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ABSTRAGT

An earlier investigation revealed ¢hs necsssity for furthsr study of the
bending of unsymmetrical beams 1ln ths plastic range, inasmch as twlst ceccurs
and has a merked effect.

ingls crossesection boams of alumimum alloy 2 ST material were subjected
to bending in the plastic range with the plans of loading at angles of 0°, 30°,
600, and 76°-0' to the miner principal axis of the cross-section. The moment
was epplied Ly means of an eccentric load, with a relatively long moment arm.

For a simplified approach, 1t was found that Cozzonats method of plastic
bending analysis and an analysis based on an exponential relationship between
stress and strain both gave reasonable correlaticn bstween theoretical and ex-
perimental banding mements in the plastic rangs boyond the yleld strength.
Both methods are approximatc gince they assume that the neutral axis does not
rotate or transiate and the crosse-sscticn does not rotate. The exponential
method is not vaiid in the range below the yield strength.

Ot.'.har factors concerned with the general behavior of anple beams sub-
Jacted to plastic bending are alao considsped.
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IETRODUGEION

Pure bending in ths plastic range when the applisd loads are parallsl
to a principal plane of bending has been studied by 2 number of investigators
(references 1 to 6). VThen the loads are not parallel to a principal plane,
the complexity of ths prohlem increases many fold. The complexity is further
increasad when the bsam cross-section is not symmetricel with respsct to a
orincipal axis. Qoodier's gensral sclution of the problem for opén sactions,
{roferencs 9), indicates the difficulties encountered even under elastic cone
ditions. It 1z sean s%t once that purs bending, as it is usually understood,
doas not prevail excapt under very restricted conditions.” If ths applied
toraion and axial thrust ars eliminated from Ocodierts solution, it is svident
that a torsion coupls must stdll act abt any crossessction except the mid-point
of the length unldss all of the deflection is parallel to a principal plane.
This couple produces twist and it is evident that the relationship between
components causing normal stress must vary along :he lgngth of the beam.
Hence, the neutrel axis must rctats also.

If plastic action prevaills to any large extent, the various parts of an
open gection must ba relatively heavy and ths usual aasumptiong for shear
flow might be questioned. The major cbstacle to the solution of the plastic
bending problem rasults, however, frea the non-linear relationship between
atress and strain, This leads to even mors complex relationships between
moment. and stress and eliminates the use of superposition. Fxcept in special
cases, pronouncad curvature results in considerable rotation.

It i3 evident that a rigorous solution of the problem of plastic bending
of unsymetrical beams must be developsd from the concepts of pure plasticity.

*This general subject is discussed furthsr in referencs 1ll.
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3.

Phillips presents ths exact theory of coabined pure bending and exial forcs
for a prismatical bar using the sguations of ths theory of plastic daformations.
The solution of the differantial squations i3 sxtrensly difficult. Hence, it
appeors wisg, for the benefit of the designer, o sk approximate tut practical
sclutions which wl1l glve roasongbly sccurate rosulis.

In g previous investigation, Ly one of the anti'wrs {referance 7), of plas~
tic bending when louds wers not parallel to a principal plane, soms sxploratory
tosts of angle bsans were made. A modification of Cogaons's approach (reference
5) gave a resisting mcausnt at the mid»span which was less than 15 per cent larger
than the applied end mement untll plastlc instability occurrsd at which ¢ime ths
por cent differencs increased rapidly. Thess experiments were made with 1/L% by
1 by 2" angle beams of 75 S-0 aluminum alloy with an 87 clear span. Tests wers
nade with the plave of loading at various angles from 0° to 90° with the 2v leg,

Tha pregent investigation is an extenslon of theo previous work and i3 con~
fingd to angle beams of the seme cross-ssction. In plannding ths progran it was
decided to increass the clear span to 2L in order to acuentuate rotation and
to apply the end mcments ty means of a smell accentylc load with a relatively
large moment arm.” The primary purposs is to dstermine to what extent a rela~
tionshin betweon bending moment at the mid-span and outer flber stress will
agree with the applied end momant if a sinplified theorstical approach is ussd
in the anglysis. lience, the resisting moment is computed by a modification of
Josgone's graphicsl method used in reforencs 5 and by an an2lytical method
based on an exponentizl ralationship betwean stress and strain. Botl: methods
neglect rotation and othier variebles in the intorests of simplicity. Data on
rotation of thie cross~section and movemsnt of the nmautrel axis are also pre-

sonted to add information regarding the general behavior of the tested beanms,

*As used in this repcrt, rotation rafers to twist and not to changes in snd
slope of the longitudinal axis,
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NOTATION

constant dependent upon the material for tho exponential squation
2, distance to point on neutral axis, inches
Aaxc changs in ) inches

b length of shord leg, inches

general gymhol for distances from nsutral axie, inches

Cor C distance from neutral axls to outer compresaive and tensile fibers,
reapsctivaiy, inches

d, g aymbols for particular cross-gsciu.on dimensions, inches
a general. gynmbol for strain, inches per inch

e,
¢
ey to %5 etrains dstarmined experimentslly, inches psr inch

fc. ft stress determined Irun compression and tensior tasts, respectively, psi

£ 0! fy propertion 1imit stress and yléld strength, respsctively, from averags
stress gtraln curve, psl

fm outer fiber banding stress, pai

fm o? rm outer fiber compregsive and tensile stress, respectively, pael

fo Cogzona'e intercept stress, psi

foc, fot intercept streas for compressive and tensile area, respsctively, psi

k o kt Cossons's bean section constants
K constant in exponential equation, psi
X Yy, distance to poip% cn rotated neutral axis, inches

E Young's modulus of elasticlty, psi

Ix Iy IJG' mosents and product of' inertia of cross-section with respect to x

and y axes, ineheal‘

X outer fiber compressive end tensile straln, respsctively, inches per inch
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Sb

EX IY aoment of insrils with respect to princlpal exis, inchesh

Iﬁc I}"t moment of inertia of ccmprazsive andhtansﬁa arsas, regpactively,
with respect to neutyal axis, inches

K ¢ plastic stress functicn bassd on average strass-strain curve, psi

Kfc’ Kft plastic stress function based on coupressicn and tensile stress-strain

curves, respectively, psi

L monent ara £o centroid ab aidespan, inches

Lit experimental bending memsnt,; inchepounds

ch vending momsnt computsd analytically, incheponnds
H

{:h ?.zgh banding moments computed an=lyticglly for comprsssive and tensile
areas, respoctively, inch-pounds
o power to which e amd o are ralsed in the exponential equation
P dynemometer load, pounds
ch, th, statical moment of compregssive and tensile arcas, respectively, inchae3
z distance from noutrel axls to an clement in ths beam cross-ssction used

in the dsrivation of the exponential squation, inches

v thickness of angle boam leg, inches

ATc Aac sin y, inchas

a angle betwmesn principal axls and nsutrel exls, degrees

Aa changs in angle «a, degrses

e angle botween plans of loading and y axis, dogrees

] angle betweon plane of loading and normal to smeutral axis, dagreos
) radius of curvature, inches

Y angle betwsen x-axis and neutral axis, degrees

e, A L cp A i W L& e SR T, VST




TEST SPaCMENS AND APPARATUS

Test Speoimens and Stress-Strain Gharacteristics

The test spsciumens were machined io the dissnsions shown in Fig. 1 from
two ten~foot long 2L 3-T alumirmm alloy bars. These bars were 1 by 2 inches
in crosseseciion and were dssigneted bara M and ®. Photographs of the
specimens after testing are chown in Fig, 2.

Considerable difference betwmen the stross~strain curves in tension and
compregsion exists for 2L S-T siuminum alloy, tat inasmuch as this material
1s commonly usad in practice, il was dscidad to use i1t rather than ecms other
material which might have {ension ard compression curves that ars in boiier
agresuent, A1l anslytical computations were based upon an average stress- {
strain curve. Tensicn and compression samples from & number of bars, including
¥ and N, gave stress—strain data as indlcated in ™gs. 3 and L, Ths curves ! "
of Mg, 5 were selacted as being representative of the material in bars B and
N and were used for 2ll computations.

Three tension and three ccapression gpscimens were teken from sach end
of several bars of the single shipment. The tenslon spscimens were 8 inches
long ocver all and were machined to 1/8 inch by 1/2 inch at the reduced section.

The compression spocimens were 15/16 inch by 1 inch by 3 inches in length and
might te referred to as the Wlock typs of compression specimen.

Loading Apparatus

The arrangement of the leoading apparatus ussd for bending the angle beams ;
1s shomn in #igs. 6 and 7. The two lever ams machinad from 3/L inch stesl
plate were supported at one end by cables from an overhsad beam and at the other
end by ball bearing rollers.
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Tracks for the rollers wors asitached to a3 heavy tstle immsdiately below
the suspondsd arms and so arvangsd as o constrain the movement of the fore-
end of the arms in a path perpendicular ¢o the center lins of the apparatus.

The arms at the cable end were providsd with fittings which sscurely
held the specimen in & pesition perpsndicular to the two arms and parallel to
the tracks, thus formlng a rlgid frams. The specimen fittings wers further
designed, Ly means of 2 movable disk which could b9 secured with a retaining
ring, so that the spacimen could be rotatsd gbout its lengihwise axis to pro-
vide any angle of bending desirsd. The lcad was applisd through catles ate
tached to the arms es ghown. It is obvious from the loading arrangement that i
pure bendlng wes only approximated, dus to ¢tha pressnce of a elight axial load.

Straln Apparatus

Strain readings were takon with an SR~k type indicater which is shown to ‘ :
the left of the bending eppsvatus in ™g., 6. The strains were mezsured st
various points around the conter cress-section by SR=li type A-12 electrical
straln gages camented to the specimsn. A typlcal arrsngement of strain gages

arcund the center cross-gection is shown in Fig. 8.
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TEST FROCRDURE

Fach specimen wos necsured wiih a mlcremelsr and elsctric straln gages
were cemented to ihe spsclmen along pravicusly scrited lines, 7The specimen
was then plzced in the bonding apparstus and carefulily adjusted to the de-
gired angle of rotstion. 4 proiiminary check on the oparution of the entirs
systen was then made by bending the besm until the maximum atress was approxi~
mately two-thirds of the proporticnsl 11miv end reducing the recorded data to
confirm the propey operation of =211 . omponents of the gystsa.

The nommal testing prossdure w«es 40 apply an incyement of losd; step tho
testing machins, and immedlailsly wrocord ths sitra'n indicator readings for all
gages. The latier step was perticuiarly importent in the plastic range be-
cause of creep.

As the plastic range was reached, the curvature of the boan decreased
{he moment arm, This decrease was msasured by means of a plumb bob attached
near the centroid of the beam and banging along side a gcale measuring to tha
nearest 0.02 inch.

Spacimens were removed when the reductlon iwn moment arm was sufficient
to tend to prevent any increass in btemxilng moment when additlonal load was
applied. Generally, one or nore of ths electric strain gages hed bacome in-
operative at this point, and the maximum outer fiber gtraln vas on the order
of 2 per cont.

Rotations were measured by means of an ara avtached near the bsam centroid,
A protractor and plumb bob at the end of this am enabled the rotations to be
read direcily to the nearest 0.2 degree.

. e - g T bl e
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AVALYTICAL PROCEDURE

vozzons's Uethod

#rom rsference 7, Cogzgong's method, as propossd im refersnce 5, may be
modified Por an angle baam if the rotation of the beam in the plastic rangs

is neglected and the neutral axis ig assumed to remain stationary. Neglecting

thesa factcrs, an aprroximate golution may be azde by dividing the crosse

ssction into & compression area and a tension area. The resiasting moment of

the compreasion area is obtained bty assuning the symmetrical cross-saction

shown in Fig. 1(b). The resisting moment of this bean is camputed and divided

by two. This 1s equivalent to ccaputiag Iy for ons-half the cross-section

o]
Sne
omly. Then k c® W and the monent becomes
e
ﬂc 1
Yn " ?: cos B [fmc * foe (kc - 1)] (1)
2 similar approach for the tension area (Fig. 1{c)) results in the
ggiation
I
a oot 2o op (-1 (2)
th c, co8 2 | ‘ot ot "¢ _J

The £inal restraining moment 4is

@ M1 4 Yo

Bem = M ¢ “tn (3)

The relationship betwesn stress, strain, and intercept stress (fo) based

on an average stress-strain curve is presented in Fig. 5.
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Exponential Hethod

An exponential relationship between stress and sirain may be formulatad
which will clossly approximate the stresi-strain curve in the range of higher
strains, This relationship takes ths form

fo = ae” - K (L)

Bat it must be noted that rhen stress eguals gzero, straln is not zero although
it may be approached through proper selection of ths constent K.
£ a -% then equation (i) becomss

fn%v% (S)
e

In the cass of angle beaas, an exprossion for banding moment may be found

as follows:

.1 | 1 ml 1) Kp .
%eh © Tos g Lh-i (otI)(n*2) (d % “EBS ) ) (a 0 " 8 cs)

te c.B tc ¢ n
3 a 3 Iy 2 It
* o3 {(pnol ol Kp) * #n Y (pn-l {nel) = Ko (6)

where all notation is referred to Fig. 9. A rather couplete derivation of

equation (6) may be found in the appandix.

Comparison of Bending Homents

It 138 nasier to compare experimental and computed bending moments in the
plastic range than to compare outer fiber stressss; hence, the general pro-
cadure of this raport has been to take the experimental strain corresponding
to a given load, deternine the necessary atress values {rom a representstive
stress-strain curve and then ingort these in the appropriate fermula to com=
pute ths so-callad theoretical bending moment.

The ratio of uth‘,gt. has bsen tsken as the criterion for camparison of'-
bending mements.
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RESULTS £KD DISCUSSION

In order %o avoid aeedless repstiticon, it was declded to present dstailed
information on a single typical angle beam, namely Melj; 6 = 0°, and to pre-
sent only the important test resuits for the remaindesr of the specimens tesied.

Angle bean -1 has been omitied froz thig repord inasmuch as its pur-
pose was only to provide a check on the rallabilit¢y of (he bending and strain

measuzring apparatug.

Strain Measursments

Typical load and struin date sre presentsed in isble 3, vhers ths parti-
cular strain gage locations zre shown in Pig. 8(b).

In gensral strain readinge agreed reasonably wsll for two spscinens tested
under the same conditions. With eome exceptions, the difference wss not more
than 5 per cent in the elsstic rangs and 10 per cent in the piastic range. The
latter might be partially explained by the nonwuniformity of the material itselfl
and by the difficulty in locating SR-l gapes exectly the same on duplicate
specimens. Such discrspanciss, however, did not greatly affect the computed
bending moment bacause even large dlfferences in outer fiber strain did not

affect the stress values when working on the higher range of the struss-strain

curve, where the slope is small.

Haximum Strains and Neutral Axls l.ocations

Yaximum comprassive strain (e c)’ maximm tensile strain (Qt)' location
of neutral axis intersection with the outsidn of the short lag (xn), and loca~
tion of neoutral axis intersection with the cutside of the long leg ('yn) wore

all found by a graphical method which assumes a linear variation of strain across

- - o
e,
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each face of the bsam. 4 sample sclution iilustrating the method is given in
Fig. 10, The procedure was to lgy oubt 2o scale a leg of the beam with proper
gage locations and for a given load plot the strains for each gage perpendie
cular to the leg. A straight line connecting all siraing for a particular
bending moment was dramn, from which e (or e,c) and z {or yn) could be
read directly. Tables 1, 2, L, 6, 7, and 8 present this data for all beams.

One would expect the outer fiber sirains ¢o bscome leas exact when deter=
mined as desacribad above as the rotation and warping incrsases. However, such
errors would have Jlttle effect on bending moment in the plastic range.

The % and Y, values ars approximations only because these distances
are quite sensitidve to small change in strain. ¥hen 2 gage was near the
neutral axis and the strains were relativeiy smsll, the effect of errors in
the strain was quite pronounced. However, the rasults when considered col-

lectively indicate definite trends.

Theoreticel Vs Experimental Bending Moments

Theoretical bending moments were computed from squations (3) and (6).
The per cent differencas between theoretical and experimental bonding moments
wore computed from the expression (Mth/ut - 1) x 100 per cent. A computation
table for theorstical bending moment by both Coszonats method and the expoe
nential method is presented for a typical angle beam in table L. Tahles 1 and

2 and 5 through 8 present the values of M. Ly both methods for all beams,

th
a3 well as the egquation used. Thesa valuss are presented graphically in Figs.
11 through 13. Ffor comparative purposss, results for different angles of
loading are shom on the same figures. The elastic, partially-elastic, and

plastic ranges are shown on thess graphs by indicating on the moment scale the
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approximate values of the exparimaﬁtal moment abt which the proportional 1imit,
t‘p, and the 0.2 per cent offset yield strength, fy, wars reached in the
outexr fibers of the bean in question.

An inspection of Figs. 11 through 13 shows that the theoretical bending
moment was gensrally within approximately 10 per cent of the expsrimental
moment in the plastic range bsyond the :;1eld strength for both Cozzone's method
and the exponential method. The differesnces in the range below the yileld strength
were approximately the sams for Cogzonsts mesthod but very wmuch grsater for the
exponential method, which is to be expectad in view of the fact that the expo-
nential relationship vetween siress and strain should not de used below the
yield strength. In certain cases where the twist was largs, the differences
were slightly greater.

It will be noted that the maximum applied mumsnt is larger for one beam
than for the other at both the 2° and 30° positions., However, the differencs
is only about 7 per cent which might be explainad by a difference in the
nmaterials and by the difficulty in exsctly duplicating tes$ procsdure.

Boam M-S which was tested at &0° gave results consistent with other speci-
mens., It is seen from Pig. 1 that the neutral axls makes an angle of less than
2% with the principal axis. There was little rotation of the cross-ssction.

It was then decided to test basam N7 in such a position that the neutrsl axis
colncided with the principal axis. The results showed negligible rotation of
ths cross-section although the rotation and translation of the neutral axtis
were consistent with other specimens. However; the difference batwesn the com-
puted and experimental bending momont appears out of line with the results for
the 60° beam, M=5, Since there was insufficiont time to repeat the experiment,
no explanation can ba offared {or the discrepancy.
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Chan@ in Position of the Neutral ixis

Figures 1l through 16 show the rotation and translation of the neutral
axis for the various beass. The values of Ac and ATG may be computed

froa the expressions

o wl xn 0
8a = {90 = a) - tan [ == |+ 137°58¢ (1)
yn
Xn
da = 0.261 + 0.76D 3-,.; - % (8)
a7, = ba, sin (o - 13%3¢) (9)

These expressions are derived {rom simple gecmetrical relationships, referred
to Fig. 1. The angle b4c is considered positive when the neutral axis rotatss
clockwl.se, Aac is positive 1f it represents an increase in 8, ®hen
AT e " Aac sin a 1s positive, it indicates that the neutral exis is translating
toward the compression side of the beam. It should bs noted that all of these "
changas are with respact to the axes of the cross-section, Obviously they are
intimately related to the cross-section rotation as will be dlscuased in the
next saection, ’
In general, rotations were all counterclockwise and were of ths order of
magnitude of 3 to L degrees for all beams. The trans)ations were all positive |
and of an order of magnitude of 0.0) inches except for angle beam N~7 which '
was approximately 0.02 inches, ’
The same information is presented in anothar manner in Figs. 17 through "
19 by plotting the values of X and Y against applied moment. Since xn

and y, were obtained by graphical methods, the values are approximate only.
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Curves have been indicated ¢o show gansral trends. Vhen the curves move in
the same direction, transiation is indicatsed; when they move in opposite

directions and cress over, -otabiom 1ls incdicated.

Behavior of Resisting Couple at Xild-Span as Cross-3ection Rotates

The torsion couple which causes the bsam to rotate must be equai to zaro
at the mid-span becauss of symmetry. Hence, the only couple acting at this
section is the conventional bending moment couple. Also, equilibrium condi-
tions demand that it be agual in magnitude and opposifs in direction to the
external couple. It must also lie in a plane which is paraliel to that of
ths latter.

The location of the resisting couple for besm ML is shown in Fig. 20 for
three stages of loading. The resultant tensile and compressive forces are F
and Fc, respectively, and are located aporoximately to scale. The forces

wore evalusted and located by graphical imtegration. The difference in magni-
tudes was as {ollows:

L]

External F Resisting
Fig. 20 Yoment t Fe Arm Cotiple
(in-kips) (kips) (kips) {inches) (in-kips)
(a) .21 5.0 L.7 1.2 5.52
(v) 11.9 10.3 10.6 1,00 10.45
(C) 13,03 13.7 13.2 0.86 11.55

It is seen that thoe porcentags differsncs rsmains essentially constant
with increasing load. Soms error is intrcduced by the graphical solution,
and also bty the fact that the true external moment couple doss not remain in
a horizontal plane but rotates slightly as the beam deflects vertically.
Hence, its magnituds beccmes increasingly larger than PL and the rotation
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16.

is counterclockwise in fig. 20. It will bs noted that the resisting couple
rotates in the saune dirsction.

The sketches of fig. 20 also show that the neutrsl axis rotates consider-
ably less, with respect to the crossesection, than the latter rotates with re-
soect to its original position. This differsnce depends on the shape of the
cross=section and on the degres of plasiicity. In thls case, when the left
hand tip of the tension leg becomes stressed bevond the proportional limit, a
"softening” results and the rosultant, F,, moves toward the neutral axis and
away from the "sofih area. Thun the stress at the outer cospressive corner
moves into the plastic range, a similay shift is made by Fe Since ths re~
gisting couple must resain parallel to the plane of the external couple, the
neutral exls rotation must be adjusted with the cross-section rotation so that
the stress distribution satiafies aquilibrium conditdons.

Deviation From Pure Bending

As mentionad earlier, the bending apparatus used only roughly approximated
pure banding. Actually, sn axlal stress having a maximum value of approximately
1000 pes.i, existed. Quite often in practice combinad loadings of this type
are encountered; thersfore, the investigation of this report more neerly ap-
proaches practical applications. In contrast, a rigid method of analysis for
the loading used is considerably more difficult than for pure bending. Howsver,
it has been shown that an analysis which assumes pure bsnding gave fuirly cone
sistent resulte nons the less, Since rotation was neglected, the agreement
resulted to a certain extent from the fact that errors were partially compen-

sating and moment was not particularly sensitive to strain variations in the
plastic range.
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As a matter of interest, strain gages wore placed on bean M-5 as shown
in fig. 8(a). The rasults are shown in table 1o, 6 where it will be noted
that the mement aim has been corrected for the different degreea of curva-
ture existing at stations B and C.

Inspection of the data shows that strzine wore essentislly constant at
the thres stations. This is partially accountsd for by the fact that while
the resultant moment coupls increasad from A to G, the bending couple about
the neutral axis ramained approzimataly constent af'ter the tensior. component
was subtracted. However, the x_ and Yo values show that the neutral axdis

n
location waus different at eack statlon as nipght be expacted.
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Since rotation of the bean cross-ssction and of the nsutral sxis wers
neglected in the anslysis, any conclusion must be confined to the particu-
lar beam shape used in the experiments. If the analysis is extanded to
shapes having essentially different proportions £ron the one reported in
this investigation, the differences betwzen a theoretically cemputed bending
manent and the actual momend night easily be several times as large as thess
reported. This statement alsc spplias if anothsr type of loading is used,
The method should be extended to other material with ceution,

The following conclusions cen be drawa from the results of this par-
ticular investigation:

1. & modification of Cozzone's method of plastic bending analysis gave

approximate but¢ reasonable results. Ffor the particular material and ‘
configuration investigated, the correlation between computed and ex-
perimental bending moments in the semi-plastic and plastic ranges was
within 10 per cent.

2. An exponential relationship between stress and strain slso pave reason-
able results. For the particular material inveatigated, the correlation
betwecn computed and experimental bending moments in the plastic range
beyond the yield strength was within 10 per cent. The method is not
valid for the range below the yleld strength. Simplification of the
method appears to be possible, but required further study.

3. Hotation of the crossesection was the primary factor limiting the ulti-
mate strength of the beaus. This rotatlon cannot be included in a
aimplified analysis such a3 was used in this investigation.
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L. It is suggested that if further investipatiorsof the general probiem
of thls report are to be carried out, a largsr testing machine be
ugsed in order to carry the tests as far into the plestic rangs as
possible. Further suggestions are: {1) an spparatus for providing
a more necrly pure bending condition than the apparatus of this re-
port be used, and {2) that roctangular specimens bo used with test
sections machined to provide a variety of cross-ssction shapes and

proportions, as well as lengths of test sections.
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APPENDIX

Derivation of the Exponential Kquation for Theoratical Bending Movent of an
4ngle Bean

A number of equations relating stress to strain beyond the proportional
1imit have been sugcested. Saveral of these wers investigated by the authors
with the view of developing a suitable flexure foramula for an angle cross-
section. Many of the esxpressions land themselves guite readily to a simple
formula for a rectangular beaa with loads in a principasl plane but become
quite complicated for more general golutions.

It was noticed that when the product fe was plotted against e for a

number of materials, the outer portion of the curve was of the form

fo = ge” |

——

It was noticed furthor thet this expression could be modified by conventional

methods (reference 10) so that it also roughly approximated the straipght line
portion of the stress-atrain curve by writing it in the fom
foum aen - K
nel
or £ =ae - Kle (1)

It is evident that this curve does not paass through the origin wher o v §;

however, K can ba adjusted so that it passes quite close o the origin,

Using this equation as a basis, approximate expressions can be derived forr an
angle beau.

If no warping of cross-ssctions occurs (a1l notation referred to Fif. 9)
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Considaring the area above the neutral axis, l.as. the compression area:
cC =
Outer trisngles M? o f fredy where 2w B
4 d c,
% n
ax‘ L4 -ﬁ‘p Ty
w (“ﬂo !‘) &( - )d!‘
o \F v
ac nrl 1 Ke c
= d n«-I () (e2y = "T (3)
ac nel Xp c
Inner triangles u° s 2 i (L)
°r triangles Ml =g pxn(ml(rsé')"'?z"‘
and “’:A = hr: - Lg
- 8 1 nel ml) Ko ( v o
*Tpn— [CHIC] (dcu -gc, )-2 de gca) (5)
Considering the area bolow the neutral axis, 1l.e. the tension area:
= [ orase
3 !l-l \
o - —'ﬁ --.-....
(-“—I Ty
o
ol
% a 3
cos ¥ ( o i L (6)
clml
b4 [} ~—~E- a .—‘. v -
b - leg: ub sin y (:_D—Y n+l Kpcu) (M

The total resisting moment is the sum of equations (5), (6) and (7) or

1| 1 n+l m1) X
Ben coaﬁ[n—f{mﬂlmﬁi (dc. =8¢ )-f(dou-gca)¢

I}
te PR t
3 3 ) °b
cos \’(p:'l ol xp) *oin g 8in 7 Y (pnoi oL ) (8)
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Discussion of the Exponential lethod

figurs 21 presents curves which may be used for rapidly determining
values of pa'l, cn, and cm1 for known values of p and c¢. Although
this figure is limited to aluminum alloy 2 S-T material and a particular
value of n, it is relati.valy simple to construct similar figures for other
naterials after the proper valuss for n and K have been determined.

Values of n and X for materiazls simiisr to the ona of tne present
investigation are not difficult to determins, by the methed of reference 10,
when applied to the gtress-gtrain curve of the materlsl in question.

An exploratory investigation almed at simplifying the oxponential method
would eppear to indicate that for the portion of the streas-strain curve beyond
the yield strength, equatien (8) may bs medified by setting K = 0. The effect
is to increase alightly the valus of the computed bernding moment. *Again, such

a generality applies only to the particular conditions of this report.

*

Inasouch as the unmodifiad exponential equation (eq. 8) usually gives values
for the computed bending moment which awr less than the gxperimental moment,
the modification just mentioned woulG apparently toni to bring the comprted
and experimental moments intc closer agreenent.
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Plane of Couple

SECTION PROPERTIES
Rectangqular Axes Principal Axes
Ix = 0.2706 Is = 0.2554
1, = 0.0456 I3 = 00308
Iy » 0.0600
© X ¢ 1. le Qe | Qum Ce Ce
0° 66°33' | 52°35' 10.0330 {0.0385 |0.0929 {0.0862 | 0.670 | 0.744
30° 83°37' | 39°39° [0.0167 {00173 00635 |0.0622 | 0.507 | 0.518
60° 88°13' | 14°15' | 0,0140 | 0,0177/00581 | 0.0558 | 0.457 | 0.572
76° 07' | 90°00'[-0°07'|0.0127 |0 0183[0.0570 |0.0537 [ 0.434 | 0592 |
FIG. | — ANGLE BEAM CROSS SECTION PROPERTIES
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FIQURE 6
FULL VIEW OF PLASTIC BENDING APPARATUS:
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(a) LAYOUT, ANGLE BEAM M-5, 6= 60°
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FIG. 9 -— CROSS SECTION NOTATION AS USED IN THE

Plane ot Couple

b N.A

For 24 ST Al Specimens:

91,450 psi
1.1228
k = 25psi
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FIG. 20— LOCATION OF RESISTING COUPLE AT MID-SPAN
FOR THREE STAGES OF ROTATION
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Table No. 3 « LOAD AND STRAIN DATA
Angie Bamm el
8= Q%

Expt. Kegsured strains
band.
MOG.
H, % % ®3 * ° %
(in-kips) {(+) (=) (+3 {) {=) {«)

(4n/in = 1070

0 0 ") 0 0 0 0
6021: 3’1 270h 2865 2300 12‘09 13.6
8056 h'? 39.9 m.é 3210 aos 20.11
981 1.0 u7.8 50.2 38.8 25.7 25.1

10.72 Lo 56.4 59.1s LS.k 29.6 29.5
nbs 3.5 66.3 70.3 53.2 3.7 3.2
1163 3.7 69.8 74h.2 55.3 35.4 37.0
11.90 3.3 754 80.0 59.8 39,0 39.8
12,12 3.1 80.4 86.0 64.2 1.9 h3.0
12.23 30h 8305 8900 66.0 !1305 hhoé
12038 300 8?.9 9&.0 6906 h5.3 héig
12.57 2.k 9.6 102 75.2 18.6 5.7
12,79 1.8 103 11 81.0 52.3 55.5
iz.87 1.2 11 119 86.0 55.8 59.6
12.96 17 126 90.8 58,7 63.4

(+)

7.8
10,
12.1
1i.h
16.9
17.5
1900
2002
0.7
2.8
23.
24.8
26.2
27.2
28.5

R — e S e W el
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Expte
b&ndn
mom.

(in-ldps)

5021

8.56

9.81
10.72
1148
11.63
31.90
12,12
12.23
12.38
12.57
12.79
12.87
12.95
13.03

Tabls No. 5 = COMPARISON OF THNORETICAL AND
EXPERTMENTAL BENDING HOMENTS
Angle Baam M-k

8= Q°

Cosons’s Method

£

th
(4n~kips)

6.32

8.86

9.88
10,73
1.5
11.73
12.06
12.31
12.48
12,61
12.89
13.12
13.28
13.5h
13.81

ratio

Bonf¥s

1,017
1.035
1,005
3..000
1,007
1.008
1,012
1.016
1,020

Exponantial Yethod

aife. ratio
Ben o/t
)  (inekips)
- 0 -
2 5.78 0.920
b 8.0 0.936
o} 8,92 0.509
0 9.75 0.510
1 10.25 0.895
1 10.55 0.5907
1 10.80 0,507
2 11.05 0.912
2 11,22 0.918
2 11.39 0.920
2 1.59 0.923
3 12.30 0,983
3 12.55 0.977
k 12,72 0.982
6 12,90 0.950

diff.

)

-7
5
=9
=5
=31
-$
-9
-9
-8
-8
-8
wly
-2
-2
~1
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