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STRAIN MEASUREMENTS AND STRENGTH TESTS OF 25-INCH

DIAGONAL-TENSICN BEAMS WITH SINGLE UPRIGHTS

By James P. Peterson
SUMMARY

" An investigaticn was made of a series of dlagonal-
tension beams to determine the accurscy of previously
published design charts in predlicting the stresses in
single uprights. Strain measurements were made on the
uprights and webs of the test beams to obtain the stress
distribution in the beams and the ultimate stresses that
could be developed in the beams., Failures of the beams
occurred in both the uprights and the webs. The measured
stresses were generally in agrecement with the predicted
stresses,

INTRODUCTION

A semiempirical theory for use in the design of
beams with shear webs in incomplete diagonal tension is
given in reference 1 with a design chart to facilitate
the use of the theory. MNore refined design charts are
given in reference 2. The empirical coefficients that
are incorporated with the theory in the design charts
were derived from tests of beams with uprights on toth
sides of the web. The design charts have been used for
oredicting the stresses in single uprights without experi-
mental confirmation of the accuracy of the charts. Ample
test data from various manufacturers on the ultimate
strength of such diagonal-tension beams were analyzed in
reference 2, but these data give no clues as to the
stresses existing in the uprights at any given load. It
was Therefore desirable to test beams with single uprights
in order to compare the experimental stress distribution
with the stresses given by the theory of references 1 and 2.
Such, tests were made in the langley structures research
laboratory and the results are presented herein. At the
same time, the opportunity was taken to obtain more
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information on the vltimate strength of diagonal-tension
beams with single uprights and orn the ultimate stresses
developed 1in such beams.

SYMBOLS

Ay actual cross-sectional area of upright, square
inches

Cy, Cp stress factors

P applied 1load, kips'

ol spacing of uprights, inches

h depth of beam, back of top flange tc back of
bottom flange, inches

he depth of beam between centroids of flanges, inches

k dlagonal-tension facter

t thickness of web, inches

a angle between axis of beam and direction of

diagonal tension, degrees

P radius of gyration of cross section of upright
with respect to centroldal axis parallel to
web, inthes :

o normal stress in web, ksi

Oy compressive '‘stress in uprigﬁt caused by diagonal
tension, ksi ' ‘ '

T nominal‘shéar stress in web, ksi

Ty shear stress in web perpendicular to beam axis, ksi

wd parameter of flange fléxiﬁility |

Subscripts: |

e effective

all allowable
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cr critical

cy compressive yield
ty tensile yield
ult ultimate

max maximum

min minimum

TEST SPECIMENS AND T®ST PRCCEDURE

Test Specimens

Nine beams were constructed of the general dimensions
shown in figure 1(a). More detailed dimensions of the
beams are shown in table I and dimensicns of the cross
sections of the uprights of each beam are shtown in
figure 1(b}. O0On all besms, the web was fastened to the
flange angles as diagrammed in figure 1(a) with the
exception of beams 6 and §. On these beams, the webd was
placed between the flange angles, and the unrights were
jogegled at each flange.

The webi of the test beams were fastened to the
uprights by s-inch Al173-T aluminum-alloy brazier-head

rivets spaced 5/8 inch. The rivets were countersunk and
flush on the side of the upright so that strain gages

could he placed at any station. On beam 1, a vreliminary
test wes made with 2 1.25-inch pitch of the upright-to-web
rivets; the final test to ultimate locad was made after
adding intermediate rivets to reduce the pitch to 5/8 inch.
The web was fastened to the flange by No. 10 socket-head
capscrews of steel alloy spaced 1 inch in twe rows. The
uprights were fastened to each flenge by two No. 10 socket-
head capscrews of steel alloy.

Proverties of Materials
The bheams were mede from 2h5-T aluminum alloy. Stress-

strain curves for the upright meterial of some of the beams
are shown in figure 2. The stress-strain curves for
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extruded upnrights (beams 1 and 6) differ appreciably from
the stress-strain curves for the formed uprights (beams 2
and 8), the yleld stress being about L1 ksi for extruded
and l}5 ksi for formed uprichts. The stress-strain curves
for beems 2 and 8 are considered typical for all the beams
except beams 1 and 6 because all the beams except 1 and 6
had formed uprights.

Stress-strain curves for the web material of beams 5
and 9 are shoewn in figure 3. These curves were obtained
from strein measurements on standard tensile specimens
tested in the with-grain and cross-grain directions. The
average of the ultimste stress in the with-grain and
cross-grain directions is about 71 ksi for each beam and
is teken as the ultimate stress thet might be expected in
a direction L5 degrees to the grain, because the difference
between the ultimate stress in the with-grain direction
and the ultimste stress in the cross-graln direction 1is
small,

Ultimate strength tests were made on special tensile
sneclmens from the web material of beams 5 and 9 to deter-
mine the effect of heles on the strength of the web.

These snecimens had parallel sides and a width equal to

the rivet onitch (5/8 inch) of the upright-to-web rivets.,

A hole equal in dliameter to the diameter of the upright-
to-web rivets (1/8 inch) was drilled in the center of =ach
specimen. The specimens were tested in the with-grain and
cross-grain direction and the stress-concentration factor
was found to be 1.1%3 based on the net section (see table IT).

Test Procedure

The specimens were tested as cantilevet beams with
the load applied to the free end of the beam. In order
to prevent lateral deflection or twisting of the beams
when load was applled, the beams were fastened with
parallel-motion guides to an auxiliary truss work. A
typical test beam after fallure with wires removed is
shown in figure !|, and vart of the lateral bracing 1is
shown also,

Strain messurements were taken on the web and the
uorights of the test beams at lcoccations indicated by strain
gages on the specimen in figure . Measurements were made
on three uprights on the test beams with a 10-inch upright
spacing and on two uprights on the beams with a 20-inch
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upright spacing. Strsin measurements on the web were made
in two bays on the beams with a 10-inch uoright spacing
and in three bays on the beams with 2 20-inch upright
spacing at similar locations with respect to the bay. The
strain gages were placed in pairs on opposite sicdes of the
web and the strains were averaged to cancel local=-bending
effects. Because this »rocedure was not possible in meas-
uring strains in the uprights, strain measurements were made
at a fairly large number of stations along the upright in
an attempt to obtain an average strain that was reasonably
free of local-bending effects,

Thicknesses of the webs and uprights were obtained
by micrometer messurement and are accurste to about
0.000) inch. Cross-secticnal areas were obtained by
welghing and are believed to be accurate to 1 nercent.
The loads were anplied with e hydraulic jack and ars
accurate to about 1 percent. Strain measurements were
made with Bsldwin Southwark SR-! electricsal strain gages,
types A-1 and R-1, and are telieved tc be accurate to
within 2 percent.

TEST RESULTS AND DISCUSSION

Upright Strecsses below Failure T.oads

Single uprights are in eccentric compression because
the load is applied to them in the »nlsne of the web. The
maximum stress in the unright occurs in the fibers adjacent
to the web, that is, on the outside face of the leg
attached to the web. This stress is given by the design
charts of reference 2 when applied tc beams with single
uorights, TFor comparison with the test results, the
stresses given by the design charts were corrected te the
olane in which the stresses were measured - that is, to
the inside face of the leg attached tc the web - with
linesr stress distribution assumed in the unright. In
order to obtain a stress that could be compared wlth the
stress obtained from the design charts, all the upright
stresses that were measured on the leg of the upright
adjacent to the web at a given load were averaged.

Figure |l shows a few strsin gares on the outstanding leg
of the uprights, but the stresses obtalined from these
gages were not considered sufficiently informative to
warrant their inclusicn in this report. The stress-strain
curves shown in figure 2 were uss? to convert the measured
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strains to stresses. An average of the stress-strasin
curves for beams 2 and S was used for the beams for which
a stress-strain curve is not snown.

T.oad-stress plots for the uprights of each test beam
are given in figure 5, The calculated stresses are
generally in good agreement with the experimentel strecsses
or are slightly ccnservative at loads that do nct cause
stresses above the elastic 1limit of the materlial in the
uprifht, The only excepticn is beam 7; on this beam, the
measured stresses are higher than the calculated stresses.
The low calculated stresses on this beam are attributed
to the degree of refinement of the design charts of ref-
erence 2. According to the theory of incomplete diagonal
tension, the stress in the uprights 1s given by the formula

krdt
oy = tar a (1)
Ay + (1 - k)at

In reference 2 the angle a was assuned to be defined
’ &
t‘y the formula

In prenaring the design charts of reference 2, a first
anoroxiration te Op was found from formula (1) by
assuming that tan a was equal to unity. A valve of tan a
was calculated from formula (2) by using the value for Oy
obtained from formule (1). Then, a secord appreximation
for oy was cbtained by multiplylng the flrst approxi-
mation of Oty by the value obtained for tan a. This
second approximation is the value for Oy that is incor-
porated in the design charts of reference 2., If tan a

1s guite different from unity, the second approximation
for oy will be somewhat optimistic; hence, & third
avproximation should be used. Tan a 'is quite different
from unity 1T the value of AUe/Ht is small s in beam 7
(see table I)., If used on beam 7, therefore, a third
appreximation for Oy wovid chenge the calculated stress
to give good agreement hetweasn calculated and experimental
stresses.



NACA ARR No. L5J02a 7

For some of the beams, the measured stress in the
unrights at high loads is considerably more than the cel-
culated stress. This effect is prominent for beams I, 5,
and 6 (see fig. 5). At these high loads, the maximum
stress in the uprights is above the proportional limit of
the upright material; and since the elementary theory of
eccentric loading is not valld at stations where the pro-
portional 1limit of the material in the upright has been
exceeded, a quantitative comparison betwszen calculated and
experimental stresses 1s hardly warranted. A qualitative
comparison i1s of some interest, however, becsauze 1t indi-
cates that the difference between calculated and experi-
mental stresses might be removed by applying the theory
of mlastic bending to the uprights. The stress at the
rlane of maximum stress was not much above the provoertional
1imit of the materisl for most of the ststions zlong the
length of the upright, and the stress was messured at a
plane somewhat removed fror the plane of maximum stress,
Thus, when the nlastic range wes reached in the fibers of
maximum stress, an increase in lcad on the upright foreced
more load vpon the fibers in the plane of measured stress
than is indicated by the assumption of linear distribution
of stress. As a result, the experimental stresses are
greater than the calculatecd stresses,

The range of messured stresses in the uprights et a
given load is given in figure 5. The mezsured stresses
at different stations along the upright vary ccnsiderably,
which indicates that the upright tended to wave with the
buckles in the web. This effect can be seen by lnspection
of the uprights on the test beam in figure lj. The load
has been removed from the beam shown in figure l; the
effect was considerably more noticeable when the beam was
under load. '

Failure of TUprights

Fallures of the uprights were caused by twisting
forced upon the uorights by folds in the web. Two empiri-
cal formulas (formulas (1) and (1La)) are given in
reference 2. These formulas are used to determine the
stress at which uprights may be expected to rzil by forced
twisting. Formula (1l1), which is representative of
average test results, was used to vredict upright fallures
for the present beams. Insnection of table III shows that
the present test results agree with calculations basged on
formula (1), the ratio of test load to pnredicted load
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ranging from 0.92 (beams 2 and l.) to 1.10 (beam 8).
Formula (1llia) was intended to be sufficiently conservative
to serve as a design formula and is about 19 percent more
conservative than formula (1l); consequently, use of
formula (1llja) would have resulted in conservative pre-
dictions 1n all cases.

Empirical formulas for calculating the loads at which
beams with single uprights will fail are given in refer-
ences 3 and L. The ratios cf test ultimate load to the
ultimate load as calculated with these formulas are given
in table IV. The ratios cslculzted with formuls (1L) of
reference 2 are also given.

The moment of inertia of the upright about the axis
of its cross section parallel to the web is a parameter
of upright design in the formula of reference 3, but the
us¢ of this paramcter is questionable because observation
of upright failures indicates that single uprights do not
usually fell as columns. The tests of beams 2 and 7 are
of interest because the moments of inertia of the uprights
of the two beams are approximately equal, and the nominal
dimensions of the two beams are the same; consequently,
the formula of reference % predicts a failing load of
12 kips for both beams. The uprights of beam 2 failed,
however, at a load of 11.L kips and the uprights of beam 7
failed at a load of 6.7 kips.

The torsional stiffness of the upright is the
main factor used in predicting upright fallures by
the formula of reference li. Observation of upright
failures on single uprights having 2 cross sections
indicates, however, that such sections do not fail by purse
twisting without distortion of the cross section. The
sdge between the web of the Z-section and the froe leg
of the 4-section tends to remsin straight becausc the free
leg is in tension, and the cross section distorts instead
of twisting. The same phenomenon 1s present in angles
when used as single uprights but is probably not so pro-
rounced as in Z-scctions., The use of the torsional
stiffness as the main factor for predicting the falling
loads for uprights consequently appears to be somewhat
objectionable and leads to rather unconservative vre-
dictions,
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eb Stresses below Failure T.ocads

The strain measurements obtained from the rosettes
on the webs were used to comnute the shear stresses in the
web on faces verallel and pesrpendicular tc the longitudinal
axls of the beam ancd to compute the principal stresses in
the web., Recause the strains measured at slmilar locations
in different bays were nearly equal, the stresses obtained
from these strains were averaged. The average stresses
are shown in Tigure 6,

Under the assumptions underlying the theory of incom-
plete dlagonal tensiocn as prasented in reference 2, the
maximum principal stress at staticone remcved from rivet
holes is calculated by the formula

_P(1 + k

Omax - ) (1 + %Cp)(1 + kCq)
‘e

For the beams with & 10-irnch upricht spacing (beams %),
5, 8, and 9}, figure 6 shows that the maximum principal
stress measured at the center of the vpanel agrees well
with the calculsated maximum stress in the web. For the
beams with a 20-inch unright spacing (beams 1, 2, 6, andT7),
the calculated stress is conservative., The ctress-
concentration factor due to the [lexibility of the flanges
is large for these beams. As sugzested in reference 2,
the theoretical valuve of this factor is probably too high,
80 that the czslculatsd stresses are conservative.

The maximum »rinciral stresses mes2sured by the gages
in the corners of the bays are somevhat greater than the
maximum stresses measured at the center of the bays (see
fig., 6). As a result, the stresses mezsured in the
corners of the bays are greater than the calculated
stresses for the beams with a 10-inch upright spacing and
are 1n fair agreement with the calculated stresses for
the beams with a 20-inch upright spacing.

Figure 6 shows that the compressive stress (minimum
principal stress) in the web continues in most cases to
increase after buckling of the web and does not remein con-
stent and equal to the critical shear stress, as 1s assumed
in some diagonal-tension theories, TFor each beam, the cal-
culated critical shear stress is less than 0.5 ksi (see
table III). Compressive stresses were measured as high as
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si st the center gage (beam 5) snd as high as 15 ksi
t the geges in the corners of the panels (beam £).

The shesar stresses Ty vparallel and perpendiculer
to the beam axis computed from the rosette readings are
compnred in flgure 6 with calculsted shear stresses based
on the formulsa

Ty = (1 + kC2)

The ccefficient (¢p 1s a theoretical factor of strecss
concentration casused by flexibility of the flanges and is
valid for pure diagonsl tension. The factor (1 + kCp)

was suggested in reference 2 as a meons of adapting the
coefficient Cp to webs in incomolete diagonal tensiocon.
For the beams with an unright spacing of 10 inches (beams 3,
L, 5, £, and 9}, the calculated shear stress agrees well
with the shear stress messured at the center of the panel.
For the becms with a 20-inch nupright spacing (beams 1, 2,
6, and 7), the calculsted shesr stress is somewhat more
than the measured shear stress, presumably because of the
previously menticned inaccuracy of the stress-concentration
facter. fThe chear stress measured in the corners of the
panels is in most instances greater than the calculated
shear stress.

Pailure of the Webs

The maxirmum stressess developed in the webs of the
test beams were estimated by linear extrapolaticn to
ultimate load of the maximum stresses given in figure 6.
In this extrapolation, only test data renresenting stresses
less than 20 ksi ware used bscsuse strains greater than
the strain at the proporticnal limit were used in calcu-
lating higher stresses and the formulas used to calculate
stresses from strains do not apply strictly in the plastic
range, Linear extrapolation probshly gives values of
develoned stresses that are low, but the error is expected
to be small, especlally for the beams with a 10-inch
unright spacing. The developed stress at the center gage
was found to be about 1S cr 50 ksi for all the beams that
had web feilures with the exception of beam 1, for which
the develoned str=ss was found to be about 117 ksi. The
low value for beam 1 is due to damage suffered in the pre-
liminary test with the 1.25-inch piltch of uprright-to-web
rivets (see section "Test Soscimens"). This large rivet
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pitch proved inadequate; severe clagcnal-tension folds
developed and, as a result, one cf the rivets pulled through
the sheet. The test was discontinued and intermediate
rivets were added, but no sttempt was made to reinforce

the hole in the sheet for the final test.

mxtrapolation in figure 6 of the dats in the corners
of the panels gives maximum stresses at failure of about
70 ksi in some instances. These stresses are local and
probhably not restricted anpreciably by the rivet factor
and the stress concentration due to holes because the
stresses are not much below the ultimate tensile stress
of the material.

The loads at which web failures would occur were
estimated by the method used in reference 2. Formula (8)
of reference 2 was used to calculate an "equivalent" shear
stress in the web, and formula (1l2) of reference 2 was
used to calculate the allowable "equivalent'" shesr stress.
Minimum guaranteed properties taken from reference 5 were
used in formula (12) of reference 2, and the resulting
allowable stress was corrected to actual msterial properties
by mmltiolying the stress by the ratioc of the aqtual
tensile strength of the web with hcles (Tz%i ksi] to the

\ L]
value of oyl1t taken from reference 5. The values of
71 ksi for the ultimate tensile strength 2nd of 1.13% for
the stress-concentration factor due to holes were obtalned
from tests on the web material of besms 5 and 9 (see
section "Properties of Materials") but were also considered
to be representative of the other beams that had web
failures.

The predictions of the loads at which web fallures
would occur were within & percent of the failing load for
the beams with a 10-inch upright spacing (beams 3%, 5, and 9;
see table IITI). On the beams with 20-inch upright spacing,
the prediction was much less accurste, presumably because -
as mentioned before - the factor of stress concentration
Co is too high. The failing load of beam & was predicted
32 percent toc low and that of bteam 1 was predicted 21 ner-
cent too low. BRBeam 1, however, f3iled at a low load
because of faulty rivet spacing. A comparison of the
maximum stresses developed in beam 1 with those develoved
in beem 6, which was of similar construction, led to the
conclusion that the predicted failing load of beem 1 would
have been about 29 percent too low if a sultsble rivet
spacing had been used throughout the test.
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Tffect of Joggling Uprights

The uprights on beams 6 and 9 were joggled at the
flanges and the webs of these heams were placed between
the flange angles. ith the exception of this change,
beams 6 and § were of the ssme nominzl dimensions as
beams 1 and 2%, resnsctively. ©No significant difference
aopears In the stress distribution in the uprights of the
similar beams. The stresses in the webs of similar beams
at given loads cannot be compared directly, since the
thicknesses of the webs were somewhat different even
though the nominal thicknesses were the same. A compari-
son of the strength of the similsr beams can be made by
comparing the nominal shear stresses developed in the webs
of the beams at failure. The nominal shear stress
develoned in the simiier besms % and 9 was about 25.5 ksi
for eackh beam. The developed nominal shear stress in
beam 1 was 20.5 ksi as compared with 22.6 ksi in beam 6.
The low develoned stress in beam 1, as mentioned before,
was due to previous damage c=2used by s rivet head pulling
through the web at a load less than the ultimate load.

CCNCT.USIONS

For the tests on nine beams described herein, the
stresses In the uprights throughout the load range were
predicted with fair accuracy unless the stressesz exceeded
the elastic 1limit of the material used in the uprights.
The loads at which the uprights failed were predicted with
a maximum errcr of 10 »nsrcent.

The thecretical strecs concentration in the webs
caused by the flexihility of the flanges was tco high for
the beams with a 20-inch upright spacing znd the strength
predictions for these beams were therefore up to 32 percent
conservative. The strength of the webs of beams with a
10-inch upright spacing were predicted with a maximum
error of 6 percent.

Langley Memorlal Aeronautical Laboratory
National Advisory Committee for Aeronsutics
Langley Field, Va.
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17 NACA ARR No. L5J02a
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() Nominal dimensions of uprights.

Figure I.-Dimensions of test beams and uprights.
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Figure 4.-

A typical

test beam after failure.
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Fig. 6 NACA ARR No. L5J0O2a
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Figure 6- Stresses in the webs of fest beams.
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