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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 924

ELASTIC PROPZRTIES OF; GHANNELS WITH
UNFLANGED LIGHTENING HOLES
By Alfred S. Niles
SUMMARY

Fifty-eight lighfeﬁed and five unlightened aluminum-
alloy channels were tested as simply supported beams in

.pure and/or.simple bending produced by loads parallel to

the plane of symmetry,and fifty-three lightened and four
unlightened aluminum-alloy channels were similarly tested
under loads parallel to the back, "in order to develop
empirical formulas for the effect of unflanged lightening
holes in the back on the position of the :‘¢ffective cen-
troid and on the magnitude of the effective moment of
inertia of the section. Forty lightened  and four unlight-
ened aluminum-alloy channels were tested as pin-ended
columns to determine the effeect of unflanged lightening
holes in the back on the position of the effective centroid
and the column stiffness. Reasonable empirical formulas

"for thHese effects were developed from the test data. An

empirical formula was also developed for estimating the
effect of unflanged lightening holes on the deflection of
a channel due to shear deformation.

Fifty-six lightened and seven unlightened aluminum-
alloy channels were tested as cantilever beams to deter-
mine the effect of unflanged lightening holes in the back
on the location of the shear center, and a reasonable
pmpirical rule to allow for this effect was developed.
Additional data from these tests were studied:-'in an un-
successful attempt to develop a reasonable formula for
the effect of unflanged 11gutening holes on the torsional

Jstlffness of a channel

INTRODUCTION

In 1934-35 an. initial study of the effect of light-
ening holes on the ,glastic properties of channels was



2 NACA Technicai Nbfé.No. 924

made by Mr. C. Glasgow, who tested 20 aluminum-alloy
specimens in compression and in bending due to loads in
the plane of symmetry. The chief result of his work was
to indicate that, until the effects of unflanged holes
had been more definitely determined, further study should
be restricted to channels with holes of that type.

Studies of the effect of unflanged or "plain" holes
were carried out by Messrs. F. C. Allen and J. C. Silliman
in 1936-37, Messrs. A. J. Carah and J. W. Park in 193738,
Mr. J., W. Scarbrough, Jr., in 1939-40, and by Mr. R. J.
Wellman in 1940-41. The present report covers the work
of these later investigators, as combined and analyzed by
the writer.

The objectives of the tests under consideration were
to determine the influence of plain round holes in the
web of a channel on: :

1. Stiffness against bending produced by forces
parallel to the principal axes of the cross
sections

2. Stiffness against torsional deformation

%. The location of the resultant axial compression
compatible with zero transverse deflection

4., The position of the shear center of the cross
section

These influences were not determined for all the
specimens tested, but each was determined from enough
specimens to permit the development of some empirical
design rules.

Prosecution of the project covered by this report
was made possible by the gift of test specimens from the
‘Boeing Airplane Co.- and the former Northrop. Aircraft, Inc.,
now the Bl Segundo Division of the Douglas Lo e it 200k,
Inc., and financial support from the National Advisory
Committee for Aeronautics. The writer of the present re-
port wishes to acknowledge also his debt to the students
who carried out the tests reported upon: Messrs. F. C.
Allen; A, J. Carah; C. Glasgow; J. W. Paxie; Js W, -
Scarbrough, Jr.; J. C. Silliman, Jr.; and R. J, Wellman.
Thanks are also due to Messrs. R. Jackson for assisting
in the tests; H. Ponsford and A. E. Anderson for preparing
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diagrams and similar work; F. D. Banham, W. H. Cadwell,
and T. J. Palmateer for constructing test equipment; and
Professors M. S. Hugo C. Moser, and S. Timoshenko for
helpful advice to both the Writer and the students who
did the actual testing.

TEST MATERIAL

The tests covered in thig report were made on a
group of 17817 alumlnum—alloy channels donated to Allen
and Silliman by the Boeing Aircraft Co. and a group of
24S-T aluminum—alloy channels donated to Allen and
Silliman by the former Northrop Airecraft, Inc., now thée El
Segundo Division .of the Douglas Aircraft Co., Inec.

The major dimensions of the specimens shown in fig—
ure 1 are listed in table 1. Im this table apd in the
remainder of the report specimens furnished by Boeing are
indicated by a plus sign and those furnished by Northrop,
by a minus sign preceding the specimen number. 1In table
1l the over—all width of back B, the over-all width of
side S, the lightening-hole diameter D, and the
lightening—-hole pitch P are nominal dimensions. The
thicknesses t were obtained by weighing the specimens
and computing the thickness from the weight and the de-—
veloped area was obtained by assuming a density of 0.1981l1
pound per cubic inch. Numerous check measurements of the
thickness were made with micrometer calipers; bdbut, as
there was considerable variation in the observed thick-
nesses of individual specimens, the values computed from
the weights are considered more reliable, Although these
thicknesses are recorded to three 31gn1f10ant fieures.,
the third flgure I8 not rellable.'

In the “llghtenlng parameter" D /Pb b is the
distance B-t 'between the midlines of the channel legs.
This parameter multiplied by 251 is the percentage of
the area of the bagk occupied by ‘the holes.

Since the investigation was limited to 'the influence
of holes on the glastic properties of the specimens, the
only material properties of interest were Young's modulus
E and the shear1ng modulus G. Tests were made to check
the Young s modulus of a few of the specimens and the re—
sults varied little from the standard values used in the

analysis of test results. More such tests might have
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been made, had it been. considered that the results would
have justified the trouble. The elastic properties,
however, are not subject to such wide variations as Drop-
erties like the yield and ultimate stresses and the
objective of the study was to obtain.empirical formulas
that could be applied to "run of the mill" material rather
than to validate a refined theoretical analysis. Further—
more, in a consultation with engineers of the National
Bureau of Standards no practicable method of checking the
shearing modulus of the thin flat sheets used in the
specimens was suggested. It was therefore decided to make
all computations on the basis of the standard values

E = 10,300,000 pounds per square inch and G = 3,850,000
pounds per square inch.

APPARATUS AND TEST PROCEDURE

.Types of Test

The tests were of four types:

1. Tests with the channel simply supported near each
end and subjected to transverse loads acting
in the plane of symmetry of the specimen

2. Tests with the channel simply supported near e
end and subjected to transverse loads acting
in a plane, parallel to the web, which pass
through the experimentally determined shear
centers of the specimen eross sections

3. Tests with the channel supported as a cantilever
and subjected to a concentrated load, at the
free end, acting parallel to the web

4, Tests with the channel supported between knife
edges, or their equivalent, parallel to the
web, and loaded as a pin-—ended column

The first two types of test were used to determine
the apoarent stiffness EI in bending. Most of these
tests were made with two concentrated loads so propor=!-~.
tioned that the portion of the span between those loads
would be subjected to "pure" bending. The remainder were
made with a single concentrated load at midspan. In this
report the resulting combination of ghear and bending is
termed "simple bending."
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The third type of test was made to determine exper-—
imentally the location of the shear center,to determine
the torsional stiffness of the member GJ, . and to ob—
tain an additional value of the apparent stiffness EI
in bending. The combination of transverse shear and
bending used in this type of test might also be called
simple bending, but is termed 'in this report Wcantilever
bending" to distinguish it from the conditions existing
in the first two types of test.

The fourth type of test was made to determine: (1)
the apparent stiffness EI from the action of the speci-
men as a long pin-ended column, and (2) the position
necessary for the resultant axial lcad if no lateral
bending were to result from its application. For conven—
jence this position is termed the "effective centroid" of
the section, and the line parallel to the web of the
specimen which passes through the effective centroid is
called the "effective neutral axis" of the specimen.

Tests of Simply Supported Specimens

Load in plane of symmetry.— A general view of the

apparatus constructed and used by Allen and Silliman for
their tests of the first type is given in figure 2o e
method of applying the load is shown diagrammatically in
£ienre "6, The weight of the shot bags placed on the load
pan’ W was transmitted by wires, the horizontal loading
bar H, and the cross arms C to the loading rods A,
which rested directly on the specimen. The svecimen was,
in turn, supported through the reaction rollers B, which
rested in V—shape grooves in the cast—iron blocks indi-
cated at X in figure 4. Near one end the specimen
rested directly on the reaction roller, as shown in fig-—
ure 5. Near the other end it was separated from the
reaction roller by the roller pad (R in fig. 4) shown

in figure 6, which allowed that end of the specimen to
move horizontally without restraint. The loading rods
and reaction rollers were held in the desired locations
by the loading templet T, This is composed of two
parallel steel plates, slotted to receive the rods and
rollers, reinforced longitudinally by angle irons, and
held apart by four steel spacing plates. A11 the tests
of Allen and Silliman were made with the central portion
of the specimen subjected to pure bending; so the loading
rods were placed in the two slots located 4 inches from
those for the reaction rollers, as shown in figures 2
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and 4. The distance between the slots fer the reaction
rollers was 32 .inches. Deflections of the specimen at
or near the ‘supports, loading points, and midspan were
made by means of Ames dial gages supported from a wood
plank, which was supported in turn from the main I-beam.

The testing procedure was simple. . The specimen was
usually so located that the lightening holes were sym-—
metrical about midspan, the loading rods and reaction
rollers located by means of the templet assembly, and the
dial gages put in position to measure the vertical move—
ments of the four rods and the web of the specimen at
midspan. After a tare load.of 5 or 10 pounds had been
placed in.the load pan to take up any "slack," each dial
gage was set to read zero. Loads were added in 5—, 10-,
or 25-pound increments, according to the size of the
specimen, until it was estimated that a maximum stress
about equal to one-half the yield point of the material
had been reached. Since there seemed to be a slight
amount of friction between the loading rods and the edges
of the templet slots, those rods were lightly tapped
after each load increment before the dial-gage readings
were recorded., It was found that this tapping made it
possible to obtain much straighter load—deflection
diagrams from the recorded data. After the maximum de—
sired load had been reached, the specimen was unloaded
in equal steps and the dial-gage readings were recorded.
In this manner the deflection readings for each load
were checked., A sample data sheet is shown in table Al,

In order to compute the gtiffness EI from the
observed deflections, the readings of dials 2.and 4 at
the loading points were subtracted from those of dial 3
at midspan. The average of these differences was then
taken as the deflection of the point at midspan from a
straight line joining the points of load application.
These deflections were next plotted against the loads
producing them, and the slope of the straight line de-—
termined by them was computed.. The value of §/W thus
obtained was then inserted in the appropriate beam deflec—
tion formula, which then was solved for EI. The result-—
ing values of ZEI;, are recorded in tables 2 and 3.

Essentially the same testing apparatuvus and procedure
were employed by Wellman in tests with the plane of load-
ing normal to the back of the channel. A somewhat differ—
ent procedure, however, was used for computing the
"observed EI" from the observed deflections. Instead
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of plotting the differences between the midpoint deflec-—
tion and the average of the load-point deflections, a
separate curve was plotted for the deflections of each of
those points and also those of the reaction points under
difels 1l and 5, The value of s/W inserted in the beam
deflection formula was then the difference between the
slope of the line plotted from the deflections at dial 3
and the average of the 5/W values obtained from the
lines representing the deflectiorns at dials 2 and 4. The
stiffnesses BI obtained in this manner are termed "pure
bending stiffnesses.”" In addition, the value of §/W

for the midspan was subtracted from the average of the

5/W wvalues for the support points and the result inserted

.

in the appropriate beam deflection formula, which was
solved to obtain the value of EI termed the "two-load
bending stiffness." Both these values are listed in -
tables 2 and 4.

- Load parallel to web.—~ For the tests on simply
supported beams with the plane of loading parallel to
the web, it was necessary to make some minor changes in
the test apparatus and procedure. Had the loading rods
and reaction rollers rested directly against the specimen,
the plane of loading would not have passed through the
shear centers of the cross sections and the specimen
would have been subjected'to torsion as well as bending.
This was circumvented by the use of the loading frames
shown i.n figure 7. These frames were made of sduare—
section steel bars held together with machine screws.
Hardened knife edges were inset in the upper and lower
members in such position that the specimen could be
located with its shear center on the line joining the
knife edges. The specimen was held in the desired posi-
tion with reference to the frame by machine screws and
blocks of synthetic resin, as showh in figure 7. 1In the
tests the loading rods rested on the upper knife edges
of the frames at the loading points. At the reactions
the lower knife edge of one frame rested on the reaction
roller, while that at the other end rested on the top of
the roller pad. When the specimen was loaded and sup-
ported in this manner, it was unstable with respect to
rotation about a longitudinal axis, To prevent it from
rolling over, the vertical guides shown in figure 8 were
clamped to the I-beam near each end of the specimen,

Except for the use of the loading frames and end
guideés, the apparatus and procedure of Carah and Park
for tests in pure bending with the plane of loading
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parallel to:the web were essentially the same as those of
Allen and Silliman for tests:with the loads normal to the
weDb. One minor change also was made by Carah . and Park .in
the determination of the effective EI ‘from the test data,
Allen and Silliman measured the. deflection of the points
of load application by dial gages measuring the vertical

movements ‘0of the loading rods. Carah and Park attached
small synthetic—resin blocks to the channel web with their
upper surfaces at midheight of -the specimen. - Since the

loading frames made it - impossible ‘to place these blocks
exactly at .the loading points, they were placed a little
closer to the midspan, ;so that the dial-gage spindles
would clear the loading frames. The formula for computing
EI from the deflections was suitably modified to allow
for the actual distance between the points -at which the
deflections were measured. Scarbrough and Wellman made
their tests in pure bending with the loads parallel to

the web in egsentially the ‘same manner as Carah and Park.
Their chief modification was to omit the use of blocks
attached to the web for measuring deflections and. to meas—
ure the deflection of points on the upper Flanbe as close
as possible to the web. -

In addition to the tests in pure bending, Carah and
Park, Scarbrough, and Wellman made tests in simple bending
.with the loads-parallel to the web. In these tests the
horizontal loading bar was dispensed with and the load pan
hung from a single loading rod placed in the slots at the
center of the templet. In these tests it was necessary to
measure the defldctions at but three points, at each reac-
tion, and near the loading point at midspan, The method
of determining apparent EI from the test data was essen—
tially the same as in the pure bending tests; the pertinent
dimensions.and the observed values of 5/W were inserted
in the appropriate beam deflection formula which was
polivieid. fors Bls

The values of apparent EI obtained in both pure
and simple bending tests are recorded in table 5.. Wellman
also used data from his tests, made primarily to obtain
the stiffness in pure bending, to obtain stiffnesses in
"two—load bending" similar to those he obtained from the
tests with the loads. normal to the back of the specimen.
These results also are-recorded in table 5.
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. Cantilevér—Beam Tests

In the third type of test one end of the specimen
was clamped to a heavy vertical stéel column in such a
manner as to minimize possible rotation at that end. At
the free end a T—shape fitting had its'"vertical' member
bolted to the web, at midheight, the cross bar forming a
horizontal platform on which the load could be applied
at varying distances from the web of the specimen. The
load pan was suspended from a steel loading bar which
rested on the cross bar of the T—shape fitting. In order
to have single-point contact between these two members a
small hole was drilled in the loading bar, into which a
bearing ball was forced. The position of the bearing
ball with respect to the web of the specimen was measured
by a micrometer screw attached to the loading bar. In
the first group of these tests, those made by Carah and
Park, the deflection of the- free end of the specimen was
measured by an Ames dial gage supported from a platform
resting on the floor of the laboratery. In the same
tests the rotation of the specimen was determined from
the vertical movement of the ends of a steel rod passing
through, and normal to, the web a short distance from the
free end These deflectlons were measured by dial gages
supported from the same platform as the gage measuring
the deflection of the end of the specimen. The arrange-
ment of these gages and other apparatus at the free end
of the specimen is shown in figure 9.

The specimen was first clamped to the vertical sup-—
port with ites web in a vertical plane and its longitudinal
axis horizontal. The dial gages were then set to zero and
load applied in small increments. After each increment of
load the channel was tapped lightly to eliminate friction
effects, and the load bar was shifted in position by the
‘micrometer screw until the deflections of the ends of the
transverse rod were equal. When the twist of the speci-
men had been thus eliminated, it was considered that the
point of load application was ‘¢oincident with the shear

center of the cross section. he position of the point
of load application and the dial-gage readings were then
recorded, as shown in table A2, A load-deflection curve

was plotted as the test proceeded and care was taken to
keep the imposed load below the magnitudes that might
cause yielding of the material or buckling of the member,
In these tests it was noticed that the position of the
shear center seemed to change slightly under low loads but
eventually reached a stable position, as shown by the
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curve of figure Al. The shear—center distances recorded
in table 5 are based upon the locations at which the
larger loads produced torsionless bending. The apparent
EI in cantilever bending was obtained by ‘inserting the
slope of the ‘load—deflection curve in the appropriate
beam—deflection formula. The results of these computa—
tions are also included in table 5.

A few tests were made by Carah and Park to determine
the eritical load under cantilever loading.  With the
channel firmly clamped in place as a cantilever beam, the
loading device was. fixed in position. As in the shear—
center tests the web was adjusted to a vertical position
and the channel leveled. The two side gages were then
placed under the cross bar and set at zero with the free
end of the specimen under no load. Since the shear center
tended to shift slightly under low loads, increments of
weight were added and the load position adjusted each time
until no further shift was necessary:. as determined by
equal deflections of the two side gages. These gages were
then removeéd and the load increased until the channel
buckled. Deflections were not measured in these tests.

. In order that the specimens used in these tests would
not be permanently damaged, a platform of shot bags was
built up to about. one-half inch of the lower surface of
the specimen., This caught the member after buckling took
place and prevented permanent deformation of the aluminum—
alloy specimens. This precaution appeared to be effective
since the members were not damaged by the buckling, but ,
upon releasing the load and applying it a second time, the
critical load was found to be practically unchanged.

In parallel tests to determine the eritical load, the
weight was applied at the centroid of the section as deter—
mined by computation. Otherwise the tests were cannied »
out in the same manner as those with the .load applied at
the shear center. The critical loads found in these two
groups of tests were observed and are listed in table 6.

Scarbrough and Wellman's cantilever—beam tests were
made with the same apparatus, except for the deflection
and rotation measuring systems, as those of Carah and Park.
The angle of torsional rotation was measured Dby the use of
a telescope and vertical meter stick attached to a steel
tripod located several feet from the loaded end of the
specimen and a mirror glued to the.loaded end of the spec—
imen opposite the scale. '~ The scale reading was reflected
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from the mirror to the telescope as shown in figures 10
gndl T, '

In order to preclude errors due to rotation of the
specimen at the supported end, the deflections of the
free end were measured from a reference Dbar attached to
the web of the specimen a small distance from the sup-
ported end, as shown in figure 12. TWhen the member
deflected under load, the reference bar remained parallel
to the line tangent to the elastic curve at the connection
point. To obtain sufficient rigidity the reference bar
and the vertical member connecting it to the wed of the
specimen were braced by a diagonal member, as can be seen
Frem f ieure 10, In order to measure the deflections of
the free end of the specimen with respect to the refer-—
ence bar, a standard micrometer screw was set vertically
in s steel block bolted to the end of that bar. Contact
between the screw and the specimen was indicated by the
closing of a l%—volt electrical circuit, as shown in fig-
ure 13. A pointed cap mounted on the end of the microm—
eter screw contacted mercury in a small basin attached
to the top flange of the test specimen so as to complete
the circuit and light a flashlight bulb.

In starting a test the point of application of the
load was set near the expected location of the shear
center, and the distance from the back of the channel
was measured with the micrometer screw and recorded.

Load increments of from 2 to 5 pounds were gpplied, read-
ings on the scale weré made through the telescope and
recorded, and.a "load-rotation". (actually a load against
scale reading) diagram was plotted as the test proceeded.
The load was carried only-to values which would cause

no buckling of the flanges. The test was then repeated
with the load application point reset, preferably on

the opposite side of the shear center (so as to cause
rotation in the opposite direction). Typical load-rotation
diagrams are shown in figure A2, In order to find the
position of the shear center, the slopes dR/dW of the
lines plotted from these tests were plotted against the
distance from the back of the channel to the point of load
application, Since the torsional rigidity of each partic—
ular channel is a constant, a straight line drawn between
the two points should intersect the axis (zero slope) at
the shear—center distance, as shown in figure A3. The
point of load application was therefore set at the loca—
tion determined in this manner and the test repeated. If
any rotation occurred, and it uswally did, the point of
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load application was again moved slightly and the test
repeated until any rotation indicated by the scale read-
ings was negligible, This gystem of measuring rotations
not only was more sensitive than that of Carah and Park
but also lent itself to a determination of the apparent
torsional stiffness of the channel.

The observéd torsional gtiffness of the svecimens
is reported in table 5 in the form of values of My/6,

In which - @6 is the rotation in radians of the mirror
near the free end of the specimen produced by a constant
torsional moment My, In computing these figures Mt

was taken as the product of a convenient load increment
AW and the distance d' from the experimentally located
shear center to the actual point of load apnlication,

As can be seen from figure 11, for the small rotations
encountered, 0.1 radian or less, ® could be obtained
from the relation I AR/ZL where AR 1is the change

in meter—st1ck readings produced by the imposition of AW,
and Ly :is the distance from the meter stick to the mir—
ror attached to the specimen. Use of these expressions
produces the relation

g L' AN (1)

in which Lr must be measured in the same units as AR.

Since the separate tests on a single specimen did not
always give the same value for d'AW/AR, this quantity
was computed for each position of the load and the aver—
age used in the expression for M¥;/8 to get the value

given in table 5, Where there-was considerable spread
in the magnitudes of d'A¥/AR, those deviating exces—
sively from the mean were neglected in computing that

value. Usually this meant neglecting values obtained

from tests in which ‘d' was relatively larcge.

Column Tests

The column tests of Allen and Silliman were made
in a hand-operated 20,000-pound-capacity Olsen
testing machine, with the specimen located between
knife edges parallel to the plane of its web. In
order to permit controlled changes in the distance
between the plane of the knife edges and the plane of
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the channel web, the end fittings shown in figure 14

were used. In this fitting the lower plate rests directly
on the knife edge. The upper plate slides on the lower;
its movement normal .to the knife edge is-effected by the
screw, the head of which appears in the figure at the
right—hand side of the fitting. The horizontal distance
from the back of ‘the channel to the plane of the knife
edges ‘is measured by the micrometer supported from the
lower plate. .. The deflection of the ‘Sspecimen at midspan
was measured by the dial-gage arrangement shown in fig—
ure 15.° The gages were mounted on the operating screws
:of the testing-machine in such a manner that the tips of
the spindles-opposed each other, . This practically elim—
inated . the undesirable unbalanced :side toad which the
spring “in:a :single dial gage would ‘hdve prodiced. When
the effective neutral axis had been ‘approximately located,
however these gages were removed so the ultimate load -
would be unaffected by uncertain midspan conditions, = The
ends of the specimens were embedded in type-metal pads to
prevent local failure of the thin gections being tested,
It was found later that such pads.were unnecessary and’
they were omltted in Wellman's tests :

In testlng, the specimen was carefully.located in
. & vertical position with its wed parallel to “the knife
‘edges and subjected to a tare load of about 70 pounds.,
The channel was then moved by manipulation of the .end
- fittings until the knife edges were in line with the es-—

~timated position of the effective neutral axis. Adai~
_tional load .was then ‘imposed and the amount ‘and the
dlrectlonnof_tne midspan deflection were noted. The load

was then reduced to the tare value and the position of
the specimen with respect to the knife edges changed so
as to reduce the eccentricity loading. This procedure
was repeated with the specimen subjected to larger and .
larger loads as the eccentricity was reduced until the
position at which there would be no transverse deflection
prior to buckling had been dbracketed within a range of

+. 0, 010 inch or less. At this stage the midspan dials were
removed and the specimen tested ‘to buckling failure.

Wellman, in his column tests, used different apparatus
from that employed by Allen and Silliman, His specimens
were strained by the 200 ,000—pound Riehle testing machine
and the axial loads were measured by the combination of
the 20,000-pound—capacity Emery hydraulic capsule and
Bourdon tube gage empnloyed in the tests reported in refer—
ence 1. A general view of this arrangement is shown in
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figure 16. He also constructed a new pair of end fite
tings. '

In the Allen and Silliman tests the "pin-ended length'
of the specimen, measured between the knife edges, exceeded
the actual length of the specimen by about 1%+ inches. In
order to eliminate the uncertain effect of the. stiffness
of tne end tiftdings on the Tuler load of the specimen,
Wellman used the fittings, similar to those described by
E. Barlow in reference 2, which are shown in figure 17.
Each fitting consisted of a round steel loading bdar
mounted between twe ball-bearing rings, which in turn were
held by a steel U-frame. The loading bar was notched to
a depth 3/16 inch greater than one—half the diameter of
the loading bar. This allowed the top surface of a movable
platform made of hardened steel, 3/16 inch thick, to rest
at a depth of exactly one-half the diameter of the loading
bar, so as to permit the location of the neutral axis of
the specimen on the center line of robtation:. = The actual
movement of the platform was effected by means of the ad-
justing screw shown just below the micrometer in figure 17.
On one side of this movable platform was a raised edge 1/8
inch high, against which the back of the specimen rested.
The position of the channel with respect to the center of
rotation of the cylinder was measured by means of a microm—
eter shown in figure 17, just above the platform adjusting
screw. Arms to carry a weight to counterbalance any ini-
tial moment set up by the micrometers were attached to the
ends of the movable cylinders. In using this fitting, the
effective pin-ended length of the column was the ‘distance
between loading platforms and therefore just equal to the
length of the specimen, '

Aside from the use of the new end fittings and the
omission of the type-metal pads on the ends of the speci-
mens, Wellman's procedure was the same as that of Allen
and Silliman. In both sets of column tests, the major
recorded quantities were the critical load in pounds and
the distances from the reference point to the back surface
of the specimen near its ends., The former was inserted in
the Euler formula for pin-—ended columns

EI_ = P'Iz/ﬂz ’ : | (2)

e

to determine the "column stiffness," From the latter
the distance from the surface of the back of the specimen
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to the effective neutral axis Y, was readily obtaineds

The observed values of EIe and Yo are listed in
table 2

TEST RESULTS

Properties in Bending about X-X Axis

Values of EI gy obtained from tests in bending with

the plane of loading perpendicular to the back of the
specimen are listed in tables 2, 3, and 4. Most of these
tests were made with the downward loads applied at the
free edges of the flanges and the point midway between
those loads also midway between the centers of adjacent
holes. The results of the tests with the specimen in
this "back down pitch centered" position are listed in
table 2. In this table the values obtained by Allen and
Silliman for EI from their tests in pure bending are
shown in column 2. Columns 3 and 4 give the values of

EI obtained from Wellman's tests. Those in column 3 are
his two—load bending, while those in column 4 are his
pure—bending values.

In addition to the tests with the specimen in the
back-down pitch-centered position, Wellman tested five
specimens in three other positions: (1) back down, holes
centered ——that is, with the midpoint between the down
loads opposite the center of a lightening hole; (2)
flanges down, pitch centered; and (3) flanges down, holes
centered. The values of EI obtained from all four
tests of each of these specimens are shown in tabdle 4.
Allen and Silliman ran a few tests with the specimens in
the back—down hole-centered position. They did not re-
port the numeri¢ed results, but stated that the stiffness
in the hole-centered position was less than the stiffness
in the pitch-centered position and that the difference
was of the order .of 3 percent.

In order to investigate the possibility that appre-
ciable error in the observed values of EI might result
from local deformation of the channel flanges under the
load rollers, Allen and Silliman made several tests in
which the deflections were measured at midspan and at
points 2 inches inboard from the load rollers. The val-
ues of EI obtained from these tests and the correspond-
ing tests by their standard method are listed in table 3.
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Phe: wa luse of stiffness EIe and distance from the

gurface of bthe back to the effeetive neutral axis Y5 .as
obtained from the column tests are also shown in table 2.
The resultbte. of Allen 2and Dillimants tests are listed in

columns 5 and 7 and those of Wellman, in columns 6 and 8.

Propertieés Determined from Loads Parallel to Web

The majar results of the tests with the loads acting
parallel to the specimen webs are listed in table 5. In
this table the results obtained by .the different experi-
menters are placed on separate lines instead of in sepa-
rate columns. The source of the data is given in COlu1D 1
and the footnotes to the table. The observed values of
EIyy Listed im columnasg 2, 3, 4y and b are those obtalned

from tests in pure bending, simple ‘bending, two—load
bending, and cantilever bendiag, respectively, by the
methods described in the section on Test Apparatus and Pro-—
cedure, Since no allowance was made for deflection due to
shear deformation in computing these quantities, only those
obtained from the tests .in pute bending should be taken to

represent the true stiffnesses BI ' of the channels. The
remainder are "aprnarent" values, which are useful as meas—
ures of the variation of deflection with load for the
specific loading patterns employed Colunns- -6 ‘and -7 show

the observed and computed. distances From the miclking .of
the back to the shear center and column 8 the dilferénces
between those distances. The computed shear—cenier dis—
tances of column 7 were obtained from equation 6:17 (on
P. 162 of reference 3), the existence of the lighiening
holes belnb neglected. In coelumn 9 are the torsional
stiffnesses ut/e obtained by the methods previously
described., \

‘In table 6 are listed the critical locads obtained by
Carah and Park in their cantilever tests and some simple
ratios of these critical loads which indicate the efi'cct
on the strength of the specimen of changlpg the position

of load application.

PRECIS ION

EBEach experimenter analyied his test prodcdures,
estimating the degree of precision of and the probable
error in each of the readings taken, and determining
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from those -data the probable precision of the end products,
apparent values of EI,  shear—center distances, and so
forth. All these studies indicated ‘that the values of
apparent stiffness obtained from.the tests would be correct
to within 5 percent or 1ess and the distances correct to
within 0. 01 .inch or less. "Comparison of the results ob—
ta1ned by different observers or in different ‘tests of the
. same specimen and the studies made to develop erplrlo(l
formulas for the properties under consideration, however,
show that the pr60151on of the experlmental vork was not
uniformly that good. : :

Slnce the analyses of probable precision first men—
tioned proved to-be over—optimistic, they are not: 1ncluded
in this report. The following diseussion is therefore de—
voted primarily to a study of the divergences found between
the work of the different experimenters. From this discus-—
sion it will appear that, while enough work of ‘satisfactory
precision was 'done to Dermlt the formulatlon (o better
rules for practical design than now exist, the b331s of
these rules is not so sound as would be desirable. The
lack of precision of many of the tests also made it imprac-—
ticable to obtain reliable information on the effects of
some of the variables that it would be des1rable to.-etnudy
in more detail. T

Bending Tests — Load Normal to Plane of Channel Webd

Comparisons of bending tests made of the same speci-
men by Allen and Silliman and by Wellman show considerable
daffertnecs in gpparent _BILJ Such comparison was poOssible
~on 15 specimens and the values of EI obtained from the
‘Wellman tests.ranged from 2,5 percent below to 8.2 percent
above Allen and Silliman's figurés.. The arithmetic ' mean
difference was -3.48 ‘percent and the al&ebralc mean differ—
ence 3. 15 percent.. (In this report the adjective Marith-
"metic" is applied to mean and median values connuted from
‘the absolute magnitudes of a group of quantltles . Uigel of
the term "algebraic" indicates that the signs of the indi—
vidual quantities were considered in the computation ‘of a
mean or. median.)  Both arlthmetic‘and algebraic median
dlfferences were 3.2 percent. It ‘should be noted that for
only one .specimen o 19): was the stiffnéss obtained from
Wellman s test.. less than that reported bv Allen and i
Sllllman.:x . . . B : _ ‘.

':Allen,and.Sillimaﬁ‘reportedtthat‘théy maﬂe“a-number
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of check runs of individual specimens and found that the
results did not deviate from a mean by more than 1.75 per-
cent. Wellman did not report the results of check runs
under the same conditions but he did report the results
shown in table 4 of tests with the specimens in four -dif-
ferent positions in the jig. These showed variations of
EI as large as 14 percent without any discernible rela-—
tion between change in apparent EI and specimen posi-
tion:. Allen and Silliman, on the other hand, reported
that, when the specimen was tested with a hole at midspan,
the apparent EI was about 3 percent less than when the
midspan point was midway between the centers of adjacent
holes. These facts make it appear that the Wellman re-
sults were not as precise as those of Allen and Silliman,
and they are not given as much weight in the following
discussion, 'y

In hig firgt computations of EI from the test logs
Wellman used the same method of computing W/§ as had
been employed by Allen and Silliman; the deflection of the
point at midspan was subtracted from the average of the
deflections -at the loading points, As this did mot give
satisfactory results,he modified his procedure by finding
the slope of the load-deflection curve for each point at
which deflections were measured and combining those slopes
to get the value of W/§ to insert in the beam deflection
formula, It was hoped that in this way the effects of
individual poor readings would be minimized.

Another attempt to meet the situation was the compu-
tation of the two—load bending stiffnesses from the slopes
of the load—-deflection curves of midspan and the reaction
points, In this manner the differences used were approx—
imately doubled and the results made more consistent and
probably more reliable, Comparison of the pure bending
and two—load bending values of EI obtained from the
Wellman tests is of interest, In 48 tests the two-load
bending EI ranged from 0,920 to 1.082 times the pure—
bending value, the average ratio being 0.9928, with al-
most equal division between values above and below 1. 00,
Since there would be shear deformation of the channel
legs in the end segments, the observed two-—load bending
EI should be less than that for pure bending; but, since
the ratio of span to depth of section was large, the dif-
ference should be small, Insofar as the average ratio is-
concerned, the difference of less than 1 percent is very
reasonable;but the larger differences for the individual
specimens, particularly those in which the two-load-bending
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figure was the larger, can be best explained as due to a
lack in precision of technigque. It was therefore con-
cluded that for these tests the effect of shear deforma-
tion should be neglected and the observed values of two-—
load bending stiffness used in the more detailed analysis
of the data rather than the pure-bending figures. It was
these two—load bending stiffnesses that were compared
with the Allen and Silliman results in the preceding dis-—
cussion. - Had the pure—-bending figures been used, the
differences would have rangéd from —4.1 to 9.1 percent
and the mean figures would have increased from 3.48 to
4,57 percent and from 3.15 to 3.91 percent and the median
from 3.2 to 4.1 percent or 3.7 percent, according to
whether arithmetic or algebraic averages are obtained,

The tests made by Allen and Silliman to determine
the possible effect of local deformation of the specimen
under the loading rods resulted in the observed EI
values of .table 3. Since the differences between com—
parable pairs of these values were all less than 2 per—
cent and were not consistently in the same direction, it
is reasonable to assume that the effect of such local
deformation was negligible. '

Colunn Testé

Seven of the channels tested by Allen and Silliman
were retested by Wellman, and the indicated values of EI
in the retests ranged from 2.6 to 22.5 percent in excess
of those in the first tests, the average increase being
10,81 percent and the median, 7.6 percent.

One possible cause of the differences between the
results from tests of the same specimen is a difference
in the method of determining the critical load. 1In some
of Allen and Silliman's tests, it was noticed that after
the peak load was reached the channel bowed suddenly ,
with a resultant decrease in the equilibrium load of the
specimen, Figure 18 illustrates diagrammatically the
implied load-deflection relationship. The conclusion
was reached that the load registered before the sudden
deflection was somewhat higher than the actual Euler
load. The existence of this peak load was attributed to
two factors: (1) While the knife edges were assumed to
be theoretically perfect, they offered a small restrain—
ing moment on the ends of the specimen and thus made the
restraint coefficient somewhat greater than unity,. As
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the channel deflected, however, this restraint was elim—
inated and a decrease in the load required to hold the
specimen in equilibrium in its bent configuration resulted.
(2) Before failure the major axis of the channel may have
been misalined with respect to the knife edges. 3Bending
would then occur around an oblique axis about which the
moment of inertia would be relatively large, In the pro-
cess of deflecting, the channel would rotate slightly with
the result that the bending would finally be about the
major axis-and the load required for equilibrium in the
bent configuration would be correspondingly reduced. In
Allen and Silliman's tests, the ultimate load recorded,
therefore, was that maintained by the specimen after it

had begun to exhibit definite lateral deflection. Wellman,

@idecnot . follow this practice dbut considered the maximum
load carried prior to buckling as the Euler load for each
specimen. This may well account, at least in part, for
his obtaining higher values of critical load than Allen
and Silliman,

While this difference in the determination of the
critical load might account for the smaller discrepancies
between Wellman's and Allen and Silliman's figures, it
appears unlikely that it is sufficient to explain com-—
pletely the larger discrepancies. If . bowevey . in Bpoie
of Wellman's tests there was serious lack of parallelism
between the axes of rotation of the end fittings, that
might account for his high values of critical load. That
it was probably Wellman's rather than Allen and Silliman's
test results that were most in error is indicated by the
fact that the results of Allen and Silliman are easier to
correlate with theory. 1In the development of rules for
predicting EI, Allen and Silliman's data. are therefore
given more weight than those of Wellman.

Allen and Silliman noted that the magnitude of the
apparent critical load for a given channel was dependent
on whether the direction of buckling caused an increase
or a decrease in the compressive stresses at the free
edges of the section. 1In general, the critical load was
larger if the buckling caused a reduction in the compres—
sive stresses at the free edges, there being but a single
exception to this rule. The average difference was about

~ 3 percent and the maximum difference, 7 percent. In de—

termining the value of EI from Allen and Silliman'

column tests, the critical loads used were those obtained
from the tests in which the buckling caused a decrease in
the compressive stresses in the free—edge fibers. Wellman
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made no comparable study of the variation of critical
load with direction of buckling, but his records show
that, in tests of 26 specimens, in 20 cases buckling
under maximum load reduced the compressive stress at the
free edges, in five it increased that stress, and in one
column failure under the maximum load caused an increase
in one test and a decrease of compressive stress at the
edge fibers in the other.

Discrepancies also exist between the observed dis-
tances from the back of the specimen to the effective
neutral axis, ' In both series of tests the distances from
the fixed reference lines to the specimen were bracketed
to within 0.003 or 0.004 'inch, Therefore, in spite of
possible errors in obtaining the true positions of the
reference lines to the resultant loads, the effective
neutral axis positions were believed to be correct to
less than 0,010 inch, Comparison of Allen and Silliman's
with Wellman's results, however, showed Wellman's to.be
consistently in excess of Allen and Silliman's, Accord-
ing to Wellman, the distance Y, was from 0,005 to 0.025
inch in excess of the distances determined by Allen and
Silliman, the average ezcess being 0. 0187 inch and the
median, 0,016 inch. When all the circumstances are taken
into consideration, it is believed that the Allen and
Silliman results are the more reliable.

Simply Supported Beam Tests — Loads Parallel to Web

In the tests of the channels as simply supported
beams with the loads parallel to the plane of the web,
the same sources of error existed as in the pure—bending
tests with the loads in the plane of symmetry. Most of
these sources might be expected to produce avproximately
the same percentage errors in the observed values of EI,.
Owing to the fact that the deflections measured in the
tests with the loads parallel to the wed were smaller
than those obtained with the loads in the plane of sym—.
metry, the probable error due to lack of precision in
determining W/§ was greater with the loads parallel to
the web than with the loads in the plane of gymmetry.
This is particularly true with respect to the pure—-bending
tests. In the simple and two-load bending tests the ob-—
served deflection differences were larger than in pure
bending,and the resulting EI values were correspondingly
more precise, 4 '
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Here again a better idea oif bhenactuel reliability
of the observed EI values can be obtained from a com—
parison of the results of different experimenters than
from a theoretical analysis of the possible causes of
error. For the four spetimens tested in pure bending
both by Scarbrough and by Carah and fank., the stiff-
nesses - BI. obtained by Scarbdrough were 0,94, 0.94, 0.99,
and 1.03 times those reported by Carah and Park. This
can be considered very good. ~When Wellman-retested three
of Carah and Park's specimens, however, he got values of
EI 0.97, 1.18, and 1.28 times the values from the first
tests. His deviations from Scarbrough's figures were
even greater, the ratics being 1,24, 1,56, and 2.25. As
will be shown in the-'section on Discussion of Test Results,
Scarbrough!'s . .values: of EI are those .most ‘nearly in accord
with the computed theoretical values, and Carah and Park's
values are nearly-as good. For many of his specimens,
however, Wellman obtained va lues »of ~ BI 4in pure bending
that atfe too far from any reasonable theoretical figures
to be believed. For some reason he appears to have been
anable ‘to obtain reliable figures for . W/6 -at the loading
points, but it has not been possible to’'determine the ex—
act source ‘of his difficulty. :

For most of the Carah and Park and Scarbdrough tests
in pure bending it would appear that the results are cor-—
rect to within 5.percent. They reported, however, that
specimens —0, —17, and +12 were initially badly twisted
and specimen —29 was damaged in an early test.. The re-—
sults for those members are therefore unreliadle. = They
also reported that some of the other channels for which
the observed values differed considerably from what was
expected were probably eccentrically loaded but gave no
supporting evidence. @ . © s i k; e vy .

‘The values of apparent *-EI. obtained froﬁ the simple—
_bending tests should be somewhat more precise than those
from the pure—bending tests on account of the greater
differences between the values of ' W/s Afrom which they
were computed, This judgment appears reasonable in the
light of the few tests made on the same specimen by more
than one investigator. ' Thus for two specimens Scarbrough
obtained values :of 1,04 and 1,10 times those of Carah and
Park. Wellman, however, obtained values 1.13, 0.88, and
0.86 times, those resulting from Carah and Park's tests of
the. same specimen and 1.59, 0,85, and 0,83 times the cor-—
responding figures of Scarbrough. Although the maximum
deviation of Scarbrough's from Carah and Park's figures
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rises to 10 percent, that was found in but one test.
Wellman's figures for simple bending, however, are much
more nearly in agreement with those of the other exveri-
menters than his pure-bending figures. It is therefore
believed reasonable to assume that most of Carah and
Park's and Scarbrough's figures for simple bending are
correct to within 5 percent and the remainder to within
10 percent but that, while Wellman's figures for simple
and two—load bending are better than those for pure
bending, many of them include avpreciable errors and can—
not be depended upon when they indicate conclusions at
variance with those deduced from the other tests.

Then the simple-~bending tests were made with the
load parallel to the plane of the web, it was suggested
that error might result from slipping of the specimen in
the loading clamps or from lateral bowing. Slipping of
the specimen in the clamps was unlikely since it was very
rigidly blocked in and the blocks were fixed in place by
tightening a series of screws. Sufficient bearing ares
was allowed that the blocks of plastic resin did not
crush, a resin with a bearing strength of 23,000 pounds
per square inch being used. One channel was bowed lat-
erally by pushing at its midpoint in order to determine
qualitatively the effect of curvature. It was pushed
sideways several times as far as any bowing noted in the
tests, and the error in deflection amounted to only 0.0002
or 0.0003 inch, It was therefore considered that the
very small lateral deflections noticed in the actual tests
had a negligible effect on the precision of the test
results.

Cantilever—Beam Tests

The precision of the results of the cantilever—beam
tests is difficult to estimate. All the experimenters
found that a change of but a few thousandths of an inch
in the position of the load from that associated with
torsionless bending would produce appreciable twist. 1In
only one case, however, did two experimenters find the
same shear—center position for a given specimen. With
one specimen the difference in observed shear-center
positions was nearly 1/8 Inchs These differences make
it impossible to use the test data of this report "to de-
velop a reliable quantitative expression for the effect
of holes on the shear—center position, though the differ—
ences do not prevent the obtaining of valuable qualitative
information on that point,
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The values of apparent EI  obtained by Carah and
Park from their cantilever-beam tests were so much lower
than the results of their pure— and simple-bending tests
that they concluded that a large part of the total de-
flection of a lightened channel was due to shear. It
was suspected, however, that part of the difference may
have been the result of rotation of the specimen at the
point of support. Scarbrough and Wellman therefore meas—
ured their deflec¢tions from an arm supported by the spsc—
imen in such a manner that the results would not be
affected by rotation of the specimen as'a whole. Their
results show pretty plainly that Carah and Park's low
values of apparent EI were due primarily to such rota—
tion and are not to be relied upon. Study of their fig-
ures, Lowever, indicates that Scarbrough and Wellman's
cantilever—bending figures are for the most part probably
correct to within +10 percent or better.

Carah and Park did not attempt to find My/9, "the

torsional stiffness, in their tests, Scarbrough made
tests for this quantity and his results apvear to be
reasonably consistent. Tellman's figures agree fairly
well with Scarbrough's but their consistency is not as
good. Both men used average values of rotation per unit
torsional moment obtained from tests with different
points of load application. Since there was less spread
between the figures averaged by Scarbrough than between
those averaged by Wellman, it is not surprising that
Scarbrough's results are more consistent. Nevertheless,
it has been found impossible to reconcile Scarbrough's
figures with theory or to obtain a reasonable estimate
of their precision. This problem is gone into im more
detail in the section on Discussion of Results.

DI SCUSSION

Properties about Centroidal ‘Axis Parallel to Back

The column tests and the bending tests with the
loads normal to the back of thé specimen were made pri-
marily to develop a method of predicting the stiffness
Bl x against bending about the centroidal axis parallel

to the back of the specimen, and the distance Y. OF

that axis from the outside surface of the back, The more
important test data and computed gquantities used for that
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purpose in this study are given in tables 7 and 8. Table
7 contains the values of I/t and Y, obtained from the
individual tests and the corresponding values computed on
the basis of three alternative assumptions regarding the
effect of the lightening holes. In this table the re-—
sults of tests by Allen and Silliman and of tesis by
Wellman. are shown on separate lines, The values of ob—
served I/t shown were obtained by dividing the . BI
values of table 2 by 10,300 times the thicknesses ¢t
recorded in table 1. This was done because it was found
more convenient to compare values of I/t than values of
FI. The values of -Y, in table 7 are taken directly
from table 2. In table 8 are shown maximum, minimum,

"mean, and median percentage difference between various

comparable observed and computed values of Tit 'sud Toe
The methods by which these values were obtained and what

appears to be their significance are discussed below.

The values of I/t obtained in the two types of
test, bending and axial compression, are directly compar-
able and, unless the character of the effect of the
lightening holes should be a function of the type of test,
should be the same for any specific specimen. From
table 8 it can be seen that for the specimens tested both
ways by 4Allen and Silliman the agreement of I/t values
is quite good. It is really better than is suggested by
the extreme percentage difference of —11.6 percent since,
if the values for channels —22 and —26 are neglected, the
spread for the remaining 23 specimens of this group is
only from —3.8 to 5.3 percent.

Wéllman obtained EI from both column and beam
tests of 14 specimens, only two of which were tested both
ways by Allen and Silliman. For those two specimens (-7
and —15) the column stiffnesses deviated from the beam
stiffnesses by only —0.6 and 1.2 percent; whereas the de—
viations of the Allen and Silliman values were —1.2 and
3.4 percent, respectively. Although Wellman obtained
better agreement between the two EI values for these
specimens than did Allen and Silliman, he did not get
such good agreement for the others, as can be seen from
the second line of table 8. 1In this group of tests only
four of the specimens showed differences above 10 percent,
but for each of these four the difference exceeded 25

percent,
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The third line of table 8 summarizes the results of
comparing the results of column tests by Wellman with
beam tests by Allen and Silliman. Since the Wellman val-
ues of I/t in bending are consistently higher than
those of Allen and Silliman, the percentage deviationsg of
the column-test I/t values from the bending—test values
are higher for this basis of computation than when the
Wellman bending values are used, This condition is inten-
gified by the inclusion of four specimens for which no
bending tests were made by Wellman, and the deviations of
the Wellman column—test results from the beam—test results
of Allen and Silliman range from 4 to 21 percent.

The relatively close agreement between the Allen and
Silliman values of I/t obtained from the two types of
test indicates that the influence of the lightening holes
on the stiffness in bending is the same as on the stiff—
neas in column action. I% ia the opinion of the writer
that the greater spread of the Wellman results indicates
primarily that in the Wellman column tests there was unde—-
sired end restraint which caused the observed values of
1/ . tc be fictitiously high and that the results of these
tests should not be taken to invalidate the afore-mentioned
conclusion,

The most important information sought from the column
tests and the tests in bending with the load normal to%the
channel back was a method for estimating the location of
the effective neutral axis and the effective moment of in-—
ertiaabont” that "axis, The obvious method of allowing for
the effect of the lightening holes on these quantities is
to compute them for a channel with the same values of
width of side § and thickness t as the actual member
but to reduce the width of back B by an amount which
would depend on the diameter of the lightening holes and
possidbly their pitch and other dimensions of the specimen.
Thus the problem reduces to that of developing a method
for computing what may be termed the effective diameter
of the lightening holes Dg.

The simplest assumption is that Dg, the effective

diameter, and D, the actual hole diameter, are identical.
This implies that the entire strip of material between the
lightening holes contributes nothing to the stiffness of
the member and seems to be the most conservative assumption
that would be reasonable. Values of I/t and Yo basged
on this assumption are listed in columns 4 and 8 of table 7.
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In computing these figures and all other values of I/t
and Y,, the sectional area was assumed concentrated

along the section midline. The values of Y, and the

radius of gyration were first computed, neglecting

any effect of the fillets. The values of I/t were
then computed as the product of the radius of gyration
squared and the length of the midline, the effect of the
fillet being taken into account in computing the length
of the midlinse,. :

The results of comparing the observed values of I/t
with those computed on the assumption that Dy = D are

summarized in table 8. In every case the value of I/t
obtained from & bending test is in excess of that found
by computation, the &verage difference being nearly 15
percent; and there is considerable scatter in the ratios
of the two values. All but three of the column tests
gave higher indicated than computed values of I/t. For
one of these tests the difference was only -1.0 percent,
while for the other two it was —11.0 and -14,.,8 percent.
Unfortunately, neither of the two latter members (+34
and +39) was tested in bending, so it is not possible to
determine whether their observed I/t values were as
excessive as most of those found by Wellman. The results
of the other tests, however, suggest that with these two
members it may have happened that, instead of being sub-
ject to unexpected restraint at the ends in the column
tests, they were subjected to eccentric loading.

Study of the individual differences between the ob—
served and computed values of I/t showed that they
tended to increase with increase in the pitch of the
lightening holes. This appeared reasonable since it does
not seem possible that the material between holes makes
no contribution to the stiffness of the specimen, and the
further the distance between holes the greater should be

the effect of this material. Several methods of making a
more refined allowance for the effect of the holes than
assuming Dg = D were tried. The most satisfactory

proved to be the assumption that D, = D' fwhere

D' = (0.2 + 1.5D°/Pb)D (3)

Computations of I/t and Y, on the basis of this

assumption led to results that are given in tables 7 and
8., The agreement between Allen and Silliman's observed
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I/t and these computed values is quite good for both the
column and the beam tests. It is really better than is
indicated in table 8 since for only one specimen C-2%) ika
the divergence of the beam test from the computed value
more than 10 percent. With the Wellman column tests the
agreement is not very good, on account of the excessive
observed values, and that between Wellmaq s beam test and
the computed values mist be considered as:-only fair,

The chief objection to using D, = D' as a basis of

design is the unfortunate fact. that the five specimens
without lightening holes included in the Dending tests
gave indicated values of I/t ranging from 6.8 to 9,7
percent above the computed values. At least part of this
apparent error seems to have been due to the use of the
nominal values of section dimensions in computing 1 /%,
For four of these specimens Allen and Silliman measured
the actual dimensions to the nearest 0.001 inch for use
in computing the moment of inertia. The resulting values
of I/t average about 7 percent greater than those shown
in table 7. About half of this difference can be accounted
for by Allen and Silliman's neglect of .the effect of the
fillets. The remainder is most likely due to the fact that
the actual width of leg is in excess of the nominal, TFor
three of these specimens the difference between Allen and
Silliman's observed and computed values of I/t 1is less
than one—half of 1 percent and for the other one only 2.8
percent. If it is to be assumed that these effects of
manufacturing tolerances existed in all the sne01mens it
would mean that the observed values of I/t should bve
reduced something like 10 percent before comparing them
with the computed values. Alternatively, the desired ex—

. pression for D, would be one that would produce values

of I/t about 10 percent less than the observed values,
Since Allen .and Silliman reported that in only a few
specimens was the actual width of leg more than 0002 nch
in excess of the nominal, such a large adjustment of the
observed values does not appear necessary.

Nevertheless a study was made to find an expression
for Dy that would give computed values of I/t about

10 percent less than theé observed values. As a result

the values of I/t and Y were computed on the assump-
tion thawn
DS P LA, 7 4 D /Pp)D (or D, whichever

is the smaller) (4
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These -values are listed in table 7 and their average
deviations from the observed values are shown in table 8.

On the whole the tests appear to indicate that rea-
sonably close, though slightly unconservative, estimates
of I/t can be obtained by the use of D, = D' in
computation. This is indicated by both the extreme and
‘theé average Qquantities listed in table 8, and also by
figure 19 in which the values.of I/t obtained in the
beam tests are plotted as ordinates and the values com—
puted with Dy'= D'. are used ag.abgcisgas. . . For moxre

conservatism, a °omewhat Q”reater value of D, may be used,

. but there appears no reason why a value in excess of o
should be employed :

) It might be thought that the effective hole diameter
would be influenced by the thickness of the materlal but

a study of the results on the specimens ‘thicker and thlnner
than the average indicated that there was no such effect.
Another variable that was considered was the width of the
~channel flange S. Figures 20 and 21 show the percéntage
differences between observed and computed I/t -grouped
eccording teo nomingl width of side S. The computed val-
ueg used in preparing figure 20 are based on Dy = D and

those in figure 21, on Dg = D'. - The observed values

are those obtained from bending tests. Those figures show
.no definite trend:-associated with varlatlon L i S 1

In the foregoing study the stiffnesses in bending
have been those obtained with the specimen in the back-
down pitch—centered position. Allen and Silliman reported,
however, that with the specimen in the back-down hole—
centered position the observed I/t was reduced about 3
percent, If thig finding is relied upon, it would appear
desirable, in design, to compute I/t on the basis of an
assumed D, somewhat larger than D'. Also it would sug-

gest that perhaps the criterion for D, should be based

~on tests with the specimen in one of the flange-—down
positions, Wellman, however, tested six channels in all
four positions, with the results summarized in table 4.
From these results it would appear that there is no con-
sistent trend, and the differences in the results of sep-—
arate tests on the same specimen may be due to factors
other than the position of the specimen in the test jig.
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Although the assumption that Dg = D! gave the best

_correlation between the observed and computed values of

I/t, the assumption that Dg = D was consideradbly better
for the distancé Y,. This is shown by table 8 in which

"are listed extreme, average, and median values of observed

Y, minus computed Y, 1in percent of the latter. This is
not con¢iusive evidence that the best figure for T, 1is
to be obtainéd,by assuming Dy = D in computations.

Where Dg 1is assumed equal to D', the apparent distance

from the back of the web to the effective neutral axis
appears to exceed the computed value. If the specimens

.had been originally straight, this would indicate an error,

It was noticed, however, that practically all the specimens
were curved in manufacture in such a'way that the flanges
wers in initial tension. It can be seen from figure 22

that, under these conditions, the line of action of the axial

load that would cause a minimum of bending would intersect
the end cross sections at a greater distance from the back
than the. actual effective neutral axis. There is insuffi-
cient evidence, however, regarding the amount of initial
curvature of the specimens to permit a definite conclusion
as to just which would be the best assumption Ffor g " in
computing the location. of the effective neutral axis. Tor
practically all the channels tested, however, the differ-
ence between using Dg = D and Dg = D! .would not exceed

6.05 indh, and that would be sufficiently close for most
practical design work,

Stiffness EI about Axis of Symmetry

The tests of channels as simply supported beams with
the plane of loading parallel to the web were made prima-—
rily to develop a method for predicting the deflections
that would be produced by such loadings, When dealing
with beams with relatively thick webs, the deflections
due to shear deformation may usually be .neglected. With
trusses, on the other hand, the effect of the deformations
of the web members is too great to be neglected, and the
same is true with respect to the shear deformation of very
thin webs of beams. It was expected that the lightening
holes in the webs of the channels tested in this investi-
gation would make the channels et like. trugses. or Very
thin wabbed beams and that the éffect of shear deformatioh

" of the webd would have to be taken into account.
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A first step was to obtain values of apparent ' EI
by substituting the slopes §/W of the observed load-
deflection curves in the appropriate beam—deflection
formnulas and solving.for: Hd: The formulas used for this
purpose were the conventional beam deflection formulas
(such as those of -table 4:1 on p. 94 of reference 3) in
which no provision is made for the effect of shearing
deformation., The values of apparent EI obtained in
this manner are recorded in table 5.

Of these values, only those obtained from the tests
in pure bending represent the true values of EI, and
it is desirable to see how closely they agree with values
computed from the dimensions and material of the specimens.
It is to be expected that the observed moment of inertia
of a lightened channel should lie somewhere between that
of an otherwise identical channel without lightening holes,
and the latter quantity minus the moment of inertia of the
area removed from the web cross section through the center
of a hole. The former quantity may be termed the "full
back!" and the latter the "full hole" moment of inertia of
the cross section., 1In the present study it was considered
simpler to work with values of . I/t, the moment of inertia
divided by the material thickness, than with the moment of

inertia itself. Values of (I/t)pgy and (I/t)pg computed

for the channels tested in pure bending are listed in col-
umns 2 and 3 of table 9. In computing these values the
first step was to compute the square of the radius of gy—
ration of the sectdion midline about its axis of symmetry,
no account being taken of the effect of the fillets at the
jJunctions of the web and flanges, the computation being
made by use of the formula . ‘

- _ % (k + 6) ot o

VLo SR ipigy

where b 1is the width of back (or web), and Xk the ratio
of the width of side (or flange) s to b. This value
was multiplied by the developed length of the midline

L = 2s + b — 0.8584 1 (8)

where r 1is the radiﬁs of the.fillet. This gave values
of I/t from 3 to 4 percent lower than would have been
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obtained if the effect of the fillet had been neglected
entirely. After computing (I/t)pp in_this manner,
(I/t)pg was obtained by subtracting D3/12, where D is
the diameter of the lightening hole.

The fourth column -of table 9 shows the values of T/t
obtained by dividing the observed EI in pure bending of
column 2,table 5 by 10,300,000, the standard value of.. E.

It may be noticed that for most of the specimens the
observed I/t was greater than the computed (I/t)FB,

and the percentage excess for each specimen is listed in
table 9, column 5. TFor those tests 'in which the. observed
1/t was less than or only a little greater than - (I/t)p3,

its percentage excess over (I/t)pg 1is listed in table 9,

column 6. Since it is to be expected that the deviation
of observed I/t from the computed values would probably
be a function of the gmount of material removed by the
lightening holes, the values of the lightening parameter
D? /Pb are recorded in table 9, column 7.

Study of table 9 shows that nearly all of Scarbrough's
observed values of I/t fell either between .(I/t)pB and

(I/t)ypg or very close to those values. - Carah and PaPE' s
observed valwes were also close to (I/t)yp Dbut tended to

be a 1little higher rather than a little lower than those
values. Wellman's results, however, were widely scattered
and ranged from 30 percent below (I/t)pp to about 2.5

times (I/t)FB. These facts can be seen even more clearly
from figure 23 in which the values of :
100[(I/t)opg — (I/t)ppl/(I/t)gg are plotted against ' D°/PD.

In this and the following figures, the results of tests by
Carah and Park are indicated by multiplication signs, those
of Scarbrough by circles, and Wellman's by plus signs.

Many of Wellman's results are not shown. on this figure be-—
cause the points would have fallen outside of its bounda-—
i

In the 19 tests made by Carah and Park the algebraic
mean percentage excess of (I/t)gpg oOvVer (I/t)pp was

3.09 and the algebraic median figure, 1.5. The correspond—
ing figures for the 16 tests made by Scarbrough were:

mean, —1,.65 percent and median, ~1.285 parcent, Wellman,
however, had an average excess of 41,88 percent with a
median figure of 30.0, If all tests are considered as
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forming a single group, the a&efage excess of (I/t)obs
over (I/t)FB ijg 20,17 percent with a median figure of

7.3, It is obvious, however, that owing to some defect

in Wellman's technique his results cannot be trusted.

If the other two groups are combined, the average excess
is only 1.05 percent and the median figure, 0.9 percent.

If only Scarbrough's results were considered, it
would be possible to draw a pretty satisfactory empirical
curve to show the percentage decrease in (I/t)FB to be
expected to result from a given value of D°/Pb. Unfor-
tunately, however, the number of Scarbrough's tests was
too small and covered too limited a range of section pro—
portions to make it advisable to use them as the basis
for a curve of this kind for design use.

The combined data of Scarbrough and Carah and Park,
however, furnish good evidence that the stiffness of the
channels in pure bending was little reduced by the presence
of the lightening holes. It is believed that their results
are sufficient basis for the recommendation that for most
practical work, unless Dz/Pb is relatively large, the
effect of the lightening holes may be neglected in comgut—
ing the moment of inertia of the section; while, if D /Pb
is large or there is special need for conservatism, there
is no need to use a lower value of I/t than (I/$)pm.

In most cases of this kind it should be sufficient to use
the arithmetic mean of (I/t)FB and (I/t)FH.

Effect of Shear Deformation

The total defléction of a beam subjected to combined
bending and shear is the sum of the deflections due to the
two types of stress acting independently. Therefore
write

5y * B 63

54

where 3§34 is the total deflection, &y is the_deflection

due to bending given by the usual deflection Formile/siss
such as those’in table 4:1 on page 94 of reference 3, and
5g ni8 the deflection due to shear. The general expres-—

gi.ondfor by is - given by equation 12:7. on page 386 of

reference 3 as
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where s 1is the shear at a section due to a unit load
system based on a unit load at the point for which the
deflection is desired, 'V is the total shear on a sec—:
tion, A the cross—sectional area, G -the shearing
modulus of the materidl, and %k 1is a constant depending
on the shape of the cross section.” For a beam of con-
stant section and length 'L subjected to a concentrated
load at midspan, this becomes

W

W

5 = e———

% a8 ok

Qe
—~
«Q©

~

for the shear deflection at midspan.

With specimens like the lightened channels under
consideration, the value of k 1is unknown and its empir-
ical determination was one of the objectives of the
simple-bending tests. In these specimens the vertical
deflection due to shear deformation eof the flanges is
negligible and it is reasonable to replace A by b,
the gross sectional area of the web, Since it would be
difficult to separate the effects of the flanges and the
holes in the web, it appears best to combine the two ef-.
fects and write

Wi
gh ity (10)
4« Bebut 2@

where XK 1is a factor which: takes account of the shape of

the section, the use of the web area in place of the total

area, and the effect of the holes. :

In order to obtain K empirically, the first step
was to compute Et&t for a load of 100 pounds at midspan

from the observed values of apparent EI indicated by
the simple-bending tests and recorded in column 3 of

- table 5. The conventional formulas were then used to

compute Et8, - using the computed values of (I/t)FB,
and (I/t)pg. 'Then, by subtraction two values of  Etdg

were obtained for each simple bending test, one based on
sach of the alternative values of I/t, These values
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were next inserted.in equation (10) which was solved for
K, E being assumed equal to 10,300,000 and G to
3,850,000 pounds per square inch, in these computations.

The values of X obtained from the Carah and Park
and the Scarbrough tests in this manner, when plotted
against D?/Pb, formed a fairly definite band. That of
the points based on (I/t) pp appeared a little more
clearly defined than that based on (I/t)yy though thers

was not much choice between the two. Both exhibited
considerable scatter of the points, but that was to be
expected since the values of K were based on small
differences between relatively large numbers and also

had to absordb all errors of precision in making the tests.
The formula obtained in this manner was

'K = 0,5 — D° [PD Bl

The value of Et84 for a 100-pound load was.then

recomputed, using this value of K and (I/t)pg, for

comparison with that obtained from the apparent bR )
simple bending. These two values and theilr percentage
difference are. listed in columns 2, 3, and Akl i ok O] R

‘The percentage differences for the Carah and Park and the

Scarbrough tests are also plotted against D®/Pb in'fig-

ure 24¢ From this figure-and the table it can be secn

that, if 6p is computed from the.ordinary bending for-—
mula using Ipg as the moment of inertia and 84 is -
computed from equation (10) using the value from équation
(11) for X, the resulting value of &t = 8p + 8g -is
s¢ufficiontly élogse to that obtained from the tests ‘for
most practical purposes. The mean deviation of ‘the de—
flection computed in this manner from the corresponding
observed deflection of the Carah and Park and Scarbrough
tests is —1,02 percent and the median, —0.4 percent. If
the results of Wellman's tests are included, the mean
deviation rises to 2.54 percent and the median to 0.7
percents It is to be.noted that Wellman's results are
much closer to the computed results here than in the
pure—bending tests. ‘

Formulas were developed in the same manner for the
total deflection under a gpecified intensity of.the can—
tilever and two—load bending loadings, and the values of
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Etd8; were similarly computed. These values of Etd§,

and the. corresponding f1gures from the test data are
listed in table 10. : '

The percentage differences between the observed and
computed values of Et§y for cantilever bending are also

plotted against ~D?®/Pb in figure 25. From this figure

it can be seen that in practically every test the observed
deflection exceeded the computed, but the average excess
was only 4,18 percent for the Scarbrough and 6.97 percent
for the Wellman tests.* The corresponding median devia-
tions were: 3.9 and 6,5 percent, On the other hand, the
average exaess in the Carah and Park tests was &7. 31 per—
cent and the median, 35.7 percent. The excessive observed
deflections of Carah and Park were at first thought to
reflect primarily the effect of the lightening holes in
reducing the resistance of the wed to shear. The results
of Scarbrough and Wellman, however, indicate that they
were more likely the result of rotation of the specimen

at its point of support. Study of the test apparatus

will show that any rotation of the specimen at the sup—
port would cause an increase of the measured deflections,
while that would not be the case with the arrangément

used by Scarbrough and Wellman. The latter may have pro-—
duced some deformation of the channel wed where the refer—
ence arm was attached, and the deflections measured may
not have been measured exactly from a tangent to the
elastic curve at ‘that point. It is believed that these
factors may be responsible for the fact that the differ-—
ences between computed and observed values of Et$y for

the Scarbrough and Wellman cantilever bending tests tend
to be larger than the differences for the simple bending
tests of those experimenters. ~The results indicate pretty
clearly, however, that Scarbrough and Wellman's measure—
ments came much closer to being what they were intended

to be than the deflection measurements of Carah and Park.

Only for Wellman's tests were the values of EI in

two—-load bendlng determined, These were used to ‘deter—
mine observed values of Etﬁt which were compared with
corresponding computed values. Again the observed values

tend to exceed the computed, but there is considerable
spread, If the three largest differences are neglected,
the average arithmetical difference between the two val-—
ueg of Etﬁt is 9.44 pereent and the median

8.0 percent. If the signs of ' the d}fferences are taken
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into account, the mean dlfference 1s only —O 97 and ithe’

mean -01 35”percen%

Thile DE/Pb ~was considered the most probable pa-
rameter with which the difference between observed and
computed values of ' Et§¢y would vary, studies‘were made

of the varlatlon of these differences with width of side
s and with the ratio of width of side ® to width of
back b. _No special trend with respect to either of
these variables was detected. :

On the whole it is considered that the method of
computing deflections used in the preparation of table
10 gives sufficiently accurate results to be employed in
most design work. Admittedly the precision' is not as
good as might be desired and the test data are not of as
good quality as could be wished. On the other hand, in
practical work the deviations of actual from computed
deflections resulting from standard tolerances for sheet
thicknesses, bend radii, and so forth, are of such mag-
nitude that it would be futile to attempt very great
precision. Therefore, until more accurate and extensive
tests have been carried out, it is belleved that designers
will find this method of value.

One obvious weakness of the method is that it avppears
to result in stiffnesses which tend to exceed those ob-—
tained by test. The designer could easily avoid d1ff1-
culty on this score by using (I/t)FH instead of’ (I/t)

in computing the fraction of the deflection due to bendlng.
It seems hardly necessary to make any further .correction
to the deflection due to shear. It is true that the for-—
mula for K oprobably has a-low accuracy, but the term

in which it appears normally represents such a small part
of the total deflection that a relatively large percentage
error in X will cause but a small percentage error in
the final result. ,

Shear—Center Location

For a channel without lightening holes the distance
from the midline of the back to the shear cehter can be
obtained from the relation :

5 i E_E_E ' (2

41
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given in article 6:5, pages 161-164 of reference 3. When
the back is pierced with lightening holes, more of the
normal stress must be carried by the flanges and the shear
flow in the flanges: is thereby increased. One result is
an increase in the moment of the couple produced by the
flange shear forces and therefore an increase in the dis-—
tance from the web to the shear center. Alternatively ,

it might be reasoned that since the presence of 11ghten—
ing holes would decrease the effective moment of inertla
the result would be to 1ncrease the dlstance dls

The amount by which the shear center would be dis-—
placed as the result of enploylng 11ghten1ng holes of a
given size and spac1ng .would be very dlfflcult to estimate
theoretically. .In the hope of developing an empir1ca1
rule, equation (12) was used to compute the theoretical
shear—center distance listed in column 7 of table 5, Com—
parison of these figures and the test results verifies
the expectation that the effect of the holes would be to
increase the distance from the channel web to the shear
center. With a few specimens the observed shear-center
distance is less than the theoretical, but on the average
it is 0. 0464 inch greater. The relation between the com—
puted and observed shear—center distances is also indi-
cated in figure 26, where the observed distances are

. plotted as ordinates and the computed values as abscis-—

sas.

When the percentage differences between the observed
and computed values for the shear—cernter distance were
plotted against D7 /Pb, there was some indication that
such differences increased with. that lightening parameter.
The plotted points were too scattered, however, to use
them as the bagis for formulating an equation for the re—
lation. There were .several groups of specimens which
differed only in hole diameter, hole pitch, or D?/Pb.
Study of these groups failed to disclose any clear rela—
tionships affecting shear—center distance which would be
of value to the designer.

The differences between the observed and computed
shear center distances of table 5 range from —8.5 to 17.0
percent of the width of flange, the algebraic mean being
slightly under 5.0 percent. For most. practical work it
would be sufficient to assume that the shear center of a
lightened channel would lie between the point indicated
by equation (12) and a point 10 percent of the flange
width farther from the web,
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Torsivonal Stiffness

Since the channels used in this study were formed
from flat sheets with developed widths considerably in
excegs of 16 times their thicknesses, their torsional
stiffnesses GJ were assumed to conform to the relation

3
GJ = G wy t7/3 (18)

in which G 1is the shearing modulus of elasticity, t
is the thickness of the material, and w is the effec-—

e
tive width of the developed section. For the specimen
without lightening holes the effective width should be
the same as w, the actual developed width of the sec—
tion, For the lightened channels the effective width
was expected to lie somewhere between w 2and w — D,
where D 1is the diameter of the lightening holes. It
was hoped that by study of the test results it would be

possible to obtain an empirical expression for W that

would be between these two figures.

The quantity GJ of equation (13) is the ratio of
applied torsional moment to resulting twist in radians
per inch. Since the observed values of Mi/8 in table

S5 are ratios of applied torsional moment to total twist,
"observed" values of GJ were first obtained by multiply-—
ing observed M;/8 by the distance from the face of the

support to the mirror attached to the wed, which was
Gl 25 "inches in Scarbrough''s tests and 27.876 inehes  “in

Wellman's tests. For purposes of comparison two values
of GJ were computed from equation (13). ‘One of these
values was based upon the assumption that Weg = W &and
the other, on the assumption that Rg = 0~ g 30 bovh

cases G was taken as 3,850,000 pounds per square inch.
These thres .values of .. GJ _are listed in table 1l.  Fig-
tres 27 and 28 show the values of observed GJ plotted
against the two computed values of that quantity.

In each of these figures nearly all the points rep-—
resenting Scarbrough's tests (indicated by circles) 1lie
fairly close to a straight line, the deviations from such a
line being less in figure 28 than in figure 27. Most of
Wellman's tests gave points falling reasonably close to
the same lines but exhibited much more scatter. This is
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believed to be due largely to the fact that Tellman's
values of Mt/d were averages from tests with greater
eccentricities of loading than those -present in the
Scarbrough tests. As a result, Wellman's individual
values of - lt/6  deviated more from the means listed in-
table' 5 than did Scarbrough's and his.means are there-
fore considered less reliable.

In spite of the faet that most .of Scarbrough's
points come guite close to falling on gbhraight lineg in
figures 27 and 28, these data fail to provide a rule for
determining the wvalue.of 'wg to be used in' equation £18).
In the first place, the lines in guestion would not pass
through the origin; this fact indicates cither that G
is not a constant or that J is not directly propor—
tional to wet®, as indicated in eguation (13), but
some constant must be added to that relation, Egually
important. is the fact that the observed values of GJ
are s§o much larger than the computed ones that some im—
portant factor must have been omitted from the computa—
tions. :

The situation is further complicated by the data
from specimens +21 and +34., In both figures the points
for specimen +21 fall considerably to one side of the

‘band formed by the points from the other tests. These
points may be disregarded, however, since Scarbrough
reported that channel +21 was initially twisted and con—
.sistently gave test results which lacked conformity with
those from the other specimens. Much more important are
the points for specimen +34, which was the only one with-
out lightening holes that was tested in torsion and which
was tested by both experimenters. Lln figure 27 , with .GJ
computed on the basis of  weg =w, the points for +34 ]
fall within the band defined by the other test data; but
in figure 28 with GJ computed on the basis of

We = W= D, the points for this specimen fall consider-—

ably to one side of the band. This appears t'o Dbe
additional evidence that some highly important factor

was neglected either in computing GJ from equation (13)
or in obtaining from the tests the observed quantities to
be compared with the computed values.

* The'mdst‘obﬁious factor’that was neglécted was the '
possible restraint at the support against warping of the
cross sections. In preparing figures 27 and 28 this ‘was
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not taken into account since the possible magnitude of
its effect was not realized. These figures showed such
great differences between the observed and the computed
stiffnesses that an investigation was made to estimate
the possible effect of complete restraint of the cross
section at the support against warping. This was done
by applying the formulas of Timoshenko in reference 4,

The first step was to compute effective lengths
from the relation

L,.= L - & tanh 2 (14)
a
where
EI 3N\
il TS (1 o ) (15)
26d N\ 4 Il
where
Le effective length of specimen
L actual length of specimen
E Young's modulus
If moment of inertia of one flange about its minor axis
of symmetry
Iy momenﬁ of inertia of éntire cross section about its
axis of symmetry
t thickness of material
b distance between flanges
GJ torsion constant obtaiﬁe@ifrom equation (13)
In computing a° from equation (15), I, was taken as

equal to tss/lz;‘ where ' s 15 the width of a flange.
Since i, = tbe a2 +:tsb® /2, equation (15) reduces to

i My ;
Jorg Mg fop 4 __éb__> (18)




42 NACA Technical Note No. 924

Two values of L, were computed for each specimen,
one based on each of the values of computed GJ 1listed
in table 11, These values of Lg are shown in columns

5 and 6 of that table. Finally, "theoretical" values of
Mt /6 were obtained for insertion in columns 7 and 8 of

table 11 by dividing each computed value of GJ by the
corresponding value of Lg.

The observed values of My /6 are plotted against

the theoretical values of this quantity in figures 29 and
30. From thegse figures and the data of table 11 it can
be seen that the observed stiffnesses are still consider—
ably in excess of the computed values, They average 24.2
percent greater than the stiffnesses computed on the
basis of wg = w and 54.6 percent greater than those

based on We = w — D. The median figures are 22 and 50
percent, respectively.

The percentage differences between observed and com—
puted values of My/6 were plotted against the lightening

parameter D2/Pb against the width of side S and

against the absolute computed values of M;/6 to see if
any interesting trends would be revealed. In the follow-—
ing remarks this percentage difference is called the ex—
cegss stiffness. The excess stiffnesses showed no definite
trend of variation with DE/Pb. They did, however, appear
to have a tendency to decrease with increase in the width
of leg, though it must be admitted that the plotted points
showed too much scatter to permit the formulation of an
algebraic expression to represent this tendency. The ex—
cess stiffnesses based on w, = w showed no consistent

trend of variation with the absolute magnitude of computed
stiffness, but those based on w, = w — D showed a def-

inite tendency to decrease as computed My/6 increased.

Here again, however, there was too much scatter of the
plotted points to permit expressing the trend by an
algebraic relation.

From the data of table 11 it is obvious that the
stiffnesses obtained in the tests were due primarily to
the shape of the section and the restraint of the sup-—
ported end against warping. It is equally apparent,
however, that these factors do not completely account for
the differences between the observed and computed values
of  Gd. One source of the discrepancy may well be the
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use of too low a value of the shearing modulus of elas—
ticity G. In this connection it may be recalled that
in reference 1 the writer reported on some tests of ex—
truded aluminum—alloy channels and flat strips subjected
to torsion, which indicated values of G ‘appreciably
larger than the ‘standard value of 3,850,000 pounds per:
square inch used in this report. In those earlier tests’
the value of G obtained from tests of flat strips was
4,500,000 pounds per square inch and that from tests on
a channel section was 5,000,000 pounds per square inch.
Had such values of G ©Dbeen used in the present investi-
gation, the computed stiffnesses would have been much
closer to those observed,and it might have been possible
to obtain an empirical expression for effective width w,.

The tests of reference 1, however, were very few in number
and rather crude in character, and the writer believes
that the high values of G obtained from them represent
not so much an error in the accepted value for that prop-
erty as lack of complete applicability of the formulas
from which they were computed. Some additional sources
for the discrepancy must bé looked for,

While it is clear that it is incorrect to neglect
the effect of restraint against warping, 1% 1s not go
clear that the method used to account for that factor is
the correct one, In the development of his formulas,
Timoshenko assumed complete restraint against warping of
the cross section at the supported.end. This,; however,
is an ideal condition which could hardly be attalned in
a test. On the other hand, deviation from the ideal con-
dition would result in an actual stiffness less instead
of .greater than that computed.. Similarly, the measure—
ment of the length of the specimen from ‘the face of the
support would tend to increase the computed stiffnesses.
Both these factors would thus cause dlscrepanc1es 1n the
opposite dlrectlon from those observed :

There :is a possibility, however, that in some manner
which the writer has been unable to visualize the con-
struction of the support was of such character that the
specimen was not subjected to the constant torsional
moment assumed in the analysis but to a varying torque of
lower average intensity. Another possibility is that the
theory expressed in Timoshenko's formulas is incomplete
and that a more refined theory would indicate greater
stlffnesses
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On the whole it must be admitted that these tests
failed to indicate a satisfactory method of computing
the effect of lightening holes on the torsional stiffness
of channels. On the contrary, they serve mainly to indi-
cate some of the difficulties attendant upon an experi-
mental determination of torsional stiffness and cast some
doubt on the validity of present methods for computing
the torsional stiffness of unlightened channels. In so
doing they emphasize the desirability of additional re—
soarch insthis«field.

CONCLUSIONS

1. The position of the.centroidal axis parallel to .
the back of a channel lightened by unflanged holes and
the moment of inertia about that axis can be computed by
assuming the actual width of back reduced by

<O.2 +‘1.5 gﬂ‘\D where D 1is the diameter of the light-—
7/

ening holes, P is the piteh of the holes, and b,  is
the dlstance between the midlines of the flange&

2. For a more conservative figure the assumed effec—
tive reduction in the width of back may be taken as

2 ;
(O i 2—/ or D, whichever is the smaller.

3. The moment of inertia obtained from the procedures
of conclusions 1 and 2 may be used for the practical esti-
metion* ol “deffecteong, “or of “critical loads according To
the Euler formula,

4, In computing the effective stiffness about the
axis of symmetry of a channel with unflanged lightening
‘holes, the effect of the hole may be disregarded for most
purposes. If a more conservative figure 'is desired, even
when D /Pb is large, there is no indication that the
value of I for the cross section need be reduced by

more than tD3/12, where t 1is the thickness of the
material. L e '

5. The deflection due to shear deformation of a
channel with unflanged lightening holes subjected to
loads parallel to the back may be estimated for practical
purposes from the relation.
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g Vodx
v, =¥ -

JEbt o
where '
8 s deflection due to shear deformation
s shear on a section due to a unit load at point for

which deflection is being computed

Y total shear on a section.......
X 8.5 - 7° /e
b 'distéﬂcejﬁépﬁéén midlines'éf chaﬁﬁel,fianges
t | thickness of material of channel .
G ' shearing modulus 6f elasticity

6. The position of the shear center of a channel
with unflanged lightening hsles is farﬁher from the webd
than for a similar channel without holes, For design
purposes the shear center of the lightened channel may
be assumed to lie between its theoretical location for
the corresponding unlightened channel and a'point 10 per—
cent of the flange width farther from the back.

7. Special precautions are necessary if reliable
figures for the effective stiffness of beams are to be
obtained from cantilever tests. ‘"Though reasonable fig—
ures for stiffness in bending were obtained from canti—
lever tests, attempts to correlate the apparent torsional
stiffnesses with theory were unsuccessful. How much this
lack of success was due to defects of test procedure and
how much to incompleteness of present theory could not
be determined.

Stanford University,
Stanford University, Calif., March 15, 1943,
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APPENDIX

This appendix is limited to a few sample log sheets
used in analyzing the test data which are referred to in

the section on Apparatus and-Test Procedure.

Curves

used in analyzing the test data are given as figures Al,

A2 swendawlid, '
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Table 1

Specimen Dimensions

Table 1 - Continued

Specimen| B S t D P DR/Pb
1 (a) 2 3 4 5 6 7
-0 2-1/2 7/8 040802 1-7/16 2-1/4 0,380
-1 2-1/2 7/8 0,0622 1-7/16 2-1/4 04377
-2 2-1/2 7/8 0,0485 1-7/18 2-1/4 04375
-3 2-1/2 7/8 0,0421 1-7/16 2-1/4 0,374
-4 2=1/2 7/8 0,0319 1-7/16 2-1/4 0,372
-5 2-1/2 7/8 0.,0256 1-7/16 2-1/4 04371
-6 2-1/2 1-1/4 0.0513 1-1/2 3-1/4 0,283
-7 2-1/2 X 0,0485 1-1/2 3-1/4 0.282
-8 2-1/2 3/4 0,0514 1-1/2 3-1/4 0,283
-9 2-1/2 5/8 040496 1-1/2 3-1/4 0,282

-10 2-1/2 1-1/4 0,0512 1-1/4 4-1/4 04150
-11 2-1/2 0,0507 1-1/4 4-1/4 04150
=12 2-1/2 3/4 0,0509 1-1/4 4-1/4 04150
-13 2-1/2 5/8 0,0479 1-1/4 4-1/4 0,150
-14 2-1/2 1-1/4 040500 1-3/4 3-1/4 0,384
=15 2-1/2 i 0,0495 1-3/4 3-1/4 | 0,384
-16 2-1/2 3/4 0.,0513 13/4 3-1/4 0,385
=17 2-1/2 5/8 0.0487 1-3/4 3-1/4 04384
-18 2-1/2 1-1/4 0,0507 1-1/4 3-1/4 0,196
-19 2-1/2 0,0506 1-1/4 3-1/4 | 0,196
=20 2-1/2 3/4 0,0512 1-1/4 3-1/4 0,196
-21 2-1/2 5/8 0,0504 1-1/4 3-1/4 0,196
-22 2=1/2 1-1/4 040515 1-1/4 2-1/4 0.284
-23 2-1/2 il 0,0488 1-1/4 2-1/4 04283
-24 2-1/2 3/4 0,0509 1-1/4 2-1/4 04284
~25 2-1/2 5/8 0,0500 1-1/4 2-1/4 04283
=26 2-1/2 1-1/4 0,0517 no holes 0
27 2-1/2 1 0.,0500 |-=-=--- 4o —=—====- 0
-28 2-1/2 3/4 0306365 |==--=== do ==~-~--- 0
=29 2-1/2 5/8 0,0505 |-=-~-- do -—--~--- 0
1! 2-1/2 7/8 0.0522 1-7/16 2-5/8 0,322
+2 2-1/2 3/4 0,0541 1-5/16 2-5/8 0.268
+3 2-1/4 1-1/8 0,0514 1-3/16 2-5/8 0.244
+4 1-3/4 7/8 0.0595 15/16 2-5/8 0,198
L +5 1-1/4 5/8 0,0590 11/16 2-5/8 0,151

& Notation:

— Furnished by the former Nortnrop Aircraft, Inc., now the El Segundo division of the Douglas Aircraft Co.
+ Furnisned by the Boeing Aircraft Co.

1a 2 3 4 5 S 77
+6 2-1/2 7/8 040524 1-7/16 4-1/2 0,188
+7 2-1/2 3/4 0,0521 1-5/16 4-1/2 0157
+8 2-1/4 1-1/8 0.0512 1-3/16 4-1/2 04143
49 1-3/4 7/8 0. 0586 15/16 4-1/2 04116

+10 1-1/4 5/8 040595 11/16 4-1/2 0,088
+11 2-1/2 7/8 000524 1-5/16 2-1/4 04313
+12 2-1/2 1-1/4 0,0518 1-5/16 2-1/4 04313
+13 2=1/2 1 0,0511 1-5/16 2=-1/4 0,313
+14 2-1/2 3/4 0, 0521 1-5/16 2=1/4 04313
+15 2-1/2 1/2 0,0518 1-3/16 2-1/4 0,256
+16 2-1/4 | 1-1/8 | 0,0515 | 1-3/16 | 2-1/4 | 0,285
+17 1-3/4 7/8 0.0594 15/16 2-1/4 0,231
+18 1-1/4 5/8 060590 11/16 2-1/4 0,176
+19 2-1/2 7/8 0,0807 1-7/16 2-1/4 0,380
+20 2-1/2 7/8 0.,0730 1-7/16 2-1/4 0,379
+21 2-1/2 7/8 0,0648 1-7/16 2-1/4 04380
#2 | 2-1/2 | 1-1/24 | 0.0815 | 1-3/4 | 3-174 | o.385
23 2-1/2 1-1/8 0,0521 1-3/4 3-1/4 04385
+24 2-1/2 1 0,0511 1-3/4 3-1/4 0,385
425 2-1/2 7/8 0,0523 1-3/4 3-1/4 | 0.385
+26 2-1/2 3/4 0.0518 1-3/4 3-1/4 0,385
27 2-1/2 5/8 040519 1-3/4 :5-1;4 0,385
428 2-1/2 1-1/4 | 0,0518 1-5/16 3-1/4 0,217
+29 2-1/2 1-1/8 0,0520 1-5/16 3-1/4 04217
+30 2-1/2 % 040520 1-5/16 3-1/4 04217
+31 2-1/2 7/8 0,0523 1-5/16 3-1/4 | 0,217
+32 2-1/2 3/4 0,0516 1-5/16 3-1/4 0,217
+33 2-1/2 5/8 0.0519 1-5/16 3-1/4 | 0,217
+34 2-1/2 1-1/4 0,0518 no holes 0

+35 2=1/2 1-1/8 | 040623 |[------- do 2= 0

+36 2=1/2 1 0,0511 |---——-- do'=== "= 0

37 2-1/2 3/4 060523 |------- do ———===~ 0

+39 2-1/2 1-1/4 | 0,0519 1-5/16 | 2- 1/4 | 0,313
+40 2-1/2 1-1/8 00521 1-5/16 | 2-1/4 0,313
#41 2-1/2 i 040522 1-5/16 2-1/4 0,313
+42 2=1/2 3/4 0.0523 1-5/16 2~1/4 0,313
+43 2-1/2 5/8 0,0519 1-5/16 2~1/4 0,313
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Observed Values of EIxx and Y

Table 2

(e]

Table 2 = Continued

Observed values of EI . ¢ 1000 Obs. Y, in inches
from beam tests of from column from ocolumn
teasts of tests of
Channel | A and § |W(2LB) |W(PB) | A and S w A and S w
(a) 1 2 3 4 5 6 7 8
-0 176 178 0,287
-1 143 145 04302
-2 114 115,5 |120,0 110 114,1 0,315 |0,326
-3 104 106 0,310
-4 75,9 | 8241 | 81,8
=5 6346
-6 313 309 0,454
-7 167 170.4 [163.5 165 16943 0,338 |0,361
-8 80,8 80,2 0,247
-9 47,9
-10 362
-11 192 191 0,299
-12 ' 8845 85,7 0,215
-13 50,6 | 52¢3 | 5166
-14 279
=15 149 1555 |15645 153 157,5 0,395 |0,419
-16 6649 6648 | 70,9 04312 |04317
-17 4242 | 4448 | 4443
~-18 344 338 0,428
-19 189 18443 |17345 189 0,311
-20 84,4 81,5 | 99.8 04223 [04234
=21 51,0
-22 336 33845 [36040 311 0,419
=23 168 178,9 |180,0
-24 81.9 81s5 | 99.8 0,231 |0,244
-25 5046
~26 422 391 04332
-27 222 223.7 [23043 222 0,246
-28 101 101 0,186
-29 59,4
A and 8 ~ Allen and Silliman W - Wellman
& Notation:

— Furnished by the former Northrop Aircraft, Inc., now the E1 Segundo division of the

+ Furnisbed by the Boeing Aircraft Co.

(RLB) = two-load bending

1(a) 2 3 2 5 6 7 8
+1 126.5 | 125,2 138,40 04323
+2 83.8/ 91,1 105,0
+3 239 25046 | 25245 243 04407
+4 130 137 152,2 04330 | 04355
+5 43,0 44,4 44,7 44,3 0,244
+6 130
T 8843
+8 249 259.0 0,394
+9 136 155.0 0,348

+10 4845 5047 49,8 67.0 0,251

e 14144 | 139,8 143.1 0.294

+12 34342 | 34649

+13 182,1 | 184.5 195.6 0,348

+16 239

FL7 124 149,8 0,345

+18 417 42,8 | 42,8 6147 0.249

+19 175 181 04313

+20 157 158 04250

+22 287 276 0.513

+23 210

+24 158,0 | 16040 1572 0,407

+25 106 118.4 0,363

+26 7340 7340

+27 4340 4348 4348

+28 342

+29 272,3 | 26646 270,5 0,392

+30 194,0 | 187.0 197.0 0,334

+31 130 132,5 | 144,0

+32 9741 0,255

+33 5248 5341 5348 0,183

+34 35340 0,363

+37 103

+39 26140 0,447

+40 26243 | 25740 26140 0,398

+41 217.8 201.2

+43 5145 5343 6546 0,197

PB - pure bending

Douglas Aircraft Co., Inc.

8%
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Table 3
Investigation of Local Deformation
3 Stiffness EI in 1bs-in?
Channel No, From deflections From deflections
(a) at load points 2 inches inside
o of load points
-22 330,000 325,000
-23 167,000 169,000
-24 81,200 81,600
-25 51,200 50,200
& Notation:
- Furnished by the former Northrop Aircraft, Inc., now the
El Segundo division of the Douglas Aircraft Co., Inc.
+ Furnished by the Boeing Alrcraft Co.
f
Table 4
EI,, from Beam Tests with Varying Specimen Positions
EI ., in Pure Bending EI,, in "Two Load Bending"
Back down Flanges down Back down Flanges down Max.
Channel percent
(a) PCS HsCq P.Ce HaCe P. G5 H.C. P.C. H.C. aife,
-7 165.5 161.7 169.4 180.0 170.4 165.8 161.5 169.2 5.5
-15 15645 160.0 16345 169.4 155.5 162,5 156.4 158.4 4,5
-17 44,3 44,2 47,0 46,0 44,8 44,5 46,2 46.0 349
-19 17345 201.3 190.6 174.5 184.3 194,0 186.0 178.7 1065
+10 49.8 48,3 50,0 52,0 50,7 50,3 49,6 51.6 4,0
+31 144.0 134,0 14045 132.7 13245 133,0 132,5 130.1 2.5
< Av. 5.15
P.C. - Pitch centered H.C. - Bole centered

& Notation:

-~ TFurnished by the former Northrop Aircraft, Inc., now the El Segundo division

of the Douglas Aircraft Co., Inc.

+ Furnished by the Boeing Aircraft Co.
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Table 5
Test Results
Bending with Load Parallel to Back
Observed
Hbsprvsdifsines OF Blpy Shear-center ztggzted Buaaived
Pure Simple | Two-load |Cantileve dretance .::::r M, /8
Channel | penqing | bending | bending | bending |ObservedComputed| SO7IC7
1(a) 2 3 4 5 6 7 L S A O
-0 C 3,120 2,037 1,732 0,348 0,282 0,066
-2 S 1,705 1,410 1,653 0.322 | 0.288 0.034 48.4
-3 W 2,395 1,159 1,211 1,324 0.381 0,289 0.092 61.7
-5 C 1,004 754,.,4 678.,0 0330 0,292 0,038 s
-6 W 1,800 1,140 1,292 1,972 0,501 0,459 0,042 134,
¢ 6
-7 S 2,105 1,640 1,763 0.388 0e344 0.044 52,
W 4,740 1,364 1,770 1,805 0.474 | 0.344 0.130 67.7
-9 C 1,494 1,304 1,046 0,198 0,179 0,019 i
-10 W 3,580 24625 2,295 2,239 0.576 0,459 0317 113,
-12 © 1,814 1,475 1,234 0.228 0,232 -0,004
-13 C 1,535 1,069 0.196 0,179 0,017
s 10221 1,279 1,343 0.214 | 0,179 0,035 28.1
-15 W 2,340 1,118 1,422 1,776 0,485 0,344 00141 82.
-16 W 1,900 1,206 1,203 1,450 0.291 | 0,232 0,059 52.4
-17 C 1,219 1,003 96540 0,154 04179 -0,025
-18 C 2,520 1,957 1,618 0,474 0,459 0,015
-19 8 2,070 2,052 1,958 0.387 | 0.344 0.043 57.8
-20 W 3,700 1,364 2,045 1,622 04311 0,232 0.07¢ 55,0
-22 8 2,434 2,063 2,205 0,501 0,459 0,042 92.9
W 3,800 3,280 835 2,192 0.378 0.459 -0,081 114.9
Table 5 - Continued
1 (a) 2 3 4 5 6 7 8 9
-24 W 2,565 1,600 1,630 1,603 00347 0.232 « 0,116 757
-25 8 1,482 1,279 1,375 0.154 | 0,179 | -0.025 37.6
-26 C 1,761 0.483 0,459 0,024
-27 C 1,504 0,369 0,344 0,025
-29 C 1,554 1,112 0.201 | 0.179 0.022
+¥1 W 2,900 1,615 1,565 1,735 04351 0,287 0,064 82,9
42 W 23,100 1,447 1,405 1,578 0.262 | 0,231 0,031 51,0
+3 S 1,809 1,568 1,727 0,436 00412 0,024 7.4
+4 W 1,158 1,039 83340 04410 0,317 0,093 52,0
+5 C 34048 304,56 25848 04205 04223 -0,018
+6 S 1,881 1,691 1,824 0.308 0,287 0,021 65.0
476 1,769 1,563 1,247 0,263 0,232 0,021
+8 W 2,240 2,235 2,045 1,459 0.531 | 0.412 0,119 77,0
+ C 922,0 875,0 699,0 0,286 04317 -0,031
w 1,090 986,0 924,0 852,0 04367 0,317 0,050 55.6
410 C 352,0 31144 272.4 0,192 0,223 -0,031
w 34040 274,0 306,0 303,0 0.250 0,223 0,027 24.8
+11 W 2,485 1,645 1,642 1,670 00436 0,287 0,149 69.2
+12 S 2,752 2,304 2,247 0,523 0,459 0,064 90,9
+13 W 3,600 1,725 1,845 1,913 0.436 0,343 0,093 84,1
+14 C 1,261 04257 0,232 0,025
+15 C 1,308 1,200 911,0 0,104 04127 -0,023
+16 C 1841 1,420 1,267 0.384 | 0,412 | -0,028
S 1,736 1,557 1,629 0e444 0,412 0,032 79.4
417 W 1,223 1,149 1,087 861,.,0 0,425 Q317 0,108 51,0
+18 W 497.0 274,0 318,0 296,0 0.309 0,223 0.086 22.4
419 C 1,705 0.282 0,282 0
420 C 1,664 0.346 0.283 0.063
+21 C 2,788 1,499 04390 0.285 0,105
S 2,763 2,052 2,046 04390 0,285 0.105 86,4
C - Carah and Park § - Scarbrough W - Wellman

& Notation:

division of the Douglas Aircraft Co., Inc.
+ Furnished by the Boeing aircraft Co.

- Furnished by the former Northrop Aircraft, Inc., now the E1 Segundo
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Table 5 - Continued

51

1(a) 2 3 4 5 6 i 8 9
+22 S 2,360 1,630 2,023 0.487 | 04459 0.028 7445
+23 S 2,008 1,611 1,922 0,456 0,401 0.055 674
424 W 4,420 1,450 1,593 1,748 0,466 0,343 0,123 78.4&
+25 W 2,190 1, 196 1,355 1,592 0,366 | 0,287 0,079 47.0
+26 W 2,075 994,0 ¥, 193 1,325 0,296 0,232 0,064 4744
+27 S 3270 1,126 1,278 06173 | 0,178 -0.005 31.8
+29 W 4,160 2,130 2,055 2,087 0,491 | 0,401 04090 78,4
+30 W 2,795 1,682 1,820 1,895 04456 | 04343 0,113 735
+31 S 1,932 1,593 1,835 04303 | 04287 0,016 50w4
+32 W 2,480 1,469 1,543 1,656 0,276 | 0,232 0,044 49,2
+33 W 1,800 1,173 1,305 1,366 0,198 0,178 0,020 20.3
+34 C 2,560 2,292 1,762 04467 | 0.459 0.008

S 2,646 2,418 04496 | 0,459 0,037 10045

i 3,270 1,970 2,835 2,323 0.556 | 0,459 0,097 95.1
+35 C 2,356 1,629 04393 | 0,401 -0,008
+36 C 2,195 1,533 04337 04343 -0.006
+37 C 1,273 0,218 0,232 -0.,014

+39 W 1,770 1,230 1,254 2,151 0571 | 04459 0,112 128,3

+40 W 6,000 1,742 2,445 2,072 04531 | 0,401 0,130 98,7 |

+41 W 3,990 1,635 2,150 2,015 0,451 0,343 0,108 98.0
+42 C 25,011 A 1,229 04228 04232 -0,004

+43 W 1,450 1,135 1;21Y 1,434 04221 | 0,178 0,043 49,8
C - Carah and Park S - Scarbrough W - Wellman

& Notation:

— Furnished by the former Northrop Aircraft, Inc., now the El Segundo division
of the Douglas aircraft Co., Inc.
4+ PFurnished by the boeing Aircraft Co.

Table 6

Critical Loads

(a)
Channel | Length S i Bt L o B
. Lbe 1lb, ; 3
Number (in,) (1b ?&b) ( )(b (1b )(b or” (1
- 5 32.06 34 20 24 0,412
- 9 31,75 58 33 76 431
=12 31.12 75 60 90 200
+ 5 31,75 32 23 37 «281
] 32409 100 4 67 « 130
+10 32,06 43 25 32 «419
Pop is .the experimental buckling load when applied at
the shear center, y
(BB 1s the experimental buckling load when applied at
the ‘centroid of the section,
Pop*** 15 the computed value of the critical load, to be

applied at the shear center.

2 Notation:
- Furnished by the former Northrop Aircraft Co., Inc.,

now tne El Segundo division of the Douglas Aircraft Co., Inc.
+ Furnished by the Boeing Aircraft Co.
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Table 7

Observed and Computed Values of Iy./t and Y,

Computed Ixx/t from 1 Obs, Computed Y, from

Obse Iyy/t from.

Rl o ’Boam 7Golumg
Channel teats | tests Dg=D Dg=D! Dg=D" Yo Dg=D | Dg=D' | Dg=D"
1 (a) 2 3 4 5 6 7 8 9 10

0. & 0.5132 0,2155 0,1930 | 0,2132 | 041930 0,287 04303 | 04274 | 04303
=1 A 042248 | 0.2263 0,2004 | 0.2215 | 04,2004 0,302 04296 | 0.266 | 0,296
=2 A 042281 [ 042202 0,2062 | 0,2281 | 0.2062 0,516 0,291 | 0.261 | 0,201

w 0.2311
w3 A 0.,2399 | 0.2445 0,2002 | 00,2311 | 0.2092 0,310 0,288 | 0,268 | 0,288
w 0,2631 0,326
=4 A 0.,2310 042137 | 042361 | 00,2137
w 0,2498
-5 A 042410 0,2160 | 0,2388 | 0.,2160
=6 A 0.,6924 | 0.5848 0.5400 | 0,6310 | 045430 04454 0,468 | 0,405 | 0.464
=7 A 0.,3%42 | 0,3303 042925 | 00,3438 | 042949 0,338 0,352 | 0,299 | 0.346
w 043409 | 0.3389 04361
-8 A 041610 | 041515 041294 | 041526 | 041312 0,247 04245 | 0,203 | 0.242
=9 A 0,0937 0,0781 | 0,0913 | 040789
=10 A 0,6860 0,5830 | 0.6860 | 0,6170

=11 A | 0,3678 | 0.3658 043163 | 0,3695 | 043320 0.299 04327 | 0,271 [ 0.310
=12 A 0,1688 | 0,1635 O¢1414 | 0,1649 | 0,1489 0,215 0,223 | 0.181 | 0,210

=15 A 041025 0.0851 | 0,0987 | 0,0890
w 0,1060

=14 A 0,5420 0,4876 | 0,65650 | 04875

-156 A 0,2902 | 043001 042619 | 0,3063 | 042619 0.395 0,384 | 0.338 | 0.384
w 00,3050 | 0.,3089 04419

Table 7 = Continued

1 (a) 2 3 4 5 6 7 8 9 10
=16 A 0,12656 041264 0,1166 | 0,1364 041166 0,312 0,270 04233 0,270
w 041342 04317
-17 0,0842 0,0705 040825 0,07056
W 0,0893
=18 A 0.6685 | 0,6473 0,5850 | 0,6760 | 0.,6030 0,428 0,437 | 0,376 | 0.421
-19 A 04,3625 0.3626 0,3185 0.,3645 0.3266 0,311 04327 0.276 0,315
w 0,35637
«20 A 0,1601 | 0,1545 041411 | 041617 | 041461 04223 0.224 | 0,186 | 0,215
W 0.1892 0,234
=21 A 0,0982 0,0846 | 0,0966 | 0,0876
-22 A 0.6635 | 0,5862 0.5830 | 0,6535 | 045870 0,419 0,437 | 04390 | 04435
w 0,6380
-23 A | 0,3341 0,3172 0,4050 0.,3188
W 043560
-24 A 0,1562 | 041554 001418 | 0,1579 | 0,1426 04231 04223 | 0,194 | 0,222
w 0,1903 04244
=25 A 0,0982 0,0896 | 0,0940 | 0.0852
-26 A 0,7924 | 0,7343 0.7420 | 0,7420 | 0,7420 04332 0332 | 0.332 | 0,332
-27 A 044310 { 044311 043991 | 0.3991 | 043991 04246 0eR41 | 04241 | 0,241
W 0,4341
-28 A 0:1923 0.1906 0.1756 | 0,1756 | 0,1756 0,186 0,161 | 0.161 | 0.161
=290 A 0,1143 041041 | 0,1040 | 0,1041
+1 W 0.2352 | 0.2566 042050 i 0,2327 ‘| 0.2050 0520 0,292 ? 0.254 | 0,292
+2 W 0,1502 | 0,1884 0,1378 | 041561 | 0,1396 04257 0,230 | 0,196 | 0,226
+3 A 0,4516 | 044590 044110 | 0,4748 | 0,4205 04,407 04403 [ 0,351 | 0.395
w 0.4732
+4 A 0,2121 |- 042235 0,1818 | 0,2159 | 0,1902 0350 0322 | 0.275 | 0,311
w 042483 | 0.355
A - Allen and Silliman W - Wellman

& Notation:
- Furnished by the former Northrop Aircraft, Inc., now the El Segundo division of the
Douglas Aircraft Co., Inc.
4+ Furnished by tne Boeing Aircraft Co.




NACA Technical Note No. 924 53
Table 7 - Continued
1 (a) 2 3 4 5 6 7 8 9 10
+5 A 0,0708 0.0729 0,0606 0,0746 00,0652 0244 04239 04200 0,226
w 0,0730
+6 A 042409 0,2050 0,2471 0.2155
+7 A 041645 041250 00,1629 04,1459
+8 A 0,4721 0e4110 04930 0.4358 0,403 0,336 0,382
w 044911 0,394
+9 A 0.2252 0,1824 042236 00,1965 0.322 0,265 0,302
W 00,2568 0,348
+10 A 0,0792 00,0606 0,0770 0,0664 0,239 0.195 0,223
w 00,0826 0,1093 0,251
+11 W 0,2618 0.2651 0¢2131 0.,2381 0.21351; 0,294 0,280 04247 0,280
+12 W 0,6432 00,5730 00,6410 00,5730
+13 W 043460 063717 0,3092 03446 0.,3092 0.348 0,334 0.296 0,334
+16 A 044507 044110 0,4668 0.4310
+17 A 042027 0, 18%7 00,2129 0,1879 - 0,322 0.279 0,314
v 042449 0.345
+18 A 00,0686 0,0606 00,0738 Q,0640 04239 0.202 0,229
w 00,0704 0,1015 0s249
+19 A 0,2106 | 02178 051927 |; 0215510 0,192 04313 0305 | 0274 | 0,303
+20 A 00,2089 0,2101 0,1963 00,2170 041963 0250 0,300 Q271 04300
+22 A 045410 045203 04,4860 05650 0,4860 0,513 04503 0.450 0,503
+23 A 063913 0,3630 0,4223 043630
+24 W 043000 0,2987 02611 043045 04,2611 0,407 0385 0.339 0,385
+25 A 0,1968 0,1796 02102 0.1796 04327 0,285 0,327
W 00,2198 0,363
+26 W 0,1368 00,1168 041366 00,1168
+27 A 00,0804 0,0698 0,0816 0.,0698
W 0,0819
50 W | 012085 | 0.5050 | Ot3980 | 015978 | oraszo
+ « . . 0.,4975 0,4420 0,392 0.388 035, s
+30 W 0,3552 0.3678 0,3098 0.35685 00,3190 0:334 0,334 .281 g.ggg
Table 7 - Continued
1 (a) 2 S 4 5 6 7 8 9 10
+31 A 042413 0,2134 02472 0.2203
w 042460
+32 W 0.1827 0,1384 0,1596 041439 0,255 04229 0,189 0s221
+33 W 0,0988 01006 00,0828 0,0951 0.0847 0,183 0,180 0,147 0,173
+34 W 00,6617 0.,7425 0,7425 0,7425 0,363 04332 0.332 0,332
+37 A 00,1912 0,1756 0,1756 00,1756
+39 W 0,4882 0,5730 0,6400 0.5730 04447 0,444 0,399 0,444
+40 W 0,4885 0.4864 0.,4282 0,4791 0,.4282 0.398 0.389 0.347 0.389
+41 W 0,4049 00,3098 0,3454 0,3098
+43 W 00,0964 0e1227 00,0826 00,0919 00,0826 04,197 0.180 0,156 0.180
A - Allen and Silliman ¥ - Wellman

& Notation:
- Furnished by the former Northrop Aircraft, Inc., now the

Douglas Aircraft Co., Inc.
+ Furnished by the Boeing Aircraft Co.

El Segundo division of the
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Table 8

934

Comparison of Observed and Computed Results

(e e e

I'b = "
I, = "
DO

-

D = actual
= (02 +1
=

Notation

I, = moment of inertia indicated in column test
" bending

" oomputed from formula

n "

"

effective diameter of lightening hole

A, Allen and Silliman tests
W, Wellman tests

C, Groups A and W combined

8, Group C omitting W tests where
A are avallable

D! 5 D2/Pb)D M, I, from W and I, from A tests
D" = (047 #+ D§/Pb)D but not greater than D
Assumed Numbexr Extremes Arith- Alge~ Alge-
Item D Test of metic braic braic
o group| tests ~min. mex. mean mean median
1 2 3 4 5 6 7 8 9
(o =1)x 100 A 25 ~11.6 +5¢3 2,42 ~0,71 ~0,2
(To/T w 14 -047 4441 11,10 10.81 23
M 13 le4 48,0 16,68 16,68 14,0
] 41 =11,6 44,1 6474 4.47 R
-1)x 100 D A 25 =140 22.9 11437 11,29 11.6
{By/ Ty n W 26 -14.8 8044 28,60 26,61 23,4
o} B1 -14,8 80,4 20,15 19,10 15.9
S 44 ~14,8 80,4 19.28 18,06 1445
D! A 25 =103 845 3482 -1,34 ~1,6
w 26 -23,7 42,0 12,75 9464 9.15
c 51 -23,7 42,0 8,37 4,26 141
i s 44 ~23,7 42,0 8410 3447 0,25
Table 8 - Continued
1 2 3 4 5 6 7 8 9
ol A 25 -1,0 17,5 9469 9.59 (- Fei
W 26 -14,8 6446 . 254171 23.713 23,4
(o] 51 -14,.8 64.6 17.86 16,80 14.2
s 44 -14,8 6446 16,90 15,67 12,75
(Ip/Ig=1)x 100 D A 50 5¢4 31e5 13450 13,50 12,3
w 29 8.8 3643 16,96 16.96 16,2
c 79 544 3643 14,77 14,77 14,0
s 63 5.4 31e5 14,16 14,16 13,4
D! A 50 =1744 Qa7 5480 -0,90 =141
W 29 -12,1 173 3492 1.69 0.4
¢ 79 -17.4 173 3,84 0,05 -0.3
s 63 -17.4 173 3,78 -0,15 -0.5
ol A 50 5.0 1945 10,93 10,93 10,55
W 29 % 30,7 15,07 15,07 14,7
5 79 540 3067 12,45 12,45 1.5
S 63 540 30,7 11,93 11,93 Ik
(X -Y ) D A 25 -0,050 0,042 0,0142 0,0003 0.004
bk T Cocaamp W 26 -0,010 04047 | 0.0196 0,0181 0,019
c 51 ~0,050 0,047 0,0170 0.,0094 0.009
s 44 =0,050 04042 0,0153 0.,0070 0,008
D! A 25 ~0,021 0,079 0.0393 0.0376 0.039
W 26 0,031 0,084 0,0590 0.0590 0,0595
(o 51 -0,021 0,084 0.0493 0.0485 0.051
S 44 -0,021 04079 0,0467 0.0457 0,0485
D" A 25 =0,050 0,042 0.0141 0.0045 0,007
w 26 0,003 0.047 0.0344 0.0344 0,022
C 51 -0,050 0,047 0,0194 0.0147 0,014
s 44 -0,050 0,046 040175 0.0120 0,0115




Table 9

Comparison of Computed ancd Observsd Stiffnesses
Pure Bending

Table 9 ~ Continued

Computed I/t Obs I/t . Percent error
g / / 1 (a) 2 3 4 5 6 7
Channel Full Full P,B. Full Full p2/pb
baok hole Dhole hole 410 C 0.527 04500 04574 849 14,8 0.088
W 04527 04500 04555 5,5 1140 0,088
1 (a) 2 3 4 5 6 v 411 W 34637 34448 4,608 26,7 04313
: 412 S 4,747 4,558 54160 8.7 1362 0,313
-0 C 3,488 34240 3,777 8,3 16,5 0.380 +13 W 4,009 34820 64840 70,6 0,313
~5.8 3,657 3,409 3,415 =646 o) 0.375
-3 W 3,690 3,442 5,526 49,8 0,374 415 C 24532 24393 20452 -342 2eb 0,256
=5 C 3,777 3.529 3,810 0.9 8,0 0,371 +16 C 34425 34286 34470 143 546 0,285
-6 W 4,750 4,469 3,408 -28.2 23,7 0.283 S 34425 34286 34272 =45 =044 0285
+17 W 1,539 1,470 24000 30,0 0,231
-7 8 4,025 3,744 4,213 4.7 12,5 0,282 +18 W 04527 0,500 0,818 5542 04176
W 4,025 3,744 9,490 135,9 0,282
-9 C 2,908 2,627 2,923 0.5 11.4 | 0.282 +21 C 34569 34321 44180 17,1 0,380
=10 W 4,750 4,587 6,794 43,1 0,150 S 34569 34321 4,142 16,0 0,380
=12 C 3.274 T 3,458 5.6 11,0 0,150 422 8 4,747 44301 44450 =642 3ed 0,385
423 S 4,376 3,930 3,741 -14,5 -4,8 0,385
-13 C 2,917 Y o e 642 13,0 04150 24 W 4,009 | 34563 84394 109,6 0.385
S 2,917 2,754 2,921 Oel 6.0 0,150
-15 W 4,017 3.571 4,590 14,3 0,384 +25 W 34637 34191 4,062 Tiy7 04385
A R e et e EORIRC s R Pl R R e
-17 C 2,915 2,469 2,430 -1645 =1,5 0,384 . . . = =2
8 ’ S . : " +29 W 4,376 | 4.187 | 7.870 8040 0.217
-18 C 4,756 4,593 4,826 1.5 5,0 04196 +30 W 4,008 | 3.819 5e221 3042 0.217
-19 S 4,013 3,850 3,972 =150 3.2 0,196
-20 W 3.270 | 3.107 | 7.020 114.7 £ 0.196 +31 8 3.637 | 3,448 | 3.584 =15 4,0 | 0,217
-22 3 4,747 4,584 4,590 =343 041 | -0 284 +32 W 54267 3,078 44670 42,9 0,217
w 4,747 4,584 7.164 51,1 0,284 +33 W 2,899 Ay o) 34369 16,2 Q.21%
+34 C 4,747 4,747 44800 A ) 0
-24 W 3,274 | 3,111 | 4,890 49,4 0,284 S 4e747 | 4,747 | 4,960 445 445 0
-25 S 2,908 | 2.745 | 2.879 1.0 4,9 | 0.283 w 4747 | 4,747 | 64134 29,2 0
=29 C 2,905 2,905 2,987 2.8 2.8 0
5 2 . 3 435 C 4,376 | 4,376 | 44370 G » 04yl 0
+1 W 3,637 3,389 5,396 48,4 0,324 +36 C 4,008 4,008 44169 4,0 4,40 0
+2 W 3.257 | 3.068 | 3.770 15.7 0.268 +39 W 4,747 | 44558 | 34310 =302 || =oved T IF 0,515
+3 S 3,425 3,286 3,418 0,2 4,0 0,244 +40 W 44,376 4,187 11,185 155.8 04313
+4 W 1,539 1,470 1.890 22,8 0,198
+5 C 0,528 0,501 0.56 0- X +41 W 4,008 34819 7+424 85,0 04313
’ y KPo% Ba3 4 Oy 401 +42 C 3.267 | 3.078 | 3.732 14.2 0,313
+6 S 34637 3,389 3,489 S 4 3,0 0,189 +43 W 2,899 2,710 2,711 =645 0e1 0‘313_1
47 C 3,267 3,078 3,245 0,49 Be5 0,157
+8 W 34427 3.288 4.250 24,0 0,143 C — Carah and Park 8 - Scarbrough W - Wellman
49 C 1,544 1,475 1.529 -14Q 346 0,116
W 1,544 1,475 1,806 17,0 0,116
& Notation: - Furnished by the former Northrop Aircraft, Inc., now the El Segundo division of the Douglas aircraft Co., Inc.

+ Furnisned by tkhe Boeing Aircraft Co.
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Table 10, Oomparison of Computed and Observed Deflections
8imple, Oantilever, and Two load Bending
Simple Bending Cantilever Bending Two Load Bending
Channel Compe Obss | Percent Comps Obs, | Percent Comp.| Oba, | Percent
Bt 0y B0y | error Etot Etdy | error Bt Oy Bt °t Error
1 (a) 2 3 4 8 6 7 8 9 10
-0 C 28,980 27,690 Be7 88,5630 | 104,130 53.3
-2 8 24 880 BS 360| =641 53,960 83,840 =0.8
-3 W 25 410 26, 620 0,4 51,670| &6, 340 9.1 8,521 8,972 5.3
=5 C 24,790 za B880| =347 68,210 54,970 B444
-8 W 18,400 31.650 72,0 39,170 46,140 | 17.8 6,284 | 10,287 63,2
-7 8 20,810 | 20,100| =140 47,260| B0,520| 6.9
w 20,960 25,000 19,3 45,670 47,640 4.3 7,228 7,077 =241
=9 C 27,4090 26,730 =248 78,330 | 108,870 | 3642
=10 W 16,870 | 13,710 =1847 38,080 | 40,520 8.5 5,901 | 5,759 =2.4
=12 C 23 360 24,870 349 68,730 92,880 3541
=13 C 76,890 ( 100,810 3le1
8 256,060 26,430 1.8 62,960 66,470 4.0
-18 W 24,840 31,110| 26,8 48,340 | 49,420 | 242 8,126 8,985 10.6
=16 W 28,480 29,6880 40 58,170 62,360 7.2 9,660 | 11,009 15,6
=17 C 30,940 | 38,140| 10,3 80,970 | 113,490 | 40,2
-18 C 17,220 | 18,220 548 48,280 | 70,520 | 46,2
=19 8 19 280 16,7601 «13,0 46,680 47,410 1.8
-20 W 23,760 26,390 1161 54,730 55,920 242 8,378 6,461 -22,9
-22 8 17,860 | 16,960| =5,0 40,570 | 42,860 | 547
W 18,430 5040 | =40,0 39,200 | 41,660 643 6,202 | 16,916| 153.0
-24 W 24,900 [ 22,380 -10,1 55,510 | 56,320 1.5 8,666 | 8,083| =7.0
=25 8 26,640 | 26,580| =042 64,200 | 66,740 | 3,8
=26 C 47,420 | 66,040 | 39.4
=27 C 55,780 74,820 | 34.2
-29 C 76,600 | 102,180 | 33.4
+1 W 23,760 22,720 =i o3 50,930 55,320 4.7 8,134 8,611 8.9
® W 24,740 | 26,280| 6.2 55,590 | 60,780 | 9,3 8,638 | 9,939| 15,1
+3 8 ee, 990 22,280 -3,1 54,870 | 54,610 =0.56
e W 48, 550 40,280 -17,0 114,880 | 126,560 | 1042 17,334 | 15,397 ~-11.2
+5 C 134 450 | 136,300 led 417,680 | 512,820 22,8
+6 S 20,900 21,080 0,7 51,100 62,710 Sel
70 23,460 | 23,900 1,9 68,910 | 94,000 | 3644
+8 W 22, 660 16,100 | =29,0 52,200 62,180 19,1 7,997 6,461 | ~19.2
+9 C 47 500 47,020 ~1,0 144,130 | 188,490 3047
w 47 500 41,790 | «12,0 113,880 | 121,900 7.0 17,089 | 16,373 ~-4,0
+10 C 122,660 | 133,100 8.5 418,020 | 490,920 17.4
w 122 660 | 162,700 24,5 329,770 | 348,420 5.7 48,654 | 50,234 3.2
411 W 23 480 22,380 -4,5 50,720 85,5680 8.6 8,081 8,236 2.2
+12 8 18,470 | 15,270 | 17,3 41,040 | 42,310 3.1
+13 W 21,710 | 20,830 | =441 46,330 | 47,390 2.3 7,422 | 7,166| <3.6
+14 C 70,610 | 92,060 | 31.6
+16 C 30,510 30,320 =0,6 89,140 127 830 43,5
+16 C 24,460 | 25,500 4,3 67,400 | 91,440 | 35.6
s 28,700 | 22,490 | =5,1 55,420 | 58,050 4,7
+17 W 49,090 | 36,320 | =26,0 115,260 | 122,160 640 17,464 | 14,365 -17.7
+18 W 123,850 | 151,400 22,2 330,640 | 353,430 649 48,952 | 47,8 -2
+19 C : 68,670 |106,510 | 55.1 i oae g
+20 C 67,830 98 760 45,5
+21 C 67,070 97, 220 45,0
S 25,660 21,460 | -1644 55,410 58 120 4,9
+22 8 21,340 | 21,480} 0.7 43,220 | 46,730 | 8.1
423 8 22 520 21,980 2,4 46,400 49,780 73
+24 W 24,640 | 24,780 046 48,470 | 51,840 7.0 8,153 | 8,259 1%
+256 W 26,370 30,740 1646 52,860 58,270 20:2 8,792 9,971 13.4
+26 W 28,510 | 36,610 | 28,4 58,220 | 69,290 | 19,0 9,573 | 11,206 | 17.1
+27 8 30,220 | 31,320 346 67,160 | 74,560 | 11,0
+29 W 18,690 17,320 | =743 41,580 44,130 6.1 6,500 6,530 0.5
+30 W 20,130 21,710 7.9 45,190 48,620 7.6 7,026 7,373 4.9
+31 S 21,170 | 22,320 5.4 51,310 | 52,330 2,0
+32 W 23,990 24,680 2.9 54,920 55,180 0.5 8,445 8,626 2.1
+33 W 26,630 31,100 1647 61,620 67,310 Qe 9,420 |10,269 9.0
+34 C 16,140 | 15,880 | =1.5 47,420 | 66,120 | 3944
S 38,850 | 39,320 1.2
W 16,140 | 18,480 | 14.5 37,530 | 39,500 | 5.3 5,718 | 4,714 | -17.6
+35 C 51,320 | 72,310 | 40,9
+36 C 55,910 | 75,070 | 34.2
+37 C 68,270 | 92,490 | 35¢5
+39 W 19,060 | 29,670 | 55.8 39,660 | 42,770 7.8 6,450 |10,690 | 65.8
+40 W 20,270 21 030 347 42,730 44,580 443 6,897 5,501 | -20,3
41 W 21,720 22,380 340 46,340 45,910 -0,9 7,423 6,267 | =15,6
+42 C 70,610 | 95,820 5.7
+43 W 28,210 32,170 14,0 62,770 64,180 242 9,814 (11,072 12,8
C - Carah and Park 8 — Bearbrough W — Wellman
& Notation: - Furnished by the former Northrop Aircraft, Inc. now the

E1l Segundc division of the Douglae Aircraft Co., Inc.
+ Furnished by tne Boeing aircraft Co.
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Table 11

Torsional Stiffness of Specimens

GJ Lg Mt/b
Computed Computed

Specimen Ob~ Ob~

served We=W | Wg=w-D We=W wo=w-D We=W we=w-D | gerved
1 (a) 2 el 3 4 5 6 7 8 9

. =2 8 1,507 588 377 15.82 12,91 37.1 2942 48.4
-3 W 1,720 385 248 11,02 8.51 35,0 29.1 61,7
-6 W 3,740 824 564 8,78 6.81 9348 82.8 134,2
-7 8 1,637 624 404 13,70 10,89 45.6 37.1 52.6
w 1,888 624 404 11,00 8,98 56,8 45,0 67.7
-10 W 3,156 819 603 9,02 7.19 30.8 83.9 113,2
-13 8 874 495 319 20,24 17.76 24,5 18,0 28.1
-15 W 2,310 662 390 114,23 8.24 59,0 47.3 82.9
-16 W 1,460 650 347 15,52 11,89 41,9 29.2 52.4
~19 S 1,800 707 499 14.29 12,00 49,5 41.6 57.8
-20 W 1,532 646 431 15,49 13.19 41,7 32,7 55.0
-22 S 2,891 833 614 11.26 9.34 7440 65.8 92.9
w 3,200 833 614 8.83 7.27 94,4 84.5 114,9
-2¢ W 2,110 636 424 15,41 13,11 41,2 32.4 76.7
-25 8 1,172 562 362 20,72 18,30 27.1 19.8 37.6
+1 W 2,310 731 468 14,64 12,04 49,9 38,9 82.9
2 W 1,420 761 495 16.16 13,73 4740 36,0 51.0
+3 S 2,410 741 534 14,02 11.87 52.8 45,0 7.4
+4 W 1,450 874 623 18,54 16,90 47.2 36.9 52.0
+6 8 2,023 739 474 17.74 15,01 41,7 31.5 65,0

Table 11 - Continued

1 (a) 2 3 4 5 6 7 8 9
8 W 2,145 733 | 528 11.22 9.33 85.3 | 56.6 77.0
+9 W 1,550 836 597 18,38 16,71 45,5 35.7 55.6

+10 W 692 604 418 23.18 22,24 2661 18.8 24,8
+11 W 1,930 739 497 14,67 12,36 5044 4042 69,2
412 S 2,830 848 614 11,33 9430 74.8 66.0 90,9
+13 W 2,345 728 503 11,63 9.46 62.6 53.2 84,1
+16 S 2,470 746 537 14.06 11490 53,0 45,1 79.4
+17 W 1,420 870 620 18.51 16.89 47,0 3647 51,0
+18 W 624 589 407 23,14 22.19 25.4 18.3 22.4
21 S 2,690 1,387 886 19,38 16,73 71.6 52.9 86.4
+22 S 2,320 833 526 11,25 8444 74,0 62,4 74.5
+23 S 2,100 817 500 12,93 9.76 6342 51,2 67.4
+24 W 2,185 728 428 11.62 8.58 62,6 49.8 78.4
+25 W 1,310 735 414 14,66 11.28 50,1 36.7 47.0
+26 W 1,322 670 357 15,63 12,01 42,8 29.8 47.4
+27 S 990 629 314 21e1d 17.27 28.8 18.2 31.8
+29 W 2,185 812 576 10,28 8434 79.0 69,0 78.4
+30 W 2,043 767 530 11.83 9.68 64.8 54.8 73.3
+31 S 1,569 735 494 T2 15.21 41.5 32.4 50,4
+32 W 1,372 662 430 ! 15.60 13.13 42,5 32.8 49.2
i

+33 W 640 629 393 | 17,94 15.49 35.1 253 23.0
+34 S 3,130 848 848 11.32 11,32 7449 74,9 1005

w 2,650 848 848 8.91 8.91 95.2 95.2 95.1
+39 W 3,575 853 617 8493 Te21 95.5 85.6 128,3
+40 W 2,760 817 579 10,31 837 792 69.2 987
+41 W 2,730 THT 537 11,88 9,72 65,4 55.2 98.0
+43 W 1,388 629 393 17,94 15,49 35,1 2544 49.8

8 - Scarbrough : W - Wellman
& Notation: - Furnished by the former Northrop Aircraft, Inc., now the El Segundo division

of the Douglas Aircraft Co., Inc.
+ Furnished by the Boeing Aircraft Co.




TABLE A-2
SAMPLE DATA SHEET
SHEAR CENTER TEST
Channel No, =26 Test No. 16-A
No, | Load Dial Readings - (inches) Shear-Center
w Right Left 8-up 8-d ar» 4 e
(1b v) (in,) (dny)
1 0 0 0 0 | 0,0030
2 1l [0,0050 0,0060 0,0087 +00956 04422 0,448
3 2 0105 0105 .0120 .01568 » 436 0462
4 3 +0160 0162 .0185 +0223 453 0478
5 4 02156 «0217 20261 +0287 2457 483
‘6 -] 0271 «0270 «0314 « 0350 «456 482
T 6 20328 0329 «0388 0416 457 »483
8 7 »,0383 «0388 0446 +0479 457 483
9 8 0440 « 0439 0510 +0543 »458 484
10 9 » 0497 20496 0573 0605 +458 484
‘ 11 10 «0554 »0556 0842 +0667 487 0483
] 12 1Y 0612 «0612 .0708 20730 «458 1484
13 e ,0678 , 0675 .0782 , 0792 458 . 484
i Average 4 = ,483 in,
# d! 413 the distanoce from the back of the web to the shear
center,

| ## 4 1is the distance from the center-line of the web to the

‘ shear center,

‘ Caloulation of Analytical Shear-Center Distance

4=

b2nRt

41

4 x 042545

0,460 in,

0,483 :
de/dt = U:Z_GB = 1,050

o= T251° x ToAZE° x 04052 T

Hc oD

nuyn

2,448 in,
1,224 in,
0,052 1in,
042546 in,
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Figure g.~ Setup for Allen and S8illiran
test in pure tending.

Figure 5.— Beam-support detail Figure 6.—
used in Allen and
S8illiman tests.

Roller pad assembly.
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Figure 3.~ Loading arrangement for pure bending tests.
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Apparatus Used for Pure Bending Tests
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Figure 7.- Loading frame.
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Figure 8.— Beam—support detail
used in Carah and
Park tests.

Figure 9.— Two views of free end of beam used in Carah and
Park cantilever tests.
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Figs. 10,14,15

Tigure 10.— Setup for
Wellman
cantilever-peam test.

Figure 14.— Column

end
fitting used in
Allen and Silliman
tests.,

Figure 15.— Apparatus
‘ for
Heasuring midspan de-
flection used in
Allen and Silliman
column tests.
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Figure 12.- Arrangement of reference bar,
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Figure 13.~ Tlectrical system for determining deflection.
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Figure 16.— General view of setup used in
Wellman column test.

- Figure 17.— Column end fittings used by
Wellman.
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Figure 18.~ Typicel loal against deflection curve of caannel unier axial
compression,

Figure 22.- Effect of initial curvature.
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Figure 26.- Comparison of observed and computed distances in
inches from midline of web to shear center.
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Fig. 27
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