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AJALYSIS OF SQUARE SHEAR WEB ABOVE BUCKLING LOAD

By Samuel Levy, Kenneth L, Flenup, and Ruth M, Woolley
SUMMARY

A solution of Von Karman's fundamental equations for

plates with large deflections is presented for the case of

& shear wedb divided into square panels by reinforcing struts,
Numerical solutions are given for struts of infinite rigid—
ity and for struts the weight of which is one—fourth the
weight of the sheet, The results are compared with Wagner's
diagonal tension theory as extended by Xuhn and by Langhaar,
It is found that the diagonal tension theory as developed by
Kuhn agreces best with the present paper in the practical

range when r = 1/4, ¥uhn's theory is in especially good
agreement for the force in the strut when r = 1/4,
INTRODUCTION

The necessity for designing structures having the
smallest possible weight for a given load has forced air—
plane decigners to build wing—beams and monocoque boxes
with shear webs so¢ thin that they may be buckled in a di-
agonal direction under service loads, As the shear load iz
increased well above the buckling load, it is carried prin—
cipally by diagcenal tension along the buckles, The bean
approaches a "diagonal-tension field" beamn,

The load ot which such shear webs will buckle has been
determined by several authors, (See, for example, pp. 357
to 363 of rcfercnce 1,) After buckling, the behavior of
the web is frequently determined fronm Wagner's diagonal—
tension-field theory (references 2 and 3) which neglects
the flexural rigidity of the shest, Experimental results
(see p, 2 of reference 4, Pp. 18 and 19 of reference 5, and
p. & of reference 6) indicate that Wagner's diagonal—tension—
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field theory may be too conservative for constructions in
which the diagonal tension field is only partially developed,

An analysis of the behavior of a flat »late subjected
to shearing loads covering the range from the start of buck-
ling to the development of a full diagonal tension field was
thergfore, thought desirable, Such an analysis, based on ¥
Karman'!s large deflection equations, was mede for the case of
a shear web divided into square panels by vertical struts,

pat

h O

i—

This investiszation, conducted at the National 3urcau of
Standards, was sponsored by and conducted with the financial
assistance of the National Advisory Committee for Aeronautice,

SYMBOLS

The following symbols are used (see also fig, 1):

a plnte length and plate width

h pleote thickness

w normal displacement of points of the middle surface
E Youngt!s modulus

" Poisson's ratio, assumed to bve V/O:; = 0,318

X,y coordinate axes with origin at corner of one bay of
the web plate

3 3
Eh Eh
D::__—~_—E— = =~ flexural rigidity of the plate
12(1—p") 10,3
¥ stress function
Q shear load carried by beam

average stress in plate in x—dircction

x

Ey aver gc siress im plate in y—direction
T shecar sitrcss at corncrs of plate

T ratio of strut arca to platc ares

P comprassive force in strut
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ely !y, M2 median Fiber strains
x v Xy
ct, ot, 7! median fiber stresses
x g Xy
o' of T extreme fiber bending stresses

A, B coefficlents in stress function
m n
P lateral pressure
_ coefficient in stress function
W coefficient in deflection function
m, n integral numbers used as subscripts
Y = 2,6327T/E apparent shearing deformation of bean
(Y is the angle through which the flanges
of the beam rotate relative to the struts)
u,v displacements in x and y directions
respectively,
M bending mement in flange

FUNDAMENTAL EQUATIOXNS

Congider an initially fint square plate of uniform
thickness, Two oppositc edges arc assumed to be siuply
supported by heavy flaﬁ ses, integral with the plate, which
allow rotation about the cdges but prevent displacement

parallel to the edges and force the edges to remain straight,

The other two edges are simply suppcrted dy strutes, intezgral
with the plate, which allow rotation about the eges and dis—
placement parallel to the edges corresponding to shortening
of the strut under load but maintain the edges in a straight
line,

EQUATIONS FOR TEE DEFORMATIONS OF THIN PLATES

The fundamental squations gove z
thin plates were developed by Von Karman
ence 1, on, $22-323):
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] 4 -4 ba \\5 .z
F o B R —_ w 0w ¢ W
LA > + =2 - = E [(%___ - (1)
4 . _2._= N o - < 2 -
ox Lz oy oy OX Oy ox® py©A
4 L4 L4 2. = L2, .2 - -
O w C W cw p h /27 8w °F 0w ¢TF ow
—_—t 2 + ==+ + -2 (
ox > NIENE: "D D \..2 ._= z ..z NN
cx~ oy oy oy~ ¢ox 3x~ oy cx 0y CcXoy

where the median—fiber stresses are

s & 2. 5, B

U“F 07 F ¢ 2 \
c! = ..—q—a-, G‘ = -, Tt = = e——— (5)

N ¥ < Xy e

Cy ox CXOY

and the median—fiber strains are

el = -l'- ( - K -——.‘;e-
3 \py® ox
1 (37 o F
1 = = -, \. \
v E \&x® * oy ”® 4 (e)

2(1+p) oxoy

X,¥ z CxX oy
-~
The extreme-Iiber bending stresses are
) Zh (a‘w 2%\ ]|
ol = —~ + W |
X ..z N
2(1-p%) \ox=© ey / i
- 27 \‘.E \ ;
on = - IR _(BW ., DM ()
Y 2(1-p2) \oy~ ox 7/ |
T < ‘
Tgyz_ Th bw \‘
X, |

S

~


http://www.abbottaerospace.com/technical-library

NACA Ti Ho, 962 =

. «

EQUILIBRIUM OF MEDIAW FIBER FORC

td

5

1

Seydel (reference 7, p, 181) showed that the bucklinc
load of a simply supported squar: plate sudbjected to shear
ing forces 1s given with an error of less than 1 pcrcent if
the deflection is described by

n

0]

-

pl
¢

... TX uf . TX . 3Ny
w o= W sin &L sin 2 4 W, z sin —= gin =%
1,1 a a ’ a a
. 3mxX .. emx 21
+ W sin 228 win I 4w, , sin S0 gyn 2TY
31 a a ’ a &
2 - X,
. 3nx . a1
+ W, , sin sin s (&)
’ a a
where v w w w and w are five al-
1y1° 1,3 3,1° 2,2 3,3 A

Justable CauSuPnta, The analysis will be carrisd well heyond
the buckling load on the assumption that expression (B) con—
tinues to bife an adequate description of the buckles in the
plate,

A suifable stress function F must now be chosen to
satisfy eguation (1) which expresses the condition that the
median _iber forces are in equilibrium in the plane of the
web, If F 1is taken as,
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. e 6
Oxy” CuX N I x nny
F o= + —- TXY + 24 b, _cos ——— -
2 2 By B a a
m=0 n=0
g o x 1- mT mry ’ l\
+ ST A, COS il ——E — — gotk ;—> cOsh nm QE ~-)
y = a L\l+p 2 2 2
et
_Q:Z’ -%’6
+ o (€ - i sinh mm (£ - L }
\a 2 a 2
T nT X r/l—p zT Ll (v 1
+ y A COs - == —~ —— tanh ~— )} sinh om = — =
. m L\1+H 2 2 a 2
n=1,3,5
N .
am (L~ l) cosh am (i —-l>]
a 2 a 2
N nwy 1— nm n ) X 1
+ § 3y COs —*= = —— coth — jcosh nm |\ = — =
ya . ) 1+ 2 2 / a 2
n==24 %, €
nm (% — BA cinh om (X — l\]
a 2/ k'z 2/
e '
+ 3; Z, cos any Lﬂl:ﬁ — 2T tann 20 ) sinh nm <% - l)
. : a \l+u 2 2/ a 2
n=1, 3,5
/'1'
n /ﬁ - }\ cosh nm { = — 1 (7))
\a 2/ a 2 ,
and if cquations (&) and (7) are substituted into cquation
(1) it is found by a method shown in reference 8 that equation
(1) is identically satisfied when
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=15 OO

O

\

Z(am 1® - 4wy qwy g+ 18wy 1® - 36w W 3)
’ ’

Toga( 16w, 1M, 5* 144wy 1vg 5 + 33w3 p)
5184(162w3 z + 18W1 z )

'—(‘IGWZ oWy, 3 ~ 16wy gwz 1)

70001671, 173, 3 + B4w3, zvg, 1)
5;%2(64w2’2wl’3 + 144W2,3W5,3)
g%(zwi,l-4w1’1w3’l - 36wy 3wz 3 + 18wi,3)
5%3(16w1’1w5,1 + 16wl,lwl,3-64w1’3w3’1)

B
1600 0(100W1’3W3,1 - 4w1’1w1’3 + 26wy, 1W3,3)

6400(144W1 W3 3)

E
+
200  161,1%3,3 * 84wy 3W3 2)

£
;ggz(‘15wl 33, 2)

=—==(100w - 4w, W + 36w

1,5W3,1 1,173,1 1,1“3,3)

v—1

1555(—64w

1,3%3, 1)

'36W1’3W3’3)

£ _
10816
rop(S4g gvs 1 44wy aWs 5)

§é4( 16W3,1W2,2)

o

2 2
Tisy(le2wy 5 + 18wy )

e
y v

6400(144W3 1%3,2)

ToeTa(-3675,17,35)

0]

0 whenever m+n is an odd nuaber ’//

(8)
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B0UKNDARY COIDITIOCNS

The condition that the edges of the plate be simply
supported is automatically satisfied by equation (&) for
the lateral deflection,

The condition that the edges of the plate act int
with the supporting struts and flanges of the bear raqu

l-—"‘If('.)

that the strain at the edge of the plate be equal to the S‘rai:
in the supporting strut or flange, This condition will bhe
used t0 letermine the remaining coefficients &, Ty, Ap, on?
3, in zquation (7),
The ocdges y = 0, y = a (see fig, 1) are considered
to be supported by flanges so heavy that they do not shorten
under load, The median fiber strain in the x—direction at
the edges y = 0, y = a must, toherefore, be zecro,
€Y> = 0 (9)
The edges = = o and x = a are concidered to be sun—
ported bv struts having a cross—sectional srea of r 2 I,
Such struts will shorten under load, If the compressive
force in the strut is dencted by P, the mzdien fiber straian
in the y—dircction at the edges x = o, x* = a mnust be
P
(el) = - (10)
N - /
X=0,X=2a rahE

Since there are an equal number of web bays and struts, the
comprzssive force in a strut must equal the vertical tensile
force in a web bay, or

a
P = f (hc')dx : (11)

o)

Substituting from equations (3) and (7) into cquation (11)
and performing the indicated integration gives,
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h n 1
P = ahg, + 2 N amB, sinh ZX cos BIL (1)

VU (1em)e L ” 2 a

N=2,446
Substituting equation (12) intc equation (10) gives
c 4 N
(ed) = - =L ~ ————E——:— > nB, sinh :Erzosﬂﬂi (
Y x=0,x=a rE (1+p)ra=xs L 2 a

(3

The fact that the summna

He
o]

tions in the serics expansion for 7T
equation (7) have been limited to m arnd n = & makes it
impcssibls to satisfy identically the boundary =quaticns (o>
and (13), =xcept for o small variation in strain of a fre—
quency iighker than the sixth harmonic, however, it can bde
shown by cxpanding F intc trigonometric zeries and by sub-
stituting equations (4), (7), and (8) intc equations (9) and
(13) that cgquations (9) and (13) are satisfied
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Wa
1,3
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= =——3 TE0 . 6
Ay=3B, 152(+C-l‘“Wl,1”8,8+2-°"7w1,swa,2"1"

Ag=3 g=———(~C, 28 04w W +1,220w +3
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: 2 2
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v
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=
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I

A
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The struts and flanges are considered to be stiff
enough in bending to keep straight the four edges (x = O,
x =a, v =208,y =a) of the plate, Equations for the
u and v displacement can be obtained from n, 322 of

reference 1,

N S NE N

cu 1 /¢w

Pl Sl ey

cX 2 NoxX

~ -

ov 1 /cw

onlial S '\-—> > (15)

2 cy

cu ov oW Cw
+ — = Yy y - — —

oy 0% ? oxX ¢y

Values v can be obtained by substituting equa—
tions (4 , (8), and (14) into equations (1F) and
integra g  glves for the values of u and v at
the edges of the nlates for r = o,

(u) = 0, (u) = 0
=0 X=a
2,652 2.632T
(v) = z _;Ei_l; (v) = x 228327 (1e-)
y=0 E y=a 3
and for r = (, 2R
[T = 0 19 =
< ‘-/:\':ﬂ y (‘*)X:a = O
ol 32T ~RZoT =
\ _ [T R ') . Do LS i <
v = X e —— v T X e - = 3
( J:\-":O 7 ’ ( >y=a X = - (O,SSlqu"
, 2 2 2 2
- D 748 gy 70 o an)
+ .J4€w1’3+O.uc73w3,1+l,uw5w2’q+a.L82w3,3) (18%)
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It is scen from equations (16) that the edges of the plate
correspoading to x = 0, =x = a, ¥y = 0, and y = a,
satiszfy the condition of remaining straight after buckling
has started,

EQUILIBRIUM OF LATERAL FORCES

After the web plate buckles, the median fiber force
have components which tend to displace clements of the

plate laterally from the original plane of the plate,
These forces will displace the plate laterally until the
bending stiffness of the plate prevents further displace—
ment, Thig condition is expressed by eguation (2),

ral deflecticn (equation(é)) must now be dete:
a way that equation (2) is catisfied, The

the series cxpression for w (pqhitlon ( }) has

1 ¢ only the first five terms, makes 1t impossi-

ically satisfy equation (2). EAcept for a small

raned lutbral pressure p of order higher than 3,

hOweVQr, it can bec shown by cxpanding F into trigonometric

series and by substltutlng cquations (&), (7), (8), and (14)

intc equation (2), as is dome in reference 3, that equation

(2) is satisfied.

mnined in
fact tha
been 11
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1. Q81w3 2" 1,5 + 8.c0u2 1 T )3 + Z.VOZW 8W3 3
2 (=13 - 82 2

123.uw1,: '*“1,5‘ 13.72w1’1 o;.88w3’3) + 3(o'? 04h
12.85w + 156.6Wa , +74.64W> . +234.36W, W, o)

1,1 3,3 2,2 1,1%3,3
_.051\»’? 2 ——"- - 0. 2701W1 1 + 0. 02351‘7" 7 -2 ?ZOWl 1W3 3

b

0.8387%° _w + 4.402w° _w + 15.82w° _w
YOO8 5Wy 1 . 2,2"1,1 .

/ / fad 2
3(-0.02581w, | + 0.1410w; ;) + w; -(120n

+ 81.90w g + 3.358w. 5 + 15.16w] 1)

E) .L,.L‘l,

1.892wy 5 TE- - 0.0453wy 1 - 40.85w] 5 - 4.439w] 1w; o

w auggh + Sluzgw

be] 2 .
1,372,1 2,2"1,1 2,271,5

51.47w3 5 + vg 5(23.7040% +8.090w] | + 149.3w3 5
’ -3

(SN

< , -
81.90W3,3 + 17'61W1,1W1,5 + 7.201w1’1w5’ + 83.45w 1, 3 3 3

1,1 + 2.1ozw1,3 - 1.898w3’5)

1, 3" 3,3

14

N

)

J

(17a)
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and for r = 1/4, when

(6.147w3

3 — 2 2
0= 1.184w1,1 ws l(O 80461.'.'1 -+ 0. 81.:...W 1+ O'lOleS,S) +w 1,3

1,1

2 2 3 2 — e —_—
+ 9'424w3,l + 4.948w2,2 + 7.a97ws,3 4.438w3,1~13’3 4.5604w1’3=v3’3

P 2 — 3 —_— 3 —_ 3
+a.139W1‘3W3’1 + 1.4815h?) O. 081°7w1,3 0. 05188W3 1 O.OOS‘HSW::.’5

2 2
— 6. 524711 3 3 1 + 0. 14:22wl 3 3 3 6.448wl 3 3 1+ 4, 402w1,3l2’ + C. 7930“1 SWS,S

{ a T
+ 0. 090"7w5 " 3, 3+ -.&04: l 2 2+0 4790w, 1 3 5 + 23. 69w1 :;wz’lvvs,3

Ta?
2 — —_—
+3.605w2’2w3’3 O.584Ow3’2 —

0 = 18.894w? +w (4 045v +7 . 335w + 49,387w2 + 53.584w2 _
2,83 3,1 343

+8.803w. _w -+ 8.808w

7.207w .28
1,171,3 + 7.207w w + 31.23w

3,171,1 1,173,3

. Ta®

. 3.7 — (0.5
+82.26w, W, |+ 33.704h%)+ 1 (~0.5840%, | + 1.051w,

1,3%3,5 1 51.15%; ¥y o

+ 1.051w — 1.892w

1,3 3,1 3,5

0= 95.58»7?5":5 + wg‘s(—O.OIGZSWLl + 0.05922\5'1’3 + 0.0B?elws’l) + w5'3g7.995w31’1
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+0.4191w1’3w3,1 + 120.0h%) — 21.03wi'3 - 20.70\@,1 — 0.034051vi’1 - 0.380771 i 1,3 (17v)
—2.219w§ , 13,1 + 0. 14gew1 173 1,3 + 0. 09048w1 lwa 1+ 3. 502w1 1v + 0. G"84w1 3w:_,) 1
+0.3727wy 508 1+15.613w; w8 5 + 15.50w; 13 5 + 33.69W) ¥ 5Wp 1 — 1.aazwg,2%

0 = 20. zsswg 3+ W 3(—0 2443w1 1 — 0.3904w, 1 83. osaw3 3) + ", 5(6. 147w1 1

2 2
+37.897W3'1 <+ 106-156W3’3 + 36.34?\72'2 — 13.05W1’1W3,1 -+ 0.2849W1’ lWS,s

+1.358w; 1wz 3 + 37.04h%) — 0.2682w} | — 0.07916w§’1 + .01976w3 5 + 1.()64w§,1w3’l
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f the beam (fig, 1) can itself be considercd
rted at the st““t points and subjected to a
the median fiber tension in the shear web,
, the web carries 2ll the shearing force in
refore there is no tendency to bend the flange,
After buckling, however, the web carries some of the shear—-
ing force by developing a diagonal tension field, This diag—
onal tensiocn field tends to draw the two flanges together,
The flange bending mcoment will be considered as positive
when 1t curves the lower flange concave upward or the upper
flangc concave downward, The shearing force in either flange

will be considered positive if it tends to support an cxtarnal
load Q, directed as shown in figure 1.

If uce is made of the fact that the flange bending mounent
is the same at ecach strut point, the shearing forces in the
upper and lower flanges are, respectively,

3 a ]
~ 1 e |
2(cd) ix — = h(o§) xdx

) y=a a y=a

- X ~ o -
and ﬁ- (13)

o {
] [F /f
. / B |
- n(s ) xdx — [ alal) dx |
) 7 y=0 J Yiy=0
\fo \)X

The bending moment in th: flange is determined by making
the slop2z of the flange the same at each strut point, Thais
gives for the bending moments in the upper and lower flanges,
respectively,

a a W
LY 1 /n -{\ X /‘._ |
M == b(c') x(l—=VWx+= [ nlct) xdx
y=a 2 / y=a a J a |/ Jy=a |
. J, |
c i
X a, |
n z *
!
- ax /| n(cl) ax,
/ T y=ga
J .
o X > (19)
1 N B ! /
e Y i
o / h(o! - = Jdx+ = / hic zdx
y=o0 "z y>y o a / ( y>y=o
i .
/O \’C
A X a
- /[ dx I hic 1) dx
J / J 7=0
JC X )

t
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Substituting for (cy)y_m ron cquoations (3) and (7) end
porforning the integrations in cguaticn (19) ~ives for W,
y=0
&n &
2 1ox , x° . [ 2x \ A
= aPNE, (S o+ ——p J+ h (Z=- /. /), =
12 2a 2s a — 1

& 6
e T
\ \
+ h ) b cos X
/ H"n a
R LA
m=1 =0
8
v m 23 1T E
+ b > A Ao MTgan nhEL 51nn“”+~m“‘nsbri{\}—-—~—-cc<”’i)
Y- 14 9 2 2 < g a
m=1,3
& - \
\ 1~ 0 iy mrr , . Y3 I %
D ;G_h&.._:lcothu \cosh D4 I giny BT oo BT
L L\ +u 2 2 2 2 2 - a
m= 2,4
5
Y‘ f 1—-u  nm nr | }"/ 23\ ‘¥ 1
. N -t 0T I £ 4 2 R -
+ h / B 27ROt anhe- | Kl—~— \ ginh<—=+ sinh nﬂk“—-7>
BT 2 e | )|
n=1,3
=N [ (= 1N nn |}
+ |- - - !;cosh nrr \— -z cosh ~w!f
k2 ’_. i \.':3. 8// 2 ,Q_j
e
A -
\ (" — . oL < #
+ h ) 3, ér-}-mi‘f—-i‘lﬂ coth 2ﬂ§ cozh nrr f-1\ ~~4&L~— ¢inh
fmi 7 iil+y 2 2 o 2/ omllep
no=a, 4 e -
/ N
e ‘ .. s | 1o
+nrr (é —~ -} slnid um = - 1‘1 (Lwﬂ)
\& 2 a  2/)

EuUTTA A r T AT N ooy oA g
oA ALZ VAL L ARRIED BY RBEAV

The bveaw {(Fig, 1) supporis & chesr load §, At any ver—
tical sectioa through tha beam this load is partially carr
by shear in the web nod partiazlly by shesar ¥n the flanges,
Part of shear in the web may be considered duse to0o the
diagonnl ﬁansion after buckling,
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The shear load carried by the flonges 1is obtained by
addingz cquations (18), The shear load carried by the web is
a
- h 7! dy (20)
xy
o
Adding ocquntions (18) and (20), substituting for é nna
T4, their values as given by equations (3), (7), (%), (1l4n)
and (14b), and integrating gives
£ = x =
tor T (Wl,s wa,l)
= a . * 21a)
Q=— Tohtw, , —= (1,350w, | —4.862w, ;+ 4.376w; 5) (212)
and for r = 1/4
Q=— Tobty Eh(y, 340w, —2.422w, -2,430w +4,372w ) (21%)
suiz :oa’e . 1’1 . e 1,3 . ) ] 1 ‘T o (< 3’3 o) 7
SHEARING DEFCORMATICN COF BEAM
he suacaring forces acting on the end of the beam causc
it to ghenr downward as shown in figure 1, The amount of taec
downward displacement is (v)y=o in equoations (l€u) and {(1léb
This <givos
Tx — —
) T
(v)._ . = 2,632 — = Yx; Y = 2,832 = (22)
& 7 pait o
where Y 1g the shear deformation of the beam,
EFFECTIVE WIDTH IY SHEAR
The lces in ehear ¢tiffness of the beam after oduckling
of the weh oy be considered sas = loss in effective width of
the sheet, The effective width ratio in shear for 2 given
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bl

shearing defornmati
load actually car
have been carried

vad actually carriecd by the beam is give

a) and (21b), The shenring lefcrmation o
quation 22), From equati ons (3), (4), =
' a load Tah might have been carried w
¥ if the web had not buckled, The e
width ratio is, therefore,

by equo—
the beaum

o]
Hy ot Py 3
+ by

~~

~1

-~

-

(=N

H'
..)

1
Effective width ratic = @/ Tah (23)
Substituting for Q from equaticne (21a) and (21b) gives
for r = o W w
( ,3 3,1)
Zffective width raotio
£
— — 1 . — 2 \ D e
= 1 Taa we'z(_,BSOwl,l 1.862w1’3+4,u76w3’3, (22n)

- —— 740 _ 1T D 2 a4 2]
1 T:z W ,E(I.U%,wl’l B.QSQmI’B ~.aSCws’la—tx,b’?uws,s)
Ce
(24%)
CCMPRESSIVE FORCE IX VERTICAL STRUT

After buckling of the webd, the diagennl tensicn field

tends to draw the two flanges o©f the beanm tczether, This
action is counteracted by the vertical struts which hold tlLe

flanges a2part, The uagsnitude ¢f the resulting coupresgsive

o D
force in the strut is given by cquation

¢

i
: 2) Substituting
a B the values &

» in equations

s~
—

Uy
[=n
o
3 .

<

¥
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for r = m(wl,s = Wy )
P = %§ {(l.Bde1 1+18., O4w1 S+16 ?&WB 3+’7,wl'7w ,a)

“ 2
+ co«_ﬂi( 0.0846w; 1~0,2858wy 5O, 0171wy ~0.0189w,

+ 0,818w W +0,708w w +3,100w w )

1,1 1,3 1,1 3,43 143 343
4any 2
+ —{(-0, oon 0 2}6’7w; —~0, 0170w= -—0.1538w0 .
o , 3 5,8
«O,0284w1,1w1’3+0,0165w1’1w3,5~0,623w1,Sws’z)
+costT (0, OOl9w —0,0419w8 —0,2238w? —~0,0075w?
2 1,3 3,3 2,2

o
O

0. 014¢ Y ) 1 — Aw : 25
+ 0,01l48w W + O,Cl48w1,1w .3 0,0sl&wi,sws,s)}- (252)
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"‘-‘E (( O 3318 w +2 \‘tCWP +0 9F~78W2 +l BEEW +2. qdﬁ?“' -)
4,\ Lk IR 143 7 3, a,a s,o
P, AU . 2 2 .

+ cCgmmt{~0, 0484 0w ~0,0097%w —~O,.J7€"7w -0,C1014w _
- 1,1 1,3 2,1 2,2
2
—C O'“IQWS,S 9] SABWI IN q+C.l7gaW1 1 3’1
P 1 2o8 0o o
+0,2081w, dW gt FeTEEY Ly 5,37 e2alyy a5
+0,4040w v
1,1 &,3
N k3]
—-0,0244)w -G, 004307wW
, 1 1,3 3,1
—0,1124w? 0, 01202w® -0, 02380w
o1l SR e O 1,1 1,3
+0,01l444w w + 0, 0584w w --0,5269w W
1,1 3,1 1,3 3,3 Tl B,3
—0,1F0lwy avwg 5 L.COGluSwl,lﬂﬁ,a)
- TVl n -‘_’2';! 0oCRo .q”’:) Cf\f)agﬂvq e O(’?t‘:‘rvqoma
+ fol R = \.--'\,,. L‘vldulzv‘\'."j-‘*».' !.v.-.l_‘.r.‘.l’g-'-w. e ‘3’1 oy IR --,8’2
~ . a ~ . . = s
—~0 170wy, +0,004830w, v, +C,C0535 0w, W o
3, ’ ’ ’ ’
o et T A __‘f, 1618 G W
— C!l.x.‘-.:'ﬂ'l’:/“f.':;,u " o L-’ -44.6(‘ r‘)‘l ,1'.’3,3
-G, 000y 029y W L C10%2w W )\ {(250)
1,3 3,1 1,1 3,3° f

*~ © e e - ~ A JR.] T o e Tim-
Suruf.";t; at venver ©fF osnear Doy

xani:

notion of s which hnove gavere shear buckle
that the mazimun roembrane stresses ars likely 1o

,
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cceur =t the center of the shear bay with the line of fail-
ure running at nearly 45° to the flanges.
The stress at the center of the plate 1s obtained fron
equations (3), (7), (8), and (14) by letting =x=y=a/2,
This gives
T ro= 8 =
for oa(w.l’3 ws,l)
-
IE AL E 2 -
(ol=o ), o)2"7E (3, C69w? ’1+5o,22w1,3+27,55w SF2,278W5 .2
= fl./p
> (26a)
—15 F +. -5 \ 7
10.59w1’1w1,3 l'187W1 153 6.24W, ¥y 4)
(i) = 1+ 2w, (2.267w, 1+25,80w, g5 .775w )
Xy - SWa,a\ T 141 O 1,3 . SWwz,a
x=a/2 a y
y=a/2 -
nd for r = 1/4
7 a 2 2 ~,
] — 4 ° T 7
(O‘X>X-a/2~ =5(2,586w, *14.26wy g+11.58w, 1+0.4218v, 5
y=af2
o
D - _—.9 3 — ATV 1 7
+~8.15w3,3 k.67aw1,1w1’3 7.823w1’1w3,1+4.é26w1,1w3,3
+24,59w1’Sws’r«45,57w1’3w3’3~9,942w3,1w3,3)
L] A 59 Ry o 2 _r N8 c.,3
(Uy)X:&/Q = L1, 597wy 1 +13,7Ewg 3*2.186w3 —3,612w5 +14,09w3 .
y=a‘i/2 /\»-"(P.
i
%
GO0 4 !
.665w1,1w1’3---8,u0¢w1,1w3,1+&,175w1’1w3,3 |
b ” :l
24 A0W W a7 18wy Wy 9, 056w 1w g, 5) !
(T' ) ='r+—}'-3;-w (2,268w_ +12,90w_. +12,9Cw_ —B, 776w ) }
Xy x=a/2 a® 2,2 1,1 1,3 * 341 7 ° T 3,37 |

y-a/u
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The naximum ard minioun principal stresseg at the canter
of the p&ate may be ubt"* ed from naumuicnh (26a) ard {zon
by the 12 of reference 9,

an the R—oxis and the direction

Stress at Cornsr of Shasar Ray

he the shear bday nust be mai:
a shear neipal deforpation iz o coh
in angla o flange and the vertical struts
The bounda (Y to ti
1d of s u T

(14a), and
directions are
boundary eguati
regiduals in the case where T = o, These
in the paper and appear in the socond an
tables 3a and 3b,

) ;
left, A meagure of thb d ;r
ilong are satisfied 1g the A

The stress ot the corner of the plate iz obvtained from
equations (2), (7), (8), (14a), and (1ad) by letting x = e,
y = a, Thiz gilves

s
for r = o awl’aw 5,1)
(cr=c1) =2(0,157w] +1,9%4w° +2,14w. +0,330w. W
X N v ) m & 1’1 1,3 3,-5 2 &

—1.11w

i
i
i
W i
1,1*1,5‘1- 1,13, 343 L
\...
+C, 732w W —~0, 94w W +1,96mw W (
- S TATW 1,172,077 1 gV 0 . w”3,3‘a,e> ;
A !
(1’ t ) = T i
Xy xz=0
TR ’
1% L
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and for r = 1/4

o

2
[+
9,593w3,1-—1.029we o

E
:-( 0 2889w1 12, 42w ,3*

—2, 103w

<
3’3-«0.96181”

1’1w1,5—0.3613w1’1w3’1

~1,860uy jwy o+0,1806wy swy 1+6,160w, v

,7,493w3’1w3 3+O 7299w gw1’1+7,324w1,3w3’2

_3.275w3,1w2’3+l.945w2’2w3,3} ?-(28b)

= 2 a 2
= :~L¢ 116w? ~9,O8Ow1’z—2,108w3,1 4.572v; o

[TII]
»® 0

—-10,35w2 _—1.,5434w —1,290w
243

1,1"1,5 1,1%3,1

—-2,79%w 0,1693w W -1, 067w

w — .
1,173,377 1,3%3,1 1,3%3,3

*4-157W3,1W3,3+0-7298W1,1Wa,3*0-6991w1,zwa,2

— 2 a4 !
0,2494w LA +1. 45Wa,a“3,3)

Hi
4l

1
(T Ym0 D
y=a

Depth of Buckle
The contour of the buckle in the shear bay is given by
e

i
equation (6), The depth of the buckle at the center of the
bay is obtained by setting x= a/2 and y = 9/2. This gives

AT = 2 — . 7}
Yeenter ”1,1 wi,s w3,1+ws,3 (29)
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NUMERICAL SOLUTIOW

Defilection Coefficients

The deflection coefficients are obtained by solution
of the simultaneous equations (17a), (17b), These ecquations
were solved by a method of successive approximation, using
the following steps:

7,
1., Divide each of equations (17a) and (17d) by b7,
o 3 n e P /s
2, Estimate values of wy 4/h, 1’3/11 ws’l/h,
Ws,s/h' Ta®/Bh®, corresponding to a given value of wa,g/h,

3., Expand the right—hand ride of each of eguations
(17a) and (17b) in a Taylor series in the neiohborhood of
the estimated values of w,, ./h, wi’s/n, wz’l/h, W %/h

and Ta®/Eh®, omitting the square and higher order terms.
4, Solve the resulting linecar equations for the differ—

!
ence between the chosen values of wy /b, wy z/h, wgz 1/h

N 2 < . . P
w, ,/h, 7Ta"/Eh” and the improved values, (Crout' method,
3

refercnce 10, was used for this,)

5, Repeat until the estimated error is less than 0,2
percent, The convergence was rapid; so one or two trials
usunlly were sufficient to give an accurate aanswer,

The results of the computation were checked by substituting
the answers in the original eguations (17a) and (17b), The
results are given in tables la and 1b for values of the shear
load Q wup to about seven times the critical value for buck-
ling, The value of ¥ was computed from T by using egua—

tion (22); Q was computed from T, Wy g Waa Wi,

1a) and (21b).

n

E 3 . -
ws,a’ and Wa,a by using equation

Median Fiber Stresses at Center of Shear Webd

The median—fiber stresscs at the ce zt sr of the shear webd
were computed from equations (2fa) and (280) and tableo la

and 1b, The maximum and minimum principal stresses then werse
computed from equation (27), These stresses are given in
tables 2a and 2b and are plotted against the shear load g in


http://www.abbottaerospace.com/technical-library

NACA TH Xo, 962 26

dimensionless form in figure 2, When r = o, the dirgction
of the maximum principal stress forms an angle of 45° with
the flanges for all loads; when r = 1/4, however, the

angle is 45° a2t the buckling load and decrcases to 399 3!
as the load is increassd to five times the dbuckling load,

As might be expected, the maximum principal stress
(corresponding to tension along the wrinkle) continues to
rigse after buckling while the minimum principal stress (cor—
responding to compression across the wrinkle) remains nearly
constant after bduckling,

The reinforecment ratio r has only a small effect on
the web gstresses at the center of the shear bay, (See fig., 2.
The drop in tensile stress at the center when the reinforce—
ment ratio changes from 1/4 to o is only 7 percent at a
shear load of 45 Eh%/a,

Median Fiber Stresses at Corner of Shear Web

The median—fiber stresses at the corner of the shear
web were couputed from equations (28a) and (28b) and tables
la and 1b, The maximum and nminimum principal stresses then
were computed from equation (27), These stresses are given
in tables Za and 3b and are plotted against the shear load
Q in dimensionless form in figure 3, The direction of the
pmaximum principal stress forms an angle of 45° with the
flanges for all loads when = =o; when r = 1/4, Ihowever,
the angle is 459 yp to the buckling load and decreases to
41° 4' as the load is increased to five times the buckling
load,

Comparison of figures 2 and 3 shows that the maximum
tensile stress occurs at the center of the plate while the
maximum compressive stress occurg in the corner,

+
p»
ot

The reinforcement ratio r has an appreciable effect
on the stress in the corner, (See fig, 3,) The increasc in
comprecssive stress at the corner when the reinforcement ratio
r changes from o« to 1/4 is 40 percent at o load
Q= 4% Eh 3 a,

Effective Width of the Sheet
The effective width of the sheet (corresponding to the

width of unbuckled sheet which would give the same shear
deformation as the actual buckled sheet) was computed from
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equations (24a) and (240) and tables la and 1b, The ratio
of the effective width to the actual width is given in
tables 3a and 3b and is plotted in figure 4 against the

- .
shear defcrmation ratio Y el Changing the strut area so

that the reinforcement ratio r = 1/4 1instead of o causes

a drop in effective_width ratio from 0.88 to 0,81 for a
shear deformation ¥ = 140 h</a®,

FPigure 4 shows that the effective width decreases slowly
with increase in the shecar deformation, In this connection it
should be remembered that the present paper is limited to edge
reinforcements which are rigid against bending in the plane of
the web, It should not be assumed that the effective width will
be as high as in figure 4 when the reinforcements allow bending
in the plane of the web,

Bending Moment in Flange

The bending moments in the lower flange, due to the webd
stresses o! acting normal to the flange, are given by equa-

tion (1%a), This equation does not take account of the fact
that the wedb shear stress Tiy contributes to the bending
moment wien the neutral axis of the flange does not ccincide
with the edge of the shear web, The bending moments along the
flange y = O computed from equation (19a) using equationsg
(8), (14a), (14Db), and tables la and 1b, are given in figure

8 for r = 1/4, Q = 45.37Ek®/a and for r = o, Q= 47,22Eh®/a,
The maximum moment occurs at the struts, x=0, x = a, The
distribution of moment is similar tc thet in a beam with clamped
ends under 2 uniformly distributed load, Although the shecar
load Q is nearly the same in the two cases, the moments for

T = o are nearly twice the moments for r = 1/4; the decrease
in cross—sectional arca of the struts causes a marked decrcasc
in flange bending moment,

Compressive Force in Strut

The coupressive force in the strut is given by equation
(12), The distribution of compressive force P along the
strut was conputed from equation (12) using equations (1l4a)
and (14b) and tabdles la and 1b, The results are plotted in
figure 6 for r = 1/4, Q = 45,37Bh3/a and for r = o,

Q = 47.22Eh3/a, The variation in cernpressive force P  aloag
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the strut is¢ 19 percent when r = 1/4 and only 8 percent
when v = , The maximum force occurs at the center of the
strut, v = a/2,

The maximum force P was computed for various

y=a/2
loads, It is plotted against lcad in figure 7, For a given
load § on the beam, the force y-a/z in the strut is

about three times as great when r = ® as when 1 = 1/4,
When r = 1/4 a considerable portion of the force holding
the flanges apart seems t0 be carried dy the sheet adjacent
to the strumt,

Shear Deformation of Rean

The shear deformrtion ¥ of the beam and the shear load
Q@ are given in dimengionless form in tables 1la and 1b, ;
are plotted against cach other in figure 8 for r = 1/4 and
r = o The deformation when = 1/4 1is only about @ per-

cent grenter than when »r = oo
the strut apparently has only
of beams with buckled webs resis
spacing equals the beam depth an
stiff,

The cross—sectional area of
v minor effect on the stiffness
ting "hear when the strut
d when the flanges are ve

)

After buckling, the effective shear stiffness of the
web is decreased about 8 percent for r = o and about 12
or r = 1/4,

/

Comparison with "Tension Pield" Thecory

The most widely used concept in predicting the behavior
0f a shear wed after buckling ieg that of the "tension field"
originated by Wagner, Wagner (reference 2) postulated that
the shear load carrled by a thin sheet web after buckling is
chiefly carried by tension in the direction of the sheet
buckles, Improvements of Wagner's original theory to take
account more adequately of the case of an incompletely devel—
oped tension field have been derived in references 11, 12,
and 13,

3]

Kuhn (references 11 and 12) has developed a semiempirical
treatwment for the action of shear webs in incomplete diagonal
tension, Kuhn's results are plotted as curves C 1in figures
9, 10, and 11 for comparison with the present work, The »
ment 1s excellent in the practical case where r = 1/4

gj

b
t

£

I8

v

o
b
(@]

ept
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for the stress in the corner of the buekle (curve B), In
the extreme case where r = o, however, the agreement is
not go good,

Langhaar (reference 13) takes account of reo inforcements
and assumes that a compressive stress equal to the critical
shear stress acts perpendicular to the buckles, He neglects
the effect of Poissonl's ratio (u = 0), Langhaar's results
are plotted as curves D in figures 92, 10, and 11 for com-
parison with the present work, The agre em nt is excellent
for the stress at the center of the panel (curve A, fig, 9).
It is not quite so good for the shear deformation Zfig, 11),
For the force in the strut (fig, 10), Langhaar's results arc
nearly twice as high as those of the present paper,

The preceding comparisons of Wagner's thcory, as de-
veloped by Kuhn and by Langhaar, with the more OlprtO
analysis given in the present paper for the specia 1 case of

2 square plate, indicates that Wagner's thecry as de BlOped
by Kukn is in best agreement with the present paper in the
practieal case r = 1/4, Kuhn's theory is in especially
good agreement for the force in the strut when r = 1/4.
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Table la - Values of the deflection coefficients as a function of the apparent
shearing deformation ¥ or of the shear load Q for r = e,

Qa_ -3 a? w11 w1.3 w31 w33 wy 2 Ta?
Eh3 h2 h h h h h Eh?
o 0 ) 0 0 o
8.61 22.68 0 0 0 0 -8.61
8.32 23.24 +0.1587 ~0.0118 -0.0118 +0,0066 -0.0479 -8.83
9.30 23,61 2922 .0235% - .023% + 0134 - .0931 -9.35
10.01 26,55 4070 - .0360 - ,0360 + 0210 - ,1390 | -10.12
10.56 28.25 + JA764 - .0455 - .0455 + .0270 - 1722 | =10.73
11.01 29.6 525 - .053 - .053 .032 - .198 -11.23
12.00 32.5 613 - 069 - .069 .043 - .291 -12.34
13.20 36.0 694 - .085 - .08y .095 - 303 -13.88
14,02 38.5 746 - 097 - .097 .065 - .344 -14.6
17.25 42,6 .814 - 115 - 115 .Q80 - 405 -16.1
15.95 46.2 .881 - 129 - 129 093 - 453 -17.56
17.86 50.2 917 ~ 145 - 145 .107 - .499 -19.06
20.67 58.8 1.006 - L172 - W172 . ;6 -~ .593 -22,32
24,30 70.0 1.110 - 206 - 206 173 - 704 -26.59
28,04 81.6 1.200 - 234 - .234 .209 ~ 804 -30.99
2,04 94,0 1.284 ~ 263 - 263 .245% - .900 -35.
36.60 108.2 1.371 - .291 - 291 282 - 999 -41,10
41,76 124.3 1.462 - .320 - .320 .322 -1.101 -47.20
47,22 141.3 1.951 - .348 - .348 .361 -1.199 -53.65
53.22 159.9 1.642 - .376 - .376 301 -1.299 -60.75
59.82 180.4 1.735 - 403 - .403 442 -1.400 -68.55
66 .69 202.0 1.828 - 432 -~ 432 .482 -1.499 -76,70

Table 1b - Values of the deflection coefficients as a function of the apparent
shearing deformation ¥ or of the shear load Q for r = 1/4.

Qa_ -3 a? w,1 w1,3 w3,1 w3,3 w2,2 Ta?
Bh3 h? h h h h h Eh?2
¢ 0 0 0 0 0 0 0
8.51 22.66 0 0 0 o} 0 - 8.61
8,73 22.02 + 1601 | -.01178 -.01174 +.00657 | - .0479 - 8.74
9.10 24,12 + .3196 -.02504 -.02472 +,01411 | - ,1000 - 9.16
9.61 25 .66 + JA522 -.03844 -.03745 +,02198 | - .1500 - 9,75
10.21 27.47 + .5662 -.0525 -.0 ogs +,03051 | - .2000 -10.44
10.86 29.50 + 6647 | -.06709 -.06326 | +.03972 | - .2500 -11.20
11.55 31.58 + 750 -.082 -.07 +.049 - .300 -12,0
12.27 33.98 + .828 ~.097 -.088 +,060 - .250 ~12.
13.02 38.44 + ,898 -.11 -.101 +.071 - 400 -13.84
13.81 29,02 + 962 -.12 -.113 +.083 - 4450 -14.82
12.64 31.75 +1.02 -.144 -.128 +.095 - .500 -15.86
15.40 47,67 +1.129 -.17 -.151 +.122 - 600 -18.11
18.3 54,22 +1.232 -.20 -.169 +.181 - .700 -20.60
20.49 61.47 +1.327 -.240 -.189 +.182 - .800 -22.35
22,77 69 .47 +1,419 -.272 -.209 +.214 - 900 -26.39
25.31 78,25 +1.509 -.30; -.2298 +,249 -1.000 -29.73
31.03 98.16 +1.687 -.36 -.267 +0320 -1.,200 -37.29
34.25 109.40 +1.775 -.396 -.286 +.358 -1.300 -41.56
31.42 134.43 +1.954 -.458 -.324 +.434 -1.500 -51.07
45,36 148.24 42,045 -.488 ~.343 +.472 ~1.600 -56.32
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Table 2a - Medlan-Fiber Stress at Center, r =oe
Maximum and Minimum Principal Stresses
Direction of Principal Stresses

gE- 0')'( a? O': a? 'b')’c a? G‘I! a® o’ ., a?
5T -4

Eh2 Eh? Eh? En? Eh? Eh?

8.61 0 0 - 8.61 - 8.61 8.61 450

8.82 .1287 .1287 - 8.83 - 8.70 8.96 n

9.30 4555 +4555 - 9.35 - 8.89 9.51 "
10.01 .9363 29363 -10.10 ~ 9.16 11.04 u
10.56 1.349 1.349 -10.68 - 9.32 12.0 "
11,01 1.701 1.701 -11.16 - 9.4 12.8 »
12,00 2.522 2.52 -12.18 - 9.66 14.70 "
13.20 3.47 3.47 -13.40 - 9.92 16.88 »
14,02 4.252 4,25 -14.22 - 9.97 18.47 »
15.25 .49 5449 -15.52 ~10.02 21,02 n
16,55 6,712 6.712 -16.71 ~10.00 213,42 "
17.86 7.874 7.874 -17.92 -10.05 25.79 »
20.67 10.486 10.486 -20.58 -10,09 31,07 "
24,30 14.2; 14.23 -23.92 - 9.69 38.15 n
28.04 18.0 % 18.0 ? -27.39 - 9.%3 45,37 "
32.04 22,227 22,227 -30.9 - 8. 53.19 "
36.60 26.924 26.924 -35.08 - 8.1 62,00 "
41,76 32,361 32.361 -39.72 - 7.36 72.08 »
47,22 38,12 38.12 =44 .60 -~ 6.47 82.7 "
53.22 44,479 44,479 -49,98 - 5.50 94 .4 n
59.82 51,332 51.332 ~-55.93 - 4,60 107.26 "
66.69 58.811 58.811 ~62,03 - 3,22 120.84 "

Table 2b - Median-Fiber Stress at Center, r = 1/4
Maximum and Minimum Principal Stresses
Direction of Principal Streases

= K
En3 En® Eh? En? En? Eh?
8.61 0 0 - 8.61 - 8.61 + 8.61 450
8.73 + .10 + .06 - 8.75 - 8.66 + 8.83 440 561
9.10 + W42 + .27 - 9.16 - 8.81 + 9.51 440 46!
9.61 + .89 + .58 - 9.73 - 9.08 +10.50 440 32,51
10.21 +1.46 + 95 -10.39 - 9.1 +11.61 440 18!
10.86 +2,12 +1.39 -11.10 - 9.35 +12.87 440 3!
11.5% +2.86 +1.87 -11.85 - 9.49 +l4.22 430 481
12,27 +3.67 +2.39 -12,60 -9.58 +15.6 430 33t
13.02 +4.,55 +2.96 -13.39 - 9,65 +17.17 430 19t
13.81 +9.49 +3.58 -14.19 - 9.68 +18.76 430 4.5t
14,64 +6,50 +4.,24 -15.00 - 9,67 +20,42 420 50!
16.40 +8.78 +5,72 -16.69 - 9.51 424,02 420 28'
18.33 +11.29 +7.34 -18.58 - 9.3 +27.96 410 58t
20.45 +14.,16 +9.21 -20.4 - 8.94 +32,32 410 33!
22,77 +17.38 +11.30 -22,58 - 8.44 +37.12 41° 10
25,31 +20.95 +13.63 -24,34 - 7.81 +42.40 400 48t
31.03 29,23 +19.03 -29.85 - 6,15 +54 .42 400 9t
34.25 +33.94 +22.10 -32,.65 - 5.15 +61.20 390 52t
21,42 +44,55 +29 .05 -38.82 - 2,78 +76.39 390 21t
45,36 +50.46 +32.92 -42.,20 - 1.41 +84.,79 390 8!
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Table 3a - Medlan Fiber Stresses at Corner of Shear Web, r =o°

. . 2 Effective
a o' a® ‘a ' a s’ a o', a2 width
bl il il —y —Zax Zomin < Ratio
En3 ER? Eh® Eh? ER2 En?
8.61 0 0 - 8.61 8.61 - 8.61 45° 1
8.82 .0004 .00 - 8.83 8.83 - 8.83 " .998
9.30 .0009 .00 - 9.35 9.35 -~ 9.3% " .994
10.01 .000 .00 -10.12 10.12 ~10.12 " .988
10.56 .001 .C0 ~10.73 10.73 ~10.73 " .984
11,01 -.00 .00 -11.23 11.23 ~11.23 " .980
12.00 ~.00 -.01 -12.34 12.32 ~-12.35 n .972
13.20 -.017 -.02 -13.%8 13. -13.70 n .964
14.02 -.025 -.03 -14.6 14,60 -14 .66 " .958
15.25 -.037 ~.04 -16.1 16,12 -16.20 n .949
16.55 -.050 -.05 -17.56 17.51 -17.61 " 942
17.86 -.062 -.06 -19.06 19.00 -19.12 u 936
20,67 ~.099 -.10 -22,732 22,22 -22.42 " .926
24.30 -.141 -.14 -26.59 26.45 -256.73 W 2913
28.04 -.207 -.21 -30.99 30.78 -31.20 " 2904
32.04 =270 -.27 -35.72 35.45 ~35.99 " 897
36.60 -.341 ~.34 -41.10 40,76 -41 .44 " .890
41,76 -.425 -.43 -47.20 46,77 -47.6 [ .883
47,22 -.512 -.51 -53.65 53.14 54,1 u .880
53.22 -.612 -.61 -60.75 60,14 -61.36 " 876
59.82 ~.726 -.73 -68.55 67.82 -69.28 # .87
66 .69 -.839 -.84 ~76.70 75.86 ~77.54 ] .869
Table 3b -~ Median Fiber Stresses at Corner of Snear Web, r = 1/4
Effective
1.2 [} ‘ 2 ’ 2 ’ 2 width
gi_. o a o 2 T 8 Tpin® o - o Ratio
ER3 Eh2 Eh? Eh? Enh? Eh?
8.61 0 o} -~ 8.61 - 8.61 + 8.61 450 1
8.73 - .0l - .04 - 8.74 - 8.77 + 8.71 440 571 998
9.10 - .06 - .18 - 9.16 - 9.28 + 9.04 440 491 ,992
9.51. - .13 - 7 - 9.75 -10.00 + 9.49 440 391 .98
10.21 - .23 - 81 -10.44 -10.86 +10.01 440 281 978
10.86 - .33 - .90 -11.20 -11.8 +10.59 440 17! .969
11.55 - .45 - 1.21 -12.03 -12.8 +11.20 440 61 .959
12.27 - .59 - 1.56 -12.91 -13.97 +11.86 430 551 .950
13.02 - 74 - 1.93 -13.84 -15.20 +12.51 43° 461 941
13.81 - .90 - 2.3 -14.82 -16.47 +13.21 430 36! .931
11.64 -1.08 - 2.79 -15.86 -17.82 +13.95 430 27! .922
16,40 -1.48 - 3.76 -18.11 -20.77 +15.62 430 14! .905
18.33 -1.93 - 4,90 -20.60 -24.,07 +17.23 420 560 .889
20.45 ~2.45 - 6.17 -22.35 -27.74 +19.11 420 43! .875
22.77 ~3.04 - 7.60 -26.39 -31.81 +21.17 420 33t 862
25.31 ~3.70 - 9.18 -29.73 -36,30 423,41 420 22t .851
31.03 -5,22 -12.82 -37.29 -36.51 +28.46 420 5 832
34,25 -6.09 -14.88 -41,56 -52,28 +31.31 41° 59! .824
41,42 -8,04 -19.50 -51.07 -64 .62 +38.06 410 471 810 .
45,36 -9.13 ~-22.06 ~56.32 -72.29 +41.09 4l° 43¢ .805
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-

Figure 5.- Moment distribution in bottom_flange (y = 0).

Curve 4, r_= o, Q = 47.22 Bh®/s, Curve B,
r=1/4, Q = 45.37 &%/ a.
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