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oN SHEAR—RESISTANT PIATE-GIRDER WEBS e

. By R, L., Moore

© SUMMARY ~ o e

m el i e

The results of 60 different tests on 2 aluminum B
alloy 175-T plate girders are presented %o show the in— ST T
fluence of size and spacing of stiffeners upon the buck— DR
ling characteristics of shear-resistant webs within the T
elastfc range., It is demonstrated that stiffeners in-— LTI
crease the stability of a wed by retarding the formgtion T
of buckles and by providing partial edge restraint to the _
subdivided panels, An empirical method of proportioning CoT
stiffeners is proposed which recognizes both of these ) '
stiffener funetions, and comparisons are made with design
procedures based upon theoretical considerations of the
buckling problem, &4lso, some experimental data are pro-
vided to show the effect of stiffener size and spacing

upon ultimate web strengths. . o e

INTRODUGTION = . S

Although stiffeners have been used. for many years to
prevent shear buckling in plate girders of structural
steel, apparently little progréss has been mads in plac~
ing. the design of stiffeners for this class of structure CoTT T
upon a rational basis, The specifications for ' steel rail-—
way bridges adopted by the American Railway Engineering
Agssociation in 1910 reguired that the width of outstand-
ing. leg on intermediate stiffeners should be not less than
one—thirtieth of the depth of the girder "plus 2 inches,
and this same ‘requirement 1s incorparated in the 193§ ~~ =~ T
specifications. In plate girders with a uniform’ ‘depth, B
no provision is made for varying the size of stiffener ' T
as stiffener spacings. are varied; this procedure is ob* i
viously essential for ‘s balanced desgign, h o

The increasing emphasis being placed upon the use of | ngi.if
more accurate methods in the design of Ilight-welight ~~ ~ =~~~
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structures, particularly those for alrcraft, requires some
consideration of the stifflener problem. In reference 1
(p., 418) Timoshenko gives some data pertaining to the
flexural rigidity of stiffeners required to stiffen panels
of different proportions. (See also reference 2.) Altnough
theoretically the stiffener size increases with the number
of stiffeners used on any given wveb,;, only cases involving
one and two stiffeners have been considered. In the ap-—
plication of these results to practical design, Timoshenko
assumes a required stiffness no more than double that in-
dicated by the theory for one stiffener.

The empirical formula for stiffener size given in
reference 3 is based upon a proposal by E. Chwalla found
in reference 4. (See also reference 5.) This solution
appears to be somewhat more sulted for design than the
analysis of Timoshenko beceause 1t covers any number of
stiffeners,

The value of any solution on the bagis of design de—
pends upon how . closely it .predicts actual behavior., Any
attempt to correlate tests results and the theory for
shear buckling in stiffened plate=girder webs, of course,
involves a number of complicating factors. DProbadbly of
foremost importance is the fact that definite critical
buckling loads usually cannot be experimentally deter—
mined, either for the individual web panels between stif-
feners or for the stiffened panels as a whole, Because
of eccentricities of Iocading, lateral deflections may oc-—
cur in both stiffeners and web from the early stages of
a test and no point that might be called ecritical, or
might serve as a basils for Jjudging the effectiveness of
8 given stiffener, will be observed, Complete failure of
a web as a shear—resistmut member usually caannot occur—
because of the redistribution of stress that accompanies
large deflections; hence the significance of a criticel
buckling load .in ghear, even if it could be definitely
determined, is somewhat guestionable,

The objects of this investigation vere: . (1) to de—
termine experimentally the influence of size and spacing
of stiffeners upon the buckling characteristics of shear-
resistant plate—~girder. . webs within the elastic range;

(2) to evaluate, as far as possible from the test results,
" certain methods of stiffener design that have been pro—
posed; and (3) to obtain some information .om the influence
of stiffener sige and spacing upon ultimate wed strengths.
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DESCRIPTIONS OF SPECIMENS - - .-

All the stiffener tests were made on two plate gird-
ers, deslignated speclmens A and B, which were fabricated
from 175-T aluminum—alloy plates, angles, and rivets.
Figures 1 and 2 show the sfructural details of the two
girders and give the prineipal stress and deflection fac—
tors’ for the type of loading used.

Table I summarizes the results of mechanical pr op—’
erty tests on the plate and angle materials., The tension
tests were -made according to the method of reference 63
the compression tests were made by the single—thickness
method described in reference 7, All strength values are
considerably above the guaranteed minimums (see reference
8) for 175-T, although they are not outside the range of
properties’ frequently obtained on sheet and extruded forms
of thie alloy. From the values of yield strength obtained
for the webs in both tengidon and.compression, the yield
strength in shear, which is of particuiar interest for the
purpose of these tests, was estimated to be in the vicin—
ity of 24 000 pounds per square inch.

Although the choice of web proportions was quite
arbitrary, an attempt. was made to provide specimens in
which different stiffener spacings would give a wide range
of buckling resistances within the elastic strength of the
web material. The flanges were propor tioned to provide

comparativeIJ low ratios of maximum bending to 'shear stress

in order to minimize the effect of bending upon the 'buck-—
ling of the webs. This feature of the design ies empha—
sized by the fact that the ratiocs of shear to bending de—
flection at the center oF the spens under centrgl concen—
trated loads were computed to be approximately 2:1 for
both girders. ’

Figure 3 shows the different stiffener spacings in—
vestigated and gives ‘the theoretical buckling loads and
corresponding average shear stresses for the subdivided
panels, assuming simply supported edges. (See reference,
"9, p. 60,) Panel widths were assumed to be equal to the
distances center to center of intermediate stiffenere.

Eight different sizes of intermediaste stiffener an-—
gles of 175-T, ranging from 1/2 by 1/2 by 1/16 inch to

l§ by’ lL inches by 1/4 inch, were provided although all
sizes were not used for each spacing indicated in figure
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3. Figure 4 shows the details of these stiffener connec—
tions,.

.PROCEDURE

Figure 5 shows a typical test set—up in the 300,000-
pound—capacity Amsler testing machine. Central concen-—
trated loads were applied on both girders, the end reac-—
tions being carried through alumlnum—alloy plate and shelf-
angle supports bolted t6 the end stiffeners. Roller-—
bearing supports were used as indicated to permit free
movement at the ends of the span, resulting from 1enfthen—
ing of the bottom or tensilon flanges.

Measurements of lateral deflection, which were used
to indicate the buckling characteristics of the webs &nd
the stiffeners, were made by means of the apparatus shown
in figure 6. The use of a dlal indicator, graduated in
thousandths of an inch, between the webs of tThe girders
and o reference bar held against the top and bottom flanges
made possible the rapld determination of deflections within
0.001 or 0.002 inch, Readings were taken at seven differ—
ent stations over the clear depth of each web on sections
gepaced 2 to 4 inches alonrg the length of the girders.

In order to determine .experimentally the effect of a
nunber of different sizes and spacings of stiffeners upon
"the behavior of a single web, it was necessary to produce
fairly definite buckle patterns for each case without
exceeding the elastic strength of the material, For cases
involving relatively few stiffeners this requirement was
sasily met although, as the number of stiffeners increased,
1t became increasingly difficult to obtain the desired
buckle patterns without producing permanent sets. The
theoretical buckling loads for an assumed condition of
simply supported edges (see fig, 3) were used as a gulde
In the selection of safe loads, although in no cases were
the average shear gtresses a2llowed to exceed 20,000
pounds per square inch, or a value slightly below the
" ghear yield strength estimated for. the wed material. used.
Loads were applied in imcrements up to the maximum value
selected for each case. after which permanent—set measure-—
ments were made.

Figure 3 indicates the order in which the different
gstiffener gpaclngs wers investigated on each girder The
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first tests were made on the lgrgest two panels without
stiffeners, labeled"First Fest; later tests involved 1,
2, 3, 5, or 7 stiffeners, labeled!§eries I, Series I1,~
and so forth, Table II indicates the sizes of stiffeners
included in each series. The smallest stiffeners for
each spacing were selected as far as possible from theo—
retical requirements (reference 1, p. 418), while the
largest sizes had a stiffness-many times the theoretical
values. The order of tests was generally according to
stiffener size, starting first with the smallest single
angle to be investigated for a given case and proceeding
through a series of 4 to 10 different .teste to a pair:of
the larger angles. The teste for any particular spacing
were stopped when a pair of stiffeners was obtained -that
showed relatively little lateral deflection as compared
with the deflection found for the web panels, provided
such a condition could be obtained with the stiffeners
available and without exceeding the imposed limit of
20,000 pounds per square inch for average shear stress.

‘Lateral—deflection measurements in each test were
limited to the half of the span where the stiffener
sizes were varied (series I, II, III, etc.), which, as is
indicated in figure 3, alternated from side to side with
each change of stiffener spacing. The sizes and spacings
of stiffeners used on the opposite half of the girders
for each series (fig. 3) generally produced = more stable
wed condition than that to be investigated; hence deflec—
tion readings throughout the length of the span in each
test were not deemed necessary. .

The method used in determining the flexural rigidity
of single—angle stiffeners differs from the methods that
have been proposed by other investigators, Instead of
using the moment of inertia for anh angle alone, about the
face of the web to which it was attached, an effective
width of web equal to 25 percent of the clear depth was
assumed %o act with each stiffener. The Jjustification
for such a procedure regarding effecfive widths is based
upon observations made in a previous investigation. (See
reference 10.)" The use of an axis in the face of the web,
which recognizes the stiffening influence of the web,
seems somewhat inconsistent in that it implies a different
effective width for each size of stiffener. For a 1/2—
by 1/2— by 1/16-inch angle on'a 1/8~inch web; for example,
an. effective width of web of 1 inch is sufficiént to shift
the neutral axis for the combined section to the face of
the .web. For a 3/4~ vy 3/4— by 3/16-inch angle, however,
approximately 8 inches of effective width are required for
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a correspoﬁiing change in the position of the neutral axis.

Table ITI shows a comparison of moments of inertis
for all sizes of angle determined by the two methods. TFor
the small single amgles the values obtained when an effec—
tive wilidth equal to 25 percent of the depth was assumed
were larger than those computed for the angles alone ebout
an axis in the face of the web; for the larger angles thie
relative position was reversed. Although the differences
between moments of inertis computed by the two methods are
in most cases not slgnificant, the effective—width method
seemg to provide a more logical basis for the interpreta=
tion of test results. IEffective widths of web were ne-—
glected in computing moments of inertia for the double—
angle stiffeners, where the neutrsl axisg from symmetry was
in the middle plane of the web.

At the conclusion of the tests %0 determine the ef—
fectiveness of different sizes and spacings of stiffeners
within the elastic range, both girders were ftested to
failure. (Figs. 9 and 10, to be discussed later, show the
condltions investigated.) In these final loadings, the
lateral—deflection messurements were supplemented by 2—
inch Berry strain—gage readings on the flanges and. stiff—
eners., (Figs. 24 to 29 show the location of the gage
lines used.) Vertical deflections at the center of the
gspans were also determined, using mirrored scales attached
to the webs, midway between flanges, and fine wires
stretched between the ends of the spans.

DISCUSSION OF RESULTS

Analysis of Lateral Deflections

An analysie of the dbuckling phenomena ohserved in
this investigation involves & study of load-lateral de—
flection data obtained from 60 different tests. Although
no attempt has been made to show the results ofall meas—
urementsg, figures 7 to 10 show typical 1sazd-deflection
relations and buckle patterns for different wizes and
combinations of gtiffeners.

Figures 1) to 18 show avarage load—lateral defTec—
tion curves for the web panels and stiffeners in all
tests. The web .deflections .are the average of the maxi-—
mum measured values found midway between stiffeners,
which were also the maximum .values for each panel in most
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cases. The stiffener deflections are the average of the,
maximum values measured for each stiffener., Although
considersble variation was found in some cases between

the deflections of supposedly like panels and stiffeners,
average rather than individual maximum values were believed
to provide the most satisfactory basis for a general Iin—
terpretation of the test results, The influence of dif-
ferent amounts of bending upon the shear—buckling tenden—
cies of a seriss of like panels was apparently negligible.
Table II, which gives a summary of al11l but the ultimate
load tests, indicates the maximum range of webd and stiff—
ener deflections observed.

From the nature of the load—deflection curves shown
in figures 11 to 18, it seems quite evident that a definite
value cannot be experimentally determined for the flexural
rigidity of stifféners required to stiffen panels of given
proportions, such as might be obtained by appllcation of
the buckling theory. The first difficulty encountered is
in the determination of eritical loads or the relative
buckling resistances for the different sizes of panel from
which some measure of stiffemner effectiveness might be ob—
tained. Although most of the curves in figures 11, 14,

15, and 16 show a fairly pronounced knee, which is believed
to be indicatlive of some buckling phenomena, a quantitative
comparison of these results is obviously difficult In
curves of the type shown in figures 12, 13, 17, and 18 the
change in the rate of deflection is go gradual that bueck-—
ling apparently was not involved. An analysis of these
average load-deflection data by the Southwell method (ref-—
erence 1, p. 1l77) failed, moreover, to provide a generally
satisgfactory basis for the selectlon of critical bduckling
loads. - ) ’

In spite of the questionable status of the bucklling
involved in these tests, the results indieated failrly con-
sistently that the average lateral deflections.of the webd
panels decreased with increasing sizes of stiffener.
Where-such a behavior was observed, it seems reasonable
to assume that the buckling resistance of the web panels
This increase may be attributed both to the effect of edge
restraint along the boundaries of the panels and to tThe
increased effectiveness of the larger st¥iffeners in con-
fining buckling to the web. The" buckling theory previously
referred to assumes that the stiffeners need support fhe
subdivided web panels only until the eritical load for a
condition of simply supported edges is developed, after
which general buckling may occur. 'It sppears from these
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tests that, although a given size of stiffener may appar- -
ently meet this requireément, a larger size may result in
a greater buckling resistumee In the webd.

From the load—deflection curves for the largest pan—
els tésted without stiffeners, there seems little question
that the actual buckling loads were considerably above the
theoretical values for a condition of simply supported
edges. The curves shown in figure 7 for specimen A are
believed to be as satisfactory for determining experimen—
tal buckling loads as any obtained and indicate a criti-—
cal value in the vicianity of 40,000 pounds, JFrom the
ratio of the theoretical buckling values for this size of
panel for fixed and simply supported edges (see reference
11), & load of 40,000 pounds corresponds to an edge fixity
of about 70 percent. The estimated buckling load of 20,000
pounds for the unstiffened 24— by 48-~inch wedb panel of
specimen B corresponds to & fixity of almost 84 percent,
The difference in apparent edge restyaint for the two
specimens is of the order expected in view of the fact
that different sizes. of flange angle weré used on webs of
the same thickness,

Although no attempt was made to estimate duckling ’
locads for the.tests involving intermediate stiffeners, it
seems reasonable to assume that edge restraint also had e .
slgnificant bearing upon the deflections observed for
these cases. In order to permit some egtimate of this

effect, theorefica%_buckling loads for a condition of
simply supported-edges are indicated on-the load—deflec—
tion curves in figures? to 10 gnd in figures 11 to 18,

In a2 few tests involving a ¢lose spacing of stiff—
eners, loads were applied which produced accidental per-—
manent set® sufficient to influence the buckling -charac—
teristics of the webs and stiffeners in all subsequent
loadings, In the case of specimen & shown in figure 12,
for exgmple, the first test was made on an intermedilate
gsize of stiffener (test 3). Both larger and smaller sizes
were left te be investigated later, Although the loads
applied in this first test did not involve an average
shear stress greater than 17,500 pounds per sguare inch,
the permanent sets measured in $the wedb ware larger than
the values found in any previous case. As a result, the .
load—deflection relations observed for both web and stiff=
eners in a2ll subsegnent tests indicated the effect of
some eccentricity of loading. v

Table Il gives & summary of the maximum permanent
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sets measured for the webs and stiffeners in 411 tests.

In most cases these values do nét appear.large enough to
indicate dany significant departure from the range of elas—
tic action, Permanent sets of 0.015 inceh or grester were
found in the web in only thres tests and these involved
average shear stresses ranging from 17,300 to 18,700
pounds per square inch, which were undoubtedly above the
elastic range of the web material.

Figures 19 and 20 show the results of an attempt to
reduce all tests to a basis of comparison where some ap-—
praizal of the effect of size and spacing of gtiffeners
and the effect of edge restraint might be made. Since
definite values of buckling load could not be experimen—
tally determined, test loads corresponding %o certain
arbitrary values of lateral deflection were selected from
figures 11 to 18 %o indicate relative buckling resistances.
Loads corresponding to average maximum deflections of
0.080 inch in the web and 0.020 inch in the stiffeners
were selected for comparison with the theoretical buck-
ling loads for the webd panels assuming simply supported.
edges. These load ratios are plotted as ordinates in the
figures. I% appears significant that, for some cases &t
least, a lateral deflection of 0.060 inch in the web was
w1thin the range of deflections where buckling occurred,
according to analyses of the load—deflection data made by
the Southwell method. Such an arbitrary value of deflec~
tion does not, of course, imply the same degree of buck-—
ling for all the different sizes of panels investigated,
which is admittedly an objectionable feature of the method
of comparison used. Eccentricities of loading that nay
have had a negligible effect in panels having a low buck—
ling resistance may have accounted for the entireldeflec—
tion of 0.060 inch, where high buckling resistances were
involved, &n average deflection of 0.020 inch was used
for the stiffeners, both because it was smell and because
it was one velue within the range of values measured for
most of the siges investigated.

The abscéissas in figures 19 and 20 are ratios of the
flexural rigidity (EI) of one stiffener to that for a wed
panel between stiffeners, defined here as the ratio X,
The moments of inertis used for the stiffeners in comput—
ing these ratios are shown on the load—deflection curves
in figures 11 to0 18. 4As previously indicated, the valueés
for the single—angle stiffeners include an effective width
of web equal to 25 percent of the clear depth. Although
the deflections of the stiffenérs appear reasonably con—
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gsistent in moet cases with the moments of inertia computed,
the relative positions of the load—deflection curves cen
hardly be used to demonstrate the correctness of the effec—
tive—~width method over that in which the moments of- inertis
for single gngleé.are computed about the face of the web imn
contact with the stiffeners., -The moments of inertia of the
web panels beptween siiffeners were computed from the rela-—
tion:

I = 2o

12 v
where
‘I moment of inertia, inch; . .
b stilffener spacing, inch
t web thickness, inch

Several observations may be made from figure 19, show—
ing the influende of stiffener size upon web deflections,
which appear eignificant from thé standpoint of design.
The ratios of the test loads corresponding to an everage
lateral deflection of 0.060 ineh in the web panels .to the
theoretical buekling values for the case of simply sup—
ported edges are shown to increase with inc*easing sige
of stiffener for any given proportions of pan¥l. Such a
result not only indicates the extemt to which stiffener
size may influence the buckling resistance of the webs
but also suggeste that in no instance were the tests car-—
ried far enocugh to obtain the maximum possible wed effi-
ciencies, For values of A greater than those shown, the
load ratio should presumadbly approach a constant value,

48 the proportions of the panels were changed, however,
‘apd a closer apacing of stiffeners used, the ratios of the
testnato the theoretical buckling loads decreased.' For
example, the values obtained for specimen B having only
one stiffener (b/d = 1) correspond:to an edge conditlon
ranging from 30 to.almost 100 percent fixed, The ratio of
_buckling loads for fixed edges to simply supported edges
is assumed equal to 1,68 for all sizes of panél, which is
the. theoretical ratio for infinitely long plates, (See
reference 1, p. 362, and reference 11,) For the case of
seven stiffenera (b/d = 1/4), the ratios correspond to
test loads less than the theoretigal values for panels
with simply supported edges. 'In other words, the effec~
tiveness of the stiffeners, as measured by a constant
value of web ‘deflection, decreased as the stresses corre-



TECHNICAL LIBRARY

NiCA Technical Note No. 862 ' 11

sponding to the computed buckling loads increased. The
relative position of the load—stiffness ratio disgrams
for specimens & and B, for cases involving the same pro—
portions of panel with one or two stiffeners, corresponds
to the p051t10n that would be expected from the different
degrees of edge fixity indicated in the tests of the un—
stiffened panels.

The curves in figure 20, showing the influence of
stiffener size upon stiffener deflection, indicate about
the same relative behavior for panels of different pro-
vorticons ae shown in figure 19. The shape of the curves
is fundamentally different, however, in that the load
ratios approcach an infinite rather than a constant valus
as the size of gtiffener is increased. Stiffener deflec—
tions may avpproach zero) whereas deflections for the webd
cannot be reduced below the deflections accompanylng buck-
ling for "edges completely flxed ' '

Proposed Basis for Stiffener Design

In theg selection of stiffener sizes suitable for de—
sign from the results of these tests, an attempt was made
Yo recognize as far as possible the principal character—
igtics of behavior noted in the foregoing figures. The
degree of edge fixity obtained for any case is, of course,
not known, and wvarious interpretatione may be placed upon
the significance of the Zopad—deflection curves shown in
figures 11 to 18 with respect to this factor., For the
tests in which a fairly definite buckling action was ap-—
parent within the elastic range, it is believed that an
assunption of 50—percent edge fixity, which involves loads
approximately 34 percent greater than the theoretical
buckling values for panele with simply supported é&ges,
may well be made as a basis for selecting relative pro—-
portions of webs and stiffeners. For the tests in which
web buckling was not so evident, an avefage shear sitress
of 16,000 pounds per square inch appeared to mark the
approximate limit of elastic action, and leads correspond—
ing to this stress were assumed to be equally significant
from the standpoint of stiffener design. Figures 11 %o 18
show the position of the lower or critical value of these
two arbitrary design—load limits with respect to the aver—
age web and stiffener deflections measured for each size
of panel. :

Some arbitrary limite on stiffener deflections wers
also necessary because none of the stiffeners investigated
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remained straight under the design Ioads selected, sand
gtiffener effectiveness could bve determined only on a
relative basis. It is believed that a stiffenser which
shows essentiglly the same load-~deflection characteris—
tices as the web that it supports (and there are numerous
such cases indicated in figs. 11 to 18) is not adequate,
regardless of the lomding for whiceh buckling may seem to
oceur. Two arbitrary deflection requirements were there-—
fore imposed: (1) that the stiffener deflection not ex-
ceed 0.020 inch for the design loading assumed, and (2)
that the stiffener deflection not exceed 25 percent of
the smallest average webd deflection observed for this
loading. .

The moments of inertia required of stiffeners to
meet the foregoing conditions may be estimated from the
values of moment of inertia indicated on the load—
deflection curves in figures 11 to 18. ZFor each propor-
tion of psanel investigated, one value for stiffener mo-—
ment of inertis was obtained. WAlthough the buckling
theory indicates that the number of stiffeners used in
providing panels of gilven proportions has a significant
bearing upon the flexural rigildity required for each
stiffener, the limited scope of these tests d1d not make
possible a coneideration of this factor., In order to
make the results obtmined generally applicable to design,
ratios of the flexural rigidity of each selected stiffener
to the flexural rigidity for the corresponding web panels
were determined and plotted against proportions of panel,
as shown 1in fligure 21, The relationship obtained may be
expressed approximatelv a8}

1 4 . -

(@)

A ratio of flexural rigidity of one stiffener_to flexrual
rigidity of wed panel between adjacent stiffeners

A o=

pdd

where

4 clear depth of web, inch

Figures 11 to 18 show estimated load-lateral deflec—
tion curves for stiffeners proportioned by .means of the
foregoing empirical formula. The relative position of
these curves with respect to those determined from the
tests is, of course, only approximate, since the measured
deflections themselves were not always consiatent with the
moments of inertia involved.
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- Pigures 19 and_zo_pfovide a basis for evaluating the
proposed design formula in terms of observed lateral de—
flections and - -theoretical buckling loads for the web ban—
els. The stiffener sizes camputed for every case investi-
gated were sufficient to develop loads from 1 to 1% times

the theoretical values for a condition of simply supported
edges without exceeding an average wedb deflection of 0.060
inch, or a value Iess than ohe-half the wedb thickness.
These load ratios correspond to edge~fixity factors rang-
ing from zero for the closest stiffener spacing {(v/da = 1/4)
to 73 percent for the widest stiffener spacing (b/d = 1).

Comparison of Stiffener Deslgn Methods

For purposes of comparison, the moments of lnertia of
gstiffeners computed by the other two methods previously
referred to are also included in figures 11l to 18. In fthe
first method the moments of inertia were determined from
reference 3, where - - - . - .-

3
1 = 0.1+ 0.02M)%%d (g2 , ¢, 525)

B4 G

but not to exceed
. .
9.8 t"d(g2 4 0.625)
p* '

where
¥ number of stiffeners
d over—all depth of web, inch : - -

B ratio of stiffener spacing to dver—all depth of. web
(Use B = 0.4 for all ratios less than 0.4.)

In the second method the moments of inertia were de-—
termined from the theoretical treatment of the stiffener
problem given in reference 1 (p. 418), where ratios of
flexural rigidity A, as previously defined, are given
for cases of one or two stiffeners on panels of different
proportions. The moments of inertia selected for design
on the basis of the tests were -in most cases considerabdly
greater than those obtaihed by either of the other two
methods. Yo attempt was made to apply the theory to cases
involving more than two stiffeners.
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In the comparison of these different methods of com—
puting moments of inertia for stiffeners, it should de
pointed out that the empirical formula proposed from the
tests and the théoretical solution given by Timoshenko in
reference 1 involve ratios of stiffener spacing t¢ clesar
depth of web; whereas the formulsg given in reference 3
involves ratios .of stiffener spacing to over—all depth.
The significance .of the over—all depth dimension from the
standpoint of .web buckling is not obvious unless a con—
gtant ratio of_clear to over—all depth is assumed. It
appears that the design of the flange -for a particular
girder might be varied in syuch a manner as to influence
the buckling resistance of the wed apprecigbly without
changling the over—all depth and hence the sige of stiff=
ener required to prevent such buckling.

Another feature of the formuls given in reference 3
to which attention is called 1s the indication of con~
stoant size of stiffener for caees involving five or more
stiffeners, where the ratio of stiffener spacing to over—
all depth is 0.4 or less. TUnfortunately, the deflections
shown in figures 17 and 18 for tests that reet these con-—
ditions do not permit any conclusion regarding this limit
on maximum stiffener gize. From the standpoint of elastic
stability, however, it would seem that far a given depth
and thickness of web the size of gtiffener should always
increass as the stiffener'spacing'decreases; otherwise
the resistance to general buckling would fall below the
resistance for the subdivided pansels.

Table IV presents g further comparison of these
stiffener design methods applied to a plate girder having
proportions far outside .the range ilnvestigated. The ex—
ample of plate—girder design in table IV is taken fromnm
reference 5. fAs.in most of the cases previously consid-
ered, the flexural rigiditiles required by the empirical
method proposed are the highest. The maximum sizes pro-—
posed. for the double—angle stiffeners, however, are no
larger than those reguired by current specifications for
designs in steel, (See reference 12.) It will be noted
that the same size of stiffener is required by the
Moisseiff—-Lienhard method of reference 3 for two of the
three stiffener spacings considered; whereas the method
proposed provides a different.size for each spacing,
which seems t0 be g more logical procedure, For the
cases shown, it appears that the method used in computing
moments of inertia for the single bulb—angle stiffeners,
whether based upon the assumption of a definite effective
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width of web (I4.4) or upon the assumption that b@nding

in the stiffener is produced about a&n axis in the face of
the web .(Iz_z), may. not be important as far as the actual

size of the angle used is concerned. It should be recog—
.nized, however, that for certain préportions of webd and
gstiffener, moments of inertia computed about the face of
-the wed in contact with the stiffener (13_3) may be higher

than those obtainable from any reasonable assumption re—

" garding effective widths. In the case of the 63— by 3~ by
3/8—inch and 6— by 3— by 5/16 inch bHuld angles given in the
table, for example, the values of Iz_z correspond to effec—

tive widths over twice the stiffener spacing or the maximum
width available for each stiffener. One of the most -sig—
nificant observations to be made from the stiffener ele-—
mentes given in the %able is that the single bulb—angle
gtiffeners are much more effective, from the standpoint of
weight—-stiffness ratios, than the .conventional double-—
angle type of stiffener.

Ultimate—Load Tests

Although gstiffeners proportloned by the method pro-
posed are seemlngly adequate for shear stresses within the
elastic . range, their ultimate resistance to buckling is
also important from consideration of design. Ultimate-—
load tests on the two girders used throughout the.investi-
gation have provided an opportunity teo obtain a few data
on this aspect of the stiffener problem. Figures 9 and 10
show the sizes and the spacings of stiffeners used in the
ultimate—load tests. The flexural riglidity of the stiff-—
eners on the left half, where the closest spacings were
used, was chosen to-agree approximately with the require-—
ments of the proposed design formula. The same sizes were
dlso used for the wider spacings oh the right half to pro—
vide an extra margin of stiffener rigidity (46 percent
for specimen & and 86 percent for specimen B) to offset
in some measure the differences.in buckling resistance
for the two sizes of web panel.

Table V gives the results of the ultimate—~load tests
with the corresponding computed average shear and maximunm
tending stresses. The shear gtresses developed in the
webs of both girders were in the vicinity of the shear
yield strength estimated for the web material, which is
generally assumed to be the design l1imit for shear-—
resistant web action. The gstrengths, obtained in these’
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tests, therefore, were as high as could be reasonadbly ex—
pected. ' :

Besentislly the same type of failure was cbtalned in
both girders. The severe buckling action produced on the
weak half of the webs eventually broke the machine—soreéew
connections holding the stiffeners, so that collapse and
fracture of the webs immediately followed, The stifferaers
on.specimen A were badly bent before failure of the con-
nections, but those on specimen B apparehtly were undam—
aged except for a somewhat battered condition at the ends
‘where they were pinched between the flange angles. Fig—
ures 22 and 23 show the nature of the failures obtalned.
In specimen A, the wide diagonal—tension fracture pro—
duced in the webd passed through one of the holes for the
stiffener donnections, which presumadbly constituted a
"stress raiser.” In specimen B, the concentration of
tensile stress at the upper corner fractured the web and
sheared the end-flange rivet.

Failure in the stiffener connections was not expect—
ed in these tests, although the weakness o7 such details
must be recognized as = poesibility in design. From the
large distortions vproduced in the stiffeners on the right
kalf of specimen A before fallure occurred, 1t appears
that about the maximum possible degree of effectiveness
was obtained from these stiffeners, and there is 1llttle
reason to question the adeguacy of the connections, The
connections used for the stiffeners on specimen B are’
admittedly smaller than would have been used if this de—
tail had not been carried over from previous teésts in—
‘volving smaller angles, The use of stronger connections
undoubtedly would have increased the load—carrying capat-
ity of the -web; although the method to be used in désign-
" ing such details, other than maintaining reasonsble pro-—
portions, 1s not apparent. Even though the connections
used on specimen B were not adequate to develop the full
flexural rigidity of the stiffeners, thelr 'shortcomings
in this particular test are not considered - serious
in view of the high average shear stress developed.

The lateral deflections shown in figures 9 and 10
and the condition of the girders afiter failure shown in
figures 5 and 22 indicate that the stiffenérs used on °
the left half of both girders were adequate to develop:
the full strength of the webs as shear—-resistant members.
It 1isg obviously not possible %o €ay what margin of
strength these stiffeners mdy have ha&—zgainst ultimate
collapse as tension—field actlon bedsmé more pronounced.
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The fact that stresses in the vicinity of the shear yield
strength of the materisl were developed, however, without
" any signs of stiffener weakness appears to be a signifi-
cant observation from the standpeint of design. For loads
within a few percent of the maximum applied, none of the
stiffener deflections on the Rleft half exceedsd 0.035
inch, The theoretical buckllng loads for the web panels
were also near the shear yield strength; apprecisble Wwebd
deflections were therefore not produced until stresses in
excess of about 20,000 pounde per square Apch stress wWere
imposed. '

"The lateral deflections produced on the right half
of the girders, where web failures ultimately occurred,
were of much greater magnitude than those found on the
left half, The buckle patterns shown in figures 9 and
10 for loads near the ultimate load indicatezxtwo gquite
different types of action, In specimen A the wave forma-—
tion was continuous amcross the stiffeners and this pat-
tern, as shown in figure 22, was not changed sppreciably
by failure involving some degree of tension—field action.
In specimen B the stiffeners were sufficiently rigid to
confine buckling almost entirely to the web panels and
three or more half—-waves were procduced in each, 4&s soon
ags the stiffeners were broken off, howsver, a typical
tension—fleld buckle pattern was nroduced as shown in
figure 23. : - o -

In view of the fact that the stiffeners used on the
right half of both girders had flexural rigidities some—
what gregter than the rigidity required by the proposed
formula, it is only possidble to estimate the adequacy of
the formuls for these particular cases. There is. appar—
ently little question concerning the stiffeners on spec—
imen B because only small lateral deflectiens were =
observed and a maximum shear siress wad developed which
was greater than the yield strength of the material and
~ approximately 90 percent greater than the theoretical
buckling stress for the web panels, & decrease of 54
percent in the flexural rigidity of the stiffeners, in
accordance with the proposed method, would not, it:is
believed, seriously impair the strength of the web

In specimen A large stiffener deflections were not
observed until loads corresponding to an average shear
stress of about 20,000 pounds per sgquare inch were im-—
posed. Under such conditions, plastic yielding of the
web would be expected and the accampanying less in -buck-

ling resistance should result in some deflectien of the
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stiffeners. The margin of strength agesinst fallure was
obviously not so .great as in the case of specimen B,

but the fact that an average shear stress in the vicinity
of the shear yield strength of the material and about 40
percent greater than the theoretical buckling stress for
the penels was developed seems indicative of fairly well-
balanced proportions for shear—rfesistant wedb action.
Accordingly, as far as the results of these few ultimate—
strength tests are concerned, there appears to be no
reason tc question seriously the adequacy of the proposed
stiffener formula for purposes of design.

In addition tov the lateral deflections already dis~
cussed, figures 9 and 10 show the results of vertical-—
deflection measuremente made at the center of the spans
in the ultimate-load tests. Unfortunately, the elastic
gtrength of the girders cannot be estimated from these
data beceuse small amounts of overstraln were produced
unintentionally in some of the earlisr tests, It is of
interest to note, however, the close agreement obtained
between measured and computed deflections within the
elastic range indicated, In each case approximately two—
thirds of--the deflection was comnuted to be .the result
of shearing deformations, the remaining one—-third was
computed to be the result of flexure, Such girder pro-
portions are not generally encountered in design, but
apparently they present no difficulty as far as the esti-
mation of probable deflections is councerned,

Figures 24 and 25 show the results ofstrese measure-—
ments on a number of the intermediste striffeners of both
girders. Although there 1s ample evidence of bending in
the stiffenere, which deflected appreciadly with the
webs, no data were obtained to show that the stiffeners
carried part of the shear by column acticn, as is the case
for stiffeners on webs of the tension-field tyve. This
observation is of interest in view of the reguirement
given in reference 5 (art. 228) that vertical stiffeners
be designed as columns to regist & portion of the shear
load, the smount depending upon the ratio of stiffener
spacing to deoth of web. 4According to the method of com—
putation outlined in this specification, the intermediats
stiffeners on the weaker half of specimen &, under a load
of 80,000 pounds, should have been subjected to an average
compressive stress of approximately 31,000 pounds ver
gsquare inch. From the measurements shown in figure 24,
such a stress condition wase not produced. By the sanme
requirement, the intermediate stiffeners on specimen B
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under a load of 160,000 pounds should have been subjected
to an average compression of 15,000 pounds per square
ineh, which is also not supported by the stress measure—~
ments given.

The design of load-bearing stiffeners on the assump—

tion of column action is perhaps a more logical procedure;
although,as far as the results of these test are concerned,
such a method appears quite consefvative. Figures 26 and
27 show that the average measured stresses in the stiff-
eners near the top flange accounted for only about two-—
thirds of the applied load, while the stresses measured
at the middle accounted for about onre—third of the total,
The ends of the load—bearing stiffeners omn both girders
were machined to fit closely betwsen the fillets of the
top and bottom flange angles. It should also be noted
that the top of the web was flush with the face of the
compression flange. This condition caused the web to be
loaded directly in bearing on its extreme fibers rather
than through the compression—flange rivets, as is usually
the case. ' L

The results of siress measurements on the top and
bottom flanges of both girders are shown in figures 28
and 29, A& very satisfactory agreement between average
measured zand computed bending stresses was obtained for
the compression flange of specimen &, but in all other
cases the measured values were considerably grester than
those computed. Although it is not possidble to account
definitely for the discrepancies shown, the effect of
gage length with respect to0 rivet spacing, the unequal
distribution of load between the flange rivets, the ef—
fect of stress concentrations, and the lack of intégTal
action are all possible contributing factors. Moments of
inertia based upon net sections rather than gross sections
would_have provided a better agreement between measured
and computed stresses in some cages, but there appears
to be no logiecal reason for the use of net sections when
an attempt is made to compute average stresses over gage
lengths equal to the distance between rivet holes, From
the good agreement between measured gnd computed vertical
- deflections previously shown in figures @ and 10, it ap-
vears that these Irregularities in measured -stress were
not reflected in the over—sll behavior of the girders,

Table V gives the computed bending stresses corre-
sponding to-the maximum loads carried by both girders.
It should be recognized that, since no evidence of flange
fallure other than plastic ylelding was obtained, the
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values of stress given do not represent ultimate strengths,
It may be pointed out, however, that the maximum stress
computed for specimen B corresponds very clossely -to the
theoretical buckling value, assuming that one edge o¢f the
flange is to be built in and the other edge is to be free.
(See reference 9, tables 11 and 12.) The maximum computod
stress for svecimen A is about 20 percent less than the
theorsetical buckling value for the same edge conditions,
an indication that e considerably higher value of flange
stress might have been developed if failure in the wed had
not occurred.

The average bearing stresseg on the flange rivets
corresponding to the maximum applied loads were computed
to be approximately 67,000 pounds per square inch in
gspecimen A& and 72,000 pounds per sguare inch in specimen
B. After the ultimate—load tests had been completed, a
portion of the top and bottom flange angles and the end
load—-bearing stiffeneres were removed from the less severe—
ly damaged end of each girder for ingpection of the rivet
holes in the webs. From the meagsurements of hole distor-—
tion it appears that, even for the sides where the webs
were still intact, the distribution of load between rivets
ultimately obtained was not uniform. The largest changes
in hole diameter, about 10 percent for specimen B, were
in a direction consistent with the diagonal btension devel-
oped in the webs. The maximum changés in hole diameter
fvund in svecimen A, where a somewhat lower average shear
stress was developed, were only about 2 percent. An ex—
amination of the rivet holés in the webs on.the side where
failures occurred was not made because of the severe local
distortions produced and the uncertainty oconcerning the
magnitude of the bearing stresses involved.

CONCLUS IONS

The results of this investigation are believed to
Justify the follewing conclusions:

1, Definite values for the flexural rigidity of stiff-
eners required to stiffen panels of given proportions,
such as have been obtained by application of the buckling
theory, apparently cannot be experimentally determined.
Measurements of lateral deflection, as made in these tests,
are useful in presenting a relative picture of web and
stiffener behavior, but they do not permit a quantitative
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determination of buckling resistance or stiffener effec—
tiveness. Perhaps the most significant observation made,
and the one that 1s also the most confueing from the
standpoint of analysis; is that the buckling resistance
of a web always may be increased by increasing the sige
of stiffener used until a condition of complete edge
fixity is obtained for the subdivided panela.

2. The relative lateral deflections observed for the
different giges and types of stiffeners, whether of
single— or double—angle type, were Feasonably congistent
with theé computed stiffener moments of inertia. Effec—
tive widths of wedb egqual to 25 percent of the clear depths
were assumeé for the single—angie §tiffeners, although
essentially the same results would have been obtained for
most of the sizes considered if moments of inertis had
been ccmputed about the face of the wed in contact with
the stiffeners. This pracedure is simpler from the stand-
point of deeign but implies an appreciably different ef—-
fective width of web for each size of angle, a condition
that is not believed to be consistent with actual behavior.
For large angles, momentsg of inertia computed about the
face of the web may correspond to effective widths far
greater than the stiffener spacing or the available web
for each stiffener.

3. A comparison of the flexural rigidities obtainable
from single— 3and double—angle stiffeners of similar pro—
portions indicates the single—angle stiffeners to be more
"effective from the standpoint of stiffness—weight ratios.

4, The selection of stiffener proportions on the
essumption that buckling will oceur in the wedb for the
load computed as critical for a condition of simply sup-—
ported edges, as is done in the case of the stiffener
_theory, does not avpear to be a conservative procedurs
as far as stiffener design is concerned in view of the
appreciable edge restraint indicated for the wed panels
in many of the tests.

5. The following empirical formula is proposed as a
tentative basis for the design of stiffeners on shear~
resistant webst . . -
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where

A ratio.of flexural rigidity of one stiffener to flexural
rigidity of web panel between adjacent stiffeners

v stiffener spacing, inch

]

d clear depth of web, inch

6. For most ocases, apparently, the formulg given in
conclusion 5 provides stiffeners having more flexural
rigidity than was indicated ae necessary by either of the
other two stiffener—design methods considered. Since
there is no accepted basis for the determination of the
requirements of an sdequate stiffener for purposes of de—
sign, it is obviously difficult to evaluate different de-—
slgn methods. OUn the basis o6f the deflections observed
in these tests, it hardly seemg likely that the stiffener
sizes proposed as adequate for the web panels investigated
will be generally classed as too large, The stiffeners
propoged are not, Iin general, so large as the stiffeners
that would be required by current specifications Tor de—
signg in structural steel,

7. As far as could be determined from ultimate~load
tests on only two girders, each involving one size of
stiffener on two different spacings, the proposed design
method provides ample margin of strength against ultimate
fallure in the stiffeners. 'In both girders, the average
shear stresses corresponding to the maximum applied loads
were in the vicinity of the shear yield strength estimated
for the web material. These maxinum shear stresses also
exceéded the theoretical buckling values for ths weakest
web panels by approximately 40 percent in specimen 4 and
90 percent in specimen B.

8. Although the strengths developed in the two girders
were as high as would normally be considered obtainable .in
the design of shear-resistant webes of aluminum alloy 1758-T,
14 is significant that ultimate collapse and fracture did
not occur until the connections between wehs and stiffeners
on the weaker half of the girders were brokean. In specimen
L, the full flexural rigidity of the stiffeners was appar—
ently developed; in specimen B, the use of stronger et iff-—
ener connectlons would undoubtedly have increased the
load~carrying capacity of the web.

2. The stress measurements made qn a number of inter—
mediate stiffeners on both girders provided np evidence
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that these members should be designed as columns to re—
sist a portion of the shear. The average measured stresses
in -the loazd-bearing stiffeners at the .center of the spans,
for sections within 2% inches of the top flange, accounted
for only about two-—thirds of the applied load., The
stressee at the center of these stiffeners asccounted for
only one—third- of the gpplied losad.

10. The maximum computed bending stresses in the
flanges for the loads producing web failures were 28,100
pounds per square inch in specimen A and 33,700 pounds
per sguare inch in specimen B. The value for specimen B
corresponds closely to the theoretical buckling stress
for the outstanding flange, assuming one edge dullt in
and the other edge free. XNo evidenceé of primary flange
failure was obtailned. :

1ll. Within the apparent elastlc range, the measured
vertical deflections at the center of the spans were in
very close agreement with the computed values. Approxi-
mately two—thirds of these deflections were computed to be
the result of shear; the remaining one—third were computed
to be the result of flexure. '

12. The average computed bearing stresses between
flange rivets and webs for the maximum applied loads were
approximately 67,000 pounds per square inch in specimen A
and 72,000 pounds per square inch in spedimen B, An ex—
amination of some of the rivet holes in the webe for the
half of the girders still intaect indicated permanent dis—
tortions in the direction of the diagonal-tensile stresses
ultimately developed. The maximum increases in hole diam—
eter were about 2 percent in specimen A and 10 percent in
specimen B, T

RECOMMENDATIONS

It is recognized that the proof of the dependability
of any proposed new method of stiffener design requires
more experimentzl verification than was obtained 4in this
investigation, It is proposed, therefore, as an essential
step 1n the formulation of a satisfactory solution to the
stiffener problem, that an additional series of aluminum-
alloy 178-T plate girders be fabricated for test purposes.
The principal object of these new tests should be to com—
pare the method of stiffener design propos&d in this repoft
with other methods on girders representing more balanced
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proportions of conventional. design._ The intermediate
stiffeners should axten& the full depth between flanges
rather than . over. only the clear depth of web, and they
should be riveted rather than bolted t6 the webs Each
girder should involve . only one size and spacing .of lnter—
mediate stiffeners and should be used for only one test,
and that test should be. carried to failure. Such an
investigation not only would provide comparative data on
methods of proportioning intermediate stiffeners but also
wonld make possible some analysis of the present.design
methods of providing a reasonable equality in shear and
flexural strengths.

Aluminum Research Laboratofiés,
Aluminum Company of Americs,
New Kensington, Penna., December 19, 1941,
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TABLE I,—- PROPERTIES OF 175~T PLATE~GIRDER MATERIAL

Yield strengths

{offset = 0.2 percent) Tensile Elongation
Girder |Material® - strength in 2 inches
TensionP Compresaion

(1%/8q in.)} (1v/sq in,) |(1b/sq in.)} (percent)
Specimen)Web-X 44,800 47,300 63,800 18,0
A Web~-W 51,100 40,900 65,800 22.5
Plange—~V¥W 48,700 42,800 68,800 "18.0
Specimen|Web—X 42,800 44,400 65,600 20.5
B Web—W 48,300 39,400 66,200 21.0
Flange-V¥W 49,300 44,300 71,500 19,0

®¥eb material

Flanges:

bTests made on standard rectangular tension speciﬁens with
gege lengths.

2-~1in.

CTests on web made on 0.125- by 5/&-by Bg—in
single—thickness méthod.
made on 5/8- by 2-ih.

1/8 in. thick

3-by 2-by 5/16-in. extruded angles, Specimen A
4-by 3-dy 3/8—in. extruded angles, Specimen B
X indicates cross—grain specimen.
W indicates with-—grain specimen,

(See fig.

columns with flat ends.

2 of reference 6.)

(See reference 7.
specimens of full thickness,

specimens by

Tests on flanges

tested as
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TABLE II.~ SUMMARY OF MEAGURED LATERAL DEFLECTIONS ARD PRRMANENT SETS FOR WEBS AND STIFFINERS

ED8 *ON XIOK TYDINHDEL YOVX

Theorestical Maxizum weh -
Moment of | buokling |Corresponding dofleotions midway | Mnximum stiffener| Maximum permanent
Yunmber and sise|fumber of | Number and gize |inertla per| load per javerage ahsar|Test load | between atiffeners deflections sets
of panele stiffeners| of angles per Btl:rfex,er ?anel stress {1b) (0.001 in.) {0.001 in.,) (0.001 in,)
etiifener (1“ (1b/xq 1a.) (o) Range | Average | Range|Averags all| Web | Stiffenars
1 panels stiffenery
SPROIMER A
1 = 13234 in. Yona - 38,300 8,670 35,000 13 — ] ————
45,000 133 5 | ——c——
2 - 13x17 in. 1 1 - 1/3x:/3x1/16 | 0,0040 38,700 9,600 40,000 | 14-1B 18 —_— ] — | ————
(Series 1) 650,000 88-111 o8 ————— 117 8 13
3 -~ 1/8x1/3x1/18 0078 34,700 9,880 40,000 14-30 17 e 15 —e | e ————
50,000 | 66-78 71 —— Bl 7 8
1 -~ 3f4x3/4x3/33 .0138 38,700 9,890 40,000 9-14 12 e 4 —— | e ——
’ 65,000 ) 108-113 110 — 58 & 8
2 -~ 3/4:3/413/33 0308 38,700 8,890 © 40,000 13-17 15 — [ ——— | —————
: : . 60,000 | 135-13e 132 _— 33 ] 4
1 - 3/4x3/4x3/18 .0964 38,700 9,880 40,000 | 29-30 — 5 Tl
80,000 | 128-133 180 ———— 38 3 3
8 ~ 3/4x3/4x3/16 0708 88,700 9,800 40,000 23 — 4 — | ———
66,000 _| 147-174| 18l | e 20 1) 3
3 - gx13 in, 2 - |1 - 3f4x3/4x3/23 | 0.0138 €8,400 18,600 40,0007 16-37 2435 a5 — =
{eries II) 55,000 | 4380 83 66-69 67 6 6
a8 - 3/4x3/4x3/33 .0308 66,400 16,600 60,000 13-48 a2 88.-23 33 —— ] ————
70,000 37-111 i) 68-76 70 7 9
1 - 3/4x5/4x3/16d 0364 86,400 16,800 60,000 6-31 13 58 4 | ————
; 70,000 34108 BO 47-61 49 15 8
3 - 3/4:3/4::3/16 .0708 88,400 18,800 80,000 7-61 38 | 14-21 17 | ———————
70,000 24-89 63 27-39 a8 ] 1
1 = 1x3f4xl/8 0400 86,400 16,600 60,000 18-75 ’ 45 B8l-233 B | e
20,000 368--107 7L 33-48 40 8 3
2 - 1x3/4x1f8 .101 86,400 16,600 60,000 11-65 34 B8-14 1n —_— | - -
70,000 | 28-84 51 1519 17 8 3
4 - 8x13 in,
(8eries I11) 3 1 - 3/4x3f4x3/23 0.0136 106, 300 a8, 300 80,000 735 18 594 15 EUSIDR | ——
. y 70,000 8583 58 36-80 53 7 7
8 - 3/4x3/4x3/33 0308 105, 300 28,300 80,000 8-18 13 1-14 7 —r | ——m———
75,000 14-48 28 10-37 20 10 a
1 - 3/4x3/433/16 ,0264 106,300 38, 300 80,000 6 4 -b 4 | e———————
76,000 | 10-17 13 415 11 3 1

Womants of inertia for single-anglz atiffeners inoluds effective width of wo‘b aqual to 35 percent of clear dapth hetwaen flauges. Web neglected
in oases of doublo-angle stiffensrs. See table III.

bBaged on aasumption of aimply aupported edges. Bes table 17 of reference 9,

OLarger test load was maxisum spplied in ¢ach case. Bmwaller test load saleoted to show, by comparison with larger load, cbange in rate of de-
flaation. ’

dpirat test made in this serles. Permanent sets produced resulted in relatively large deflections for subsesquent tests.

*Check tests made after serica V had been qompleded,

Lz
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TABLE II.- SUMMARY OF MEASURED LATERAL DEFLECTIONS AND PERMANENT SKYS FOR WEBS AND STIFFENERS

Theoretioal Maxiwom web
Momeat of | buckling |Qorreapondlng dsfleoctions midway | Moximen stiffener| Maximm permansnt
Kumber and #lze|Fumber of | Number and size |inertla per| load per |average shear |Test load | between gtlffeners defleotions oets
of panels ptiffensaras| of sugles per atiﬁeie.r P,nal pjrean {1b) (0.001 in.) (0.001 in.) (0.001 1in.}
atilfener (:I.nj ) 1) (1b/sq 1n.} (o) Henge | Average { Rmngel[Average ail| Web | 8tiffepers
(a (v) panels etiffenars
9PEOINEF B
1 - 24x483 in. Rone 12,300 1,840 16,000 36 — el e Tl B B
30,000 339 e D B | ——mmeem
8 - 24x84 in, 1 1 = 1/2x1/2x1/16 | 0©.0048 18,100 3,420 | 20,000 2-37 14 —= 16 | —————s
{3eries I) 26,000 | 111-179 145 —— 83 1 3
3 - 1/3x1/2x1/16 .0078 18,100 3,470 30,000 | 10-18 14 —— 21 _— ————
' 30,000 | 116-133 124 — 132 2 3
1 - 3/4x5/4x3/33 ~Q150 18,100 2,480 . 20,000 5-13 L ——— 2 —— | m————
- 30,000 64-132 a3 —— 113 4 3
3 - 3[4:3/4:5]32 .0308 18,100 3,430 20,000 15-16 16 —————— 8 —_— ] —— -
: 30,000 | 68-131 100 —— 50 5 a
3 - 3/4:3/4:3/52’ .0308 18,100 a,420 30,%8 3 31 — 7 — | —————
- : 20, 118-124 132 -— 43 3 3
1 - 3/4x5/4x3/16 .0304 18,100 2,420 30,000 §-18 14 —— 3 —_—] —
. 30,000 297-113 116 —— 43 3 a
3 - 3/4x3/4x3/16 0708 18,10 3,420 30,000 10-123 11 —— 3 _— -
36,000 | 166-187 181 —_— 17 4 3
1 - 1x3/4x1/8 0447 18,100 4,480 20,000 3023 21 —_— 3 | e ——
_ 20,000 | 108-138 118 ——— 3B 2 1
2 - lx3/4xl/8 .101 18,100 | 3,420 20,000 { 11-18 13 — F] —_— ——
. 36,000 | 150-158 164 —— 16 ] 3
1 - 1-1/4x1x1/8 .0826 18,100 8,430 . 80,000 | 14-30 17 —— 1 _—
: 6,000 | 165-187 186 — 30 1 ]
8 - 1-1/4x1x1/8 L1823 18,100 2,430 . 34,000 5-10 8, =] 1. ——
b | ) : . - = b 36,0000 [ 149-153 150 ——— 13 . 1 1
: 8.~ 1-1/4xIx1/8% " 183 13,100, 3,430 20,000¢: | 23333 as — a — —————
-34,000_| 148-155 152 — ? 4 3
3 - 16x24 in. a 1 - 3/4x3/4x3/16 | 0.0304 31,100 4,160 [ 25,0007 10-35 az 0-7 4 PR p————
(Berina II) 35,000 40-103 70 27-38 33 -1 4
3 - 3/4x3/4x3/18 Q0?08 31,100 4,150 30,000 17-24 30 3-9 (- -] —_— | ——————
' 45,000 | 105-147 138 38-68 63 H] 3
1 - 1x3/4x1/8 0447 31,100 4,160 30,000 g9-14 11 1-9 5 —— -
40,000 86-113 86 656-88 a3 d 2
8 - 1x3/4x1/8 101 31,100 4,160 356,000 13-19 18 10-13 11 — —————
' 65,000 | 118-147 134 39-54 g2 2 2
1 - 1-1/4xix1/8 .0828 31,100 4,150 35,000 18-40 28 &-15 8 —_] ——
- 50,000 .] 104-189 136 38-64 63 3 1
23 - 1-1/431x11/8 .1e3 31,100 4,150 36,000 8-85 14 57 B — ] ————
65,000, | 189~-186 177 3448 % 3 1
1 -~ 1-1/8x1x5/32 .168 31,100 4,150 365,000 . 8~-45 31 3-8 8 _— ————
56,000 [ 139-185 1868 38=-43 40 7 4
3 - 1-1/3x1x5/32 420 31,100 4,160 35,000 3027 24 56 8 — | ———
85,000 | 161-182 185 30-30 a5 2 4

ES .
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TABLE II.- SUMMARY OF MEASURED LATERAL DEFLEOTIONS AWD PERLAMRNT SET3 FOR WEBS AND STIFFENEHS

£88 *0f ZLOK TYOIKHONL YOVYX

Theoretioal Naximm web
Moment of | bucklirg |Corresponding deflections midway | Maximum stiffenar| Maximm permansnt
Yumber and size|Rumber of | Number and siza |lnertia psr| losd per |average shear|Teck load | betwean stiffensrs deflectiona B6tE
of panels stiffenars| of angles per stiff.elxer t:a.nsl strees {1b) . (0.00L in.) (0.001 in.) (0,001 1n.)
atiifencr (?‘:i ) (]i:’)) (1b/eq in.) (o) Range | Average | Ranga|AvaTage ail| Web | 8t1ffeners
1 panels gtiffensrs
- Specimen B {Oontinuad)
4~ 1234 in. | - 3 1 - 1x3/4xl/8 0.0447 49,300 8,670 35,000 | 10-88 18 8-17 _13 | ——————
(Baries III) : 45,000 43-74 61 43-81 54 4 4
3 - 1x3/4xl/8 .101 49,300 6,570 45,000 334 13 1-14 8 | ———
65,000 | b5B-g9 8l 36-63 48 4
1 - 1-1/4x1x1/8 .0BEB 49,800 6,570 40,000 | a3-Bl1 32 11-24 17 —m | e
50,000 | S54-99 75 40-57 A9 3 4
8 - 1-1/431x1/8 .193 49,200 6,670 o000 | 1a-38 ag 3-8 i | ~—————- —
70,000 | ©1-133 11 33-56 a7 i . 8
1 - 1-1/2x1x5/338 .188 40,200 8,670 45,000 | 18-48 30 é-17 10 — | —————
60,000 | 83-117 28 38-44 40 3 4
1 - 1-1/3x1x5/33 JAR0 49,200 6,670 50,000 1-36 ] 2-9 B — ——
80,000 | B5-163 134 | 32-48]- 40 4 3
1 - 1-1/2x111 /4 .asl 49,400 8,570 80,000 | 13-48 29 3-13 [ — | —————
70,000 | 118-130 119 3947 44 1 B
2 - 1-1/8x1x1/4 .633 49,800 8,870 60,000 B~71 39 48 5 —_] ——————
Lt 80,000 | 108-313 169 19-29 as 7 3
1 - 1-3/4x1-1/4x1/4 .388 48,300 6,570 80,000 5803 8 3-14 11 —_— —
t B0,000 | 123-166 147 16-42 21 5 5
2 - 1-3/4x1-1/4x1/4 1.03 48,300 6,670 80,000 3-87 A8 A-Q B — | —————
| 50,000_| __Bl-204 48 12-31 17 ] 3
8 — Bx84 in, B 1 - 1-1/4xlxl/8 0.0838 101,800 13,500 80,000 7-86 14 3-17 10 i E—
(Serien IV) 80,000 | 30-93 84 33-59 A7 a 7
8 - 1-1/4x1x1/8 0108 101,300 13,500 80,000 B-78 31 8-37 18 e | ——————
. 100,000 | 31-134 78 16-89 44 3 3
1 - 1-1/8x1x6/33 .168 101,200 ,13,500 70,000 4.28 a0 3-18 12 —_— | —————
80,000 | 89-73 59 13-37 as 4 5
28 - 1-1/8x1x5/33 .480 101,300 13,500 80,000 563 az 7-19 11 e | e
S - 110,000 |. 18.-133 76 13-43 25 11 -4
1~ 1-1/3xlxl/4 231 101,200 13,500 80,000 5-43 a0 3-13 7 —] ———
! : 110,000 | 44-119 0 18-48 .34 8 5
8 - 1-1/3x1lx1/4 . .63a 101,300 13,600 90,000 8-8b a3 7-15 11 —_ ——
130,000 | 40-148 08 13-45 as a3 3
1 - 1-3/4x1-1/4x1/4 - .366 101,300 13,500 20,000 8-78 39 89-19 11 —_ | ——
) 120,000 | 40-128 81 14-46 a5 4 B
2 - 1-3/4x1-1/4x1/4 1.03 101, 200 13,500 80,000 B-77 33 6-14 10 —| —————
30,000 39-118 73 10-33 17 8 )
8 -~ Bx34 in. . 1 - 1-1/a2xlx5/33] 0.188 174,000 . 23,300 80,0007 18-37 as 1-15 10 AT O =
(Saries ¥) 110,000 | 37-87 56 18-63 34 3 3
: 8 -~ 1-1/2x1x5/32 .420 174,000 23,300 100,000 - 8-48 18 4-18 8 —] ———
130,000 | 18-107 Bl 7-40 18 4 8
1 - 1-1/3xdx1/4 ,a%1 174,000 33,300 100,000 | 363 22 1-18 8 — | ——
140,000 39-187 B3 10-88 B0 i8 9
2 ~ 1-1/3x1xl/4 .823 174,000 23,300 120,000 18-81 aa 9-28 18 —_— ] —
. ' 160,000 | 1B6-127 49 '] '18-44 E] ] ]
1 ~ 1-3/4x1-1/4x1/4 , .366 174,000 23,300 120,000 8-103 39 5-35 17 — | m————
| 180,000 | 38-133 72 13-58 36 9 b

-r 4
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TAPLE III.~ ELEUENTS OF INVERIIEDIATE STIFFEHERS

ez

Stiffener on ons side of web only
Size of atiffensr| Area of

anglo one angle|I for effective width of web I for angle I for stiffemers
(in.) (eq in.) equal to 25 percent about face on both sides
of clear depth of web of web®
(in.‘*)_ | (in.*) _ (in.%)
Specimen L | Specimen B |Specimens A and B|Specimens A and B
1/2 x 1f2 x 1/16] 0.059 0.0040 0,0046 0.0026 0.0076
34 x 3/4 x 3/32 132 L0136 .0150 .01156 .0306
3/1l x 3f4 x 3/16 286 L0264 .030L 0267 .0706
1% 3/4x1/¢8 .202 .0400 .07 L0l13 +101
¥x 1 x1/8 27 L0737 .0826 .0820 .192
£ x 1 x5/32 .37 147 .168 .185 A20
1 x 1 ox1fk 56 .198 231 .276 .b32
12x 1+ x 1/4 .69 Rl . 366 62 1.03

8%ffective width of web neglected.

TON 940§ TWOTUYILL VOVN
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TABLE IV.- COMPARISON OF- STIFFENER BIZES COMPUTED BY DIFFEREXT DESION METHODB
‘Examplﬂ of plate-girder design (130- x 5/13-inch web; 11l2.5-inch olear depth) from referencs 5, art. 805]

Required moment of
inertia, I, per

Stiff~|Rumber gtiffener Required size for single Required size for ordinary double-angle stiffenera®
ener of (in 4) bulb-angle stiffenerad
spacing|etiff- ‘ ]
in.) |enere |p.ror_|Refer- |Pro- |Reference|Refsrence] Proposed | Reference | Reference Proposed Bteel
ence 3|ence 1% posed 3 1 3 1 . specificationg
. (reference 12)
32.6 | 8 22 ,46| ~~mo-me| 53.5| 5x3x5/16|--w—em~e]6-1/3x3x3/8| 5x3x5/18 | ~——~——— |Bx3-1/3x3/8 | 6x3-1/2x3/8
A=23,99 A= 4,37 A= 4,80 A= §.88 A= 8.86
Iz-3=24.9 I3.3=63.6 | Iy _7=38.7 I1q= 57.1 I,.1=567.1
14 4=32.7 I4_4=53.3
41.5 6 as2.46] 19.5 | 33.1| 5x3x5/1e|65x3x5/16 |6x3x6/18 5x3x5/16 | Bx3xb6/18 Bx3x3/8 6x3-1/3x3/8
A= 3,99/A=3.99 |A= 3,31 A= 4,80 = 4,80 A= B.73 A= 6,86
Ty g=34.9| I ox34.9|I5 o=40.1 |I; ;=38.7 (I, ,=28.7 (I, \=34.4 | I; ; = 67,1
14.4788.7| 1, 4=33.7|I, 4=35.5 -
61.3 4 8.63 7.7 | 16.8|4x3x1/4 |4x3x1/4¢ |5x3x5/18 4x3x1/4 3-1/8x3x1/4| 4x3x5/16 6x3-1/3x3/8
A=2,07 |A= 3,07 |A= 3.08 A= 3.38 A= 3.18 A= 4.18 A= B8.88
I3.3~10.8|I3_3=10.3|I3_3=84.9 |I_1=13.3| I;_;=8.3 I;.3=15.d I3-3=57.1
I, 4=10.1|1, 4=10.1|1, ,=3R.7

Bgalectod from table 81 of reference 5 for aluminum alloy

I3 _3 = moment of inertia of angle alons, about face of web, 1n.™;
. width of web equal to 25 percent of clear depth, in.%

bIl_l = moment of inertia about center line of web.

78-T structurea.

A = area of stiffener, gq in.,

I4 4 = moment of inertia for amgle plus effective

*OF HIOH TVOINHOEL YOVN

ges

Cyalues of 1 are 100 percent greater than theoretical values for cape of one stiffener. 8ee reference 1, p. 417. w
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TABLE V.- ULTIHATE STHENGTHS OF PLATE GIEDERS USOsE CENTRAL, CONCENTRATED LOADS
[See figs. 9 and 10 for sizes and srpacings of intermediate stiffeners in ultimate-load testdl

Over- Correspond~ |Corresnond-
all Span Tltimate|ing average |ing meximum
Specimen|depth load |shear stress| bending Remarks
stress
(in.) {(¥£)|(in.)] (2b) | (1b/sq in.}|(1p/sq in.)

A 16 L} o8| 93,300 23,300 28,100 |Web collapsed and fractured after

all stiffener conrectiorg on
, wezker haif of girder were
: broken.

‘B 30 g | 1f2| 191,500 25,500 33,700 [Web collapsed and fractured after
connections for two end atiffen~
ers on weaker half were hroken.
End rivet in compression flange
e2lso sheared off.

g8
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NoTES (L) ALL  MATERIAL, ALUMRRUM ALLOY 17 5-T
(®) ALL RIVETS § DIAM. DRIVEN HOT WITH
CONE-POINT HEADS IN § DRILLED HoLES
(3) STFFENERS  HAVE CLOSE FIT BETWEEN
FLANGE ANGLES

Fiel.- PLATE GIRDER FOR

| 2-af i F
OYWIMETIICNL ®
Eﬂﬂ_ I Seacxs@2-1-10" 128 secur & ;
, 2w e fud-e" .
TI= T 0 T g
K e P
g =i o)
b @ 2 i \\é‘:i’:ﬂ'}a'\i PR §
- - f] » o 2 -
] = 53 o) ¥ ¢
o 3 % of1acs
.h-.h ¢_ 'Q' [4 IR ]
i — -
ek 3x2 2§ 148" +
. A A
4-8t
I >

CoMMITED STRESS AND DEFLELTION FACTORS FOR
CENTRAL CONCENTRATED LOAD P, BASED oN
ELEMENTS OF GROS SECTION:

MERAGE SHEAR STRESS = 0.250F

MRIMUM  SHEAR. BTRESD= OA78T

MATIIUM BENDING STRESS =030 P

- 5% MLEXURE
MAYRAUM VERTICAL DEFLELTION= O.00000880 [ X

STFFENER TESTS — SPECIMEN A,

T *Pex
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CONE -POINT HEADS N %) DRILLED HOLES
{)STIFFEMERS HAWE CQLOSE FiT BETWEEN
FLANGE ANGLES.

. L i v
4-6% o Smereca IR
- e avout B 32
5 ok 23 Sences @2-3-10° 2, STy
= ’ 2k ~4%3%F 290"
{ I N
-.E 9008000 0004000490600900]0]0]cd0503900090000000000 .
of L W
L WL Wi s
.I,l k, ‘uK.; m PLATE :K .: i
. ol 2] Ty fate ALy A
slel Be L E 3-8 B b1 b g
w r n i + ks
£ 4-0 e e o
& 32 e 5 E 1
= -+ YR L&) Q@
i +l+]|
( ak-4"ra"x § -0 A
obe 33 DriLL woures
- 8'-of
[
2f
NOTENALL MATERIAL. Moy [79-T COMPUTED STRESS AND DEFLECTION FACTORS FOR
BIAL RVETS DRWEN HOT WITH CENTRAL CONCENTRATED LOAD B BASED ON

ELEMENTS OF GROSS SECTION:
AVERAGE SHEAR STRESS = Q33T
MAGMUM  SHEAR STRESS =047 P
MAXIMUM BENDING STRESS =QI76 P
MAYWALM VERTICAL DEFLECTION=Q,00000209F {

. &
Fig 2.- PLare GROER FOR StwrENER TESTS — SPECINEND.

r
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ol YOVR

Y

h Booy- BounD Mackine Screw ConnecTion
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Figure 5.=- Girder teets in 300,000-pound-capacity Amsler machine
(specimen B after :I':‘a.:llure).
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NACA Technical Note ! Fig. 6

ar

|

g

P
(g

Figure 6.~ Apparatus for measurement of lateral deflections
(reference angle held ainst flanges by tension
springs hooked over opposite edges):



1 - 18 x 24 in. panal. Thickuness - 1/8 in.
2-87x2x 516 in. angles on outaside edges.

5

10AD, P, 1b.
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Figure 33.- Specimen A after failure of stiffener connections and fracture of
web under load of 93,300 pounds.
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