agme ,he..hﬂvi,or durizne
loading, The brittle lacquer .ctacked .early and. ‘spalled off et some of
the preexisting compression:failures but shoved normal behavior at other
points. Final failure was sudden in all beams and mqurred ‘at ‘an average
maximum stress of 5,215 pounds per square inch for the solid flenges and
et an-averdge ‘miximum stress'of 5,760 pounds ‘per.equareinch for.the . ;
lam:!:nated ﬂaﬁges. The *tensile strength of- wood contein:lns eomvre561qn

6‘l‘hese values ‘Wwere- obtaiued frcm teble 1, Us. S. Department of Agriculture
_ Pechnical Bull stin No. 479, "Strength and Related Properties of Wood
Grown in the United States,” by L. J . Markvardt and T.R.C. Wilson,

IThis 18 further described in Forest Products Lehoratory Report No.:1588,
"Detection of Compression Failures in Wood;" by Eric A. Anderson.
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failures is so low that the use of such material in eirplane construction
is inadvisable, The mecessity of taking every possible care to eliminate
compression falilures is emphasized by these tests.

Beam 5-T-35 after failure is shown in figure 11. Thé compression flange
was cut in two for this photograph to show the brash character of a tension
flange failure when preexisting compression failures are present. A com-
parison of this figure with figure 6 shows the difference in the appearance
of tension breaks of straight-grained good quality Sitka spruce and Sitka
spruce with preexisting compression failures,

Beams. subjected to reverse loading.--Beams 7-T-1, 7-T-2, and 7-T-3
were first loaded in an inverted position until visible failures developed
in the flange then in compression. This occurred et an average load of
21,170 pounds or on an average maximum compressive stress of T,070 pounds
pef square inch. This calculated stress at which compression wrinkling
became visible was 2.6 percent greater than the average maximum compressive
strength value obtained from the corresponding minor specimens.

Following the test in the inverted positiom, the tension flenge of the
beam was coated with brittle lacquer and the beam was tested to failure in
the normel position. Failure occurred at an averege load of 14,280 pounds
or an average maximum stress of 4,770 pounds per square inch. This is
lower than the corresponding values for beams febricated of material with
preexisting compression failures. It seems probable that the lower stress
is due to the wood fibers being damaged to & greater extent when compressed
to failure in a dry condition than when the material is green.

Conclusions

Holes in the tension flanges of box beams induce longitudinal shear
failures in the flanges. The failures start at the holes, are approxi-
metely tangent to them, and become progressively longer as the loads
increase, The shear failures were first visible in the flanges of the
beams in this series at loeds approximately one-third of the ultimate of
comparable beams without holes. Flanges in these beams were straight
grained and the ultimate loads were close to those expected from the net
section. When cross greain is present, there is grave danger of complete
failure of the flange at a low load because shear failures follow the grein
of wood.,

Concentrations of stress in the tension flanges due to short stocky load
blocks were negligible in the beams tested. The stremgth values achieved
in the beams with the two quite different types of load blocks were
practically the same, indicating that for beams with proportions as in
this series, either type of load block is satisfactory. It appears that
beams with thinner flanges end webs, however, would probably be more
susceptible to concentrations of stress due to rigid load blocks.
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Shear failures along the glue lines between flanges and tapering loed
blocks have been observed. The concentration of shearing stress and
subsequent failure is similar to that observed in the temsion flanges
with holes. When cross grein is present in the tension flange, there is
denger of the beam failling at a low loed. If sloping grein is not
present, however, no harm appears to result from the use of tapering
load blotks,

Beams with grain sloping 1 in 15 in the vertical plane in the tension
flange developed strength values about two-thirds those of comparable
beams with straight-grained tension flanges free from defects. The
celculated maximum stresses in the tension flanges of these beams wvere
approximately two-thirds the ultimete temsion values of the minor test
material representing these flanges. These tests emphasize the necessity
for suitably correcting the alloweble tension stress when slope of grain
is permltted.

Preexisting compression faeilures in the temsion flanges of beams in this
series, compared with losds achieved in control beams with straight grailn
and no defects, reduced the ultimate loads to sbout one-third for solid
flanges and to three-eighths for flaenges with three vertical laminations,
That the strength values in these beams were low emphasizes the care that
chould be exercised in selecting and inspecting materisl for aircraft to
eliminate the possibility of preexisting compression feilures in perts
that will be stressed in tension.

Beams loaded in reverse to induce compression failures in the tension
flanges were less than one-third as strong, when loaded in the normal
position, as the comparsble beams in the control series, These tests
indicate the megnitude of the damege that may take placa when tension
members are overstressed in compressiom.
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Table 3.--Comparison of the aversge ultimates of test beams, by groups, with

the average ultimates of the control beamsi
Beam 3 Phase of study :Ratio of average :Ratio of average
groups 3 :ultimate load of :fy,, of group to
H tgroup to average :average fy, of
: sultimate loed of :controls
: scontrols :
(1) : (2) s (3) : (%)

2-T-14, :Beams with holes in the : 0.715 : 0.850

2-T-2, ¢ tension flanges : :

and 2-T-24 : g :

4-T-1, and :Beams with 1 in 15 sloping : .692 : .698

h.7-3 ¢ grain in the temsion : :
: flanges H

5-T-1, :Beams with preexisting com-: .332 : 3hT

5-T-2, and : pression failures in : :

5-T=3 :+ solid tension flanges 5 :

6-T-1, :Beams with preexisting come: 375 : .383

6-T-2, and : pression failure in lami-: :

6~T-3 : nated tension flanges : :

T+T-1, : <314 : 317

:Beams with induced compres-
7-T-2, and : sion failures in the :
T-T=3 : tension flanges -

. - -
- » 3

~The average control values are the mean strengths of besms 1-T-1, 1-T-24,
1-T-3, 3-T-1, 3.T-2, and 3-T-3, and are 45,460 pounds for the loed at
ultimate end 15,050 pounds per square inch for the ultimaete temsile
stress. The test values for the beams in the 3-T series are included in
the averages for the controls because the concentrations of stress
introduced by the poorly designed load blocks were negligible.
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Ream 1-T-3

9,000 pounds

centerline

= G-"q'-';:ég',:-ggw S e
s i e R e e B

Figure 5.--Cracking of brittle lacquer at the center of the tension flange of box beam
1-T-3: A, at 9,000 pounds total load shortly after cracking was first visible; B, at
21,000 pounds total load, showing fully developed stress cracking pattern.
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CRACKD

Figure 7.--Horizon! hole in tension flange of beam
2-T-1A. A, one end of hole soon after shear cracking
Load on beam was 15,000 pounds. B, other
hole after shear failures had progressed be-
~out portion of the web. Load on beam was

pounds .




Figure 8.--Vertical hole in tension flange of beam
2-T-2. A, brittle-lacquer stress pattern and start
of shear failures at edge of hole. Load on beam was
16,500 pounds. B, increased length of shear cracks
due to increase of load. Load on beam was 20,500

pounds.
ZM 56750 F
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