UNCLASSIFIED

AD NUMBER

ADB805394

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Operational Use; MAR 1946. O her
requests shall be referred to National
Aeronautics and Space Adm nistration,

Washi ngton, DC. Pre-dates formal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NASA TR Server website

THISPAGE ISUNCLASSIFIED




e sy e

Rec’'d APRS 1846 ‘

klm CUPY - .
§ |NoJ / __MATIONAL ADVISORY COMMITTEE
N ~ FOR AERONAUTICS |

F; —

TECHNICAL NOTE

No. 1009

ANALYSIS OF DESP RECTANGULAR SHEAR W2B ABOVE BUCKLING LOAD

By Samuel Levy, Ruth M, Woolley, and Josephine N. Oorrick
National Bureau of Standards .

Lt L

I

Waahington
March 1946

. i

FILE-CORY

- To be Ra:urned to the Fies of
Ames As:aqaatcat Laboratory
Nationa' Adv-sory Cominitiss
for ‘sroneutics
Wotient Field, Calik.




NATTONAL ADVISORY COMMITTEE FOR ABROKAUTICS

TECHANICAL NOTE NO. 1009

ANALYSIS OF DEEP RECTANGULAR SHEAR WEB ABOVE BUCKLING LOAD

By Samuel Levy, Ruth M. Woolley, 'and Josephine N. Corrick

SUMMARY

4 solution of Von Karman's equations for plates with
large deflectlions is presented for the case of .a rectangular
shear web with helght-to-width ratio 2.5 reinforced by ver-
tical struts having one-fourth the weight of-the shear web.
The results are compared with the solution ‘of NACA TN No. 962
for & square shear web and with approximate-anglyses by Kuhn
and by Langhaar.

R

The computed shear deformation differed not more than 2
percent from that for the square web. The stresses at the
center and at the corners in line with the diagonal tension
wrinkles and the. force at the middle of the struts differed
by not more than 30 percent from that for the square wseb.
Kuhn's a2nalysis gave values of shear deformation and of,
stresses that were up to 37 percent larger than those for the
present aralysle, and values for the maximum force in the
struts that were smaller. Langhaar's analysls gave values
for the shear deformafions, stresses, and strut force that
were generally much larger than those glven by the present
analysis; the differences were of the order. of 50 to 400 per-
cent at the largest load.

INTRODUCTION

An analysis of a square shear web above the buckling
load was presented in reference 1. Aotual shear webs are
frequently rectangular rather than square, with a depth-width
ratlio considerably greater than 1, The analysis of refersnce
1l therefore was repeated for a shear web with depth/width
= 2,5, Comparison of the results with those for the sguare
web then would indicate the effect of changes in fthe depth-
width ratio.
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Thia investigation, conducted at the Natlonal Bureau of
Standards, was sponsored by and conducted with the financial
assistance of the National Advisory Committee for Aeronautics.

STMBOLS

) The symbols have the following significance (see fig.
1v):

x,¥y ocoordinate axes with origin at corner of plate

a length of plate in x~directlon

b = 2.6a length of plate in y~direction

h thickness of plate

w deflection of plate

B Young'e modulus

b =,/0.1 = 0.316. Poleson's ratio

D = Br®/12(1 - p®) flexural rigidity of plate

P stress function

Q shear load carried by bveam

Tx average normal stress in plate in x~direction

E} average normal stress in plate in y-direction

T median fiber shear stress at corners of plate
r = 1/4 ratio of strut weight to plats weight

P compresasive force in strut

€x" Gy" ny' median fiber strains

Ox's Oy's Txy' median fiber stresses

ox's U&", Tes" extreme fiber bendlng stresses
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Oxy Oys Txy extreme flber siresses
4p, Bp, bp,n coefficients in stress function
¥m,n coefflelent in deflection functlon

m,n integral numbers used as subscripts T Fliege o e
¥ = 2.632 T/B apparent shearing deformation of beam
u,v displacements in x- and y-directions, respectively

lateral pressure in Von Kerman's equations

o

@ angle between direction of maximum principal stress and
x-axls

FUNDAMENTAL EQUATIONS

Congider an initially flat rectangular plate of uniform
thickness, The two short edges are sssumed to be eimply sup-
ported by heavy flanges, integral with the plate, which allow
rotation about the edges, but prevent displacement parallel
to the edges and force the edges to remain straight. The two
long edges are aeimply supported by struts, integral with the
plate, which allow rotatlon about the edges, allow displace-
ment parallel to the edges corresponding to the shortening of
the strut under load, but maintain the edges in a strailght
line. The pansel and struts transfer a shear-load Q shown
in figure 1l.: o

The fundamental equations governing the deformation of
thin plates were developed by Von Karman. They are (see ref-
erence 2, pp. 322-323):

4 . 4 ¢ a4 ‘~8 3 " A3 _- - 2 -
a2 F LOF g [(SE___) L E_W].. (1)

dx4 ox3 Jy2 . ay4 x By ..3x8 . dys3
4 PR 4, 3 ""'a“ I L
o W + 2 o_ ¥ + o W = e (a F : 0" , A R
ax* dx2 3y3 oy * dx?B
. ;’aaF aa - 2 38F 33y ) (2)

ax® dy° ox dy oz dy



WAGA TN Wo. 1Q09

where the median~flber stresses are .

oo 8F, g1 - 3%F. . y_-g _._, .0°F (3)
x! = H = : x Bl — .
aya ¥ I'axa ¥ ax ay v '

';\'” 'r.- v s
- oD ~dw N\
L g & QX i '
5 t E e — gy u ° reoa r
* o3 (By?- ax?_) -
’ '-"r'l;‘ v
i = 1 3% . aeli‘)_ f (4)
Y .. B \az? oy @ te do
% b - 2 (14 B) .._a..:.aF__ -2
4 i dx Oy }
The extreme fiber_banding stresses are
PP Y eeanes
t iR Yy o B\t ..
Gx".F T ;h P (8 :-+ 9;1t7;> S
ro Bll p?yNax? | ey T e
R .. 3 S N b ) - -
rey .-t . B L . a ey ra : . ’ - e . s
TS e Oyt = Eh, (S e MY e L (8)
1 2(1 pi). “oy2 xRl T vnie
. : . -' . . .‘..xa-' \ )
TXY“ = - Eh- oM. .. ; -
2(1 + p) x dy J .
t- 4
Buckling Load : o b

The theory for determining the buckling lcad of a aiﬁpif'

supported rectangular plate undér .shear loads 1ls given by

Timoshenko on pages 357 to 36C of reference 2. Thig theory

was worked out in detail for the case of a rectangular plate

(fig. 1b) height-width ratio 2.5 in order to determine how

many terms of the deflection, equation . il
1

e ain ENE gip 8NZ (6)
e ¥m,n. & b
-
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would be needed to give the buckling-load with a negligible
error, ’ " e

If the 14 terms corresponding t0 wi,z, ¥Wi,ar Wi,ss
Wa,1s Wa,3s Wa,ss Wa,7, W3,a, W3,4, W3,6, W4i,1, Wi,30 ¥a,s
w4’71 ~and the theory of reference 2 are used, the buckling

stress is’ ' -
T = 5,554 En3/a®

»

If.the elght terms ¥i,3 w1;4. ¥i,60 Wa,11 ¥Wa,a» Wg,50 W5 g
W3,s are used, the buckling stress 1= s

T = 5.555 Eh®/a®

If the seven terms - Wi,30 Wi,4s Wa,1r Wa,zr ¥a,sr ¥3,a0 W3 4
are used . :

T = 5.567 Eh®/a® LTI
If the six terms Wi,a0 ¥1,49 Wa,10 Wa 3 Wy g0 W, , are used’.
T = 5.757 Bh3®/a® "'’

If the five terms Wi,a» Wi,4r Wo,1, Wz, 5, Wy, 5 are used

T = 5.823 Bh®/e®

It will be noted that the computation is confined to the
deflection coefflicients for which m + n 1is an ¢44 number,
while Timoshenko confines his computation to the coefficients
for which m + n 4is an even number. Preliminery computation
showed that Timoshenko's selection of cosefficients gaeve the
lower buckling load for & square plate while the present se-
lection gave a lower buckling load for s plate with b/a = 2.5,
The reason for this i1s obvious after considering probadle
buckling modes for plates with bf/a =1 and b/a = 2.5.
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If the four %terms Wi,ar Wy,as Wy, g9 Wy 5 are used

T = 5,867 Bh®/a®

It seems probable that the buckling stress with an unlimited
number of terms would not differ appreclably from 5.554 En® /
In the following work it will be assumned that the shape of
the buckle 1s adequately described by limliting the summation
in squation (8) to the 14 terms Wi,e0 Wi,49 ¥Wi,60 Wg,10

w w W w w w w w

2,3" "2,8"' Ta,7' "3,2' "3,4° w

a 6! T4a,1' T4,3' T4,8' Ta,7°
At the start of buekling, the relative magnitude of the

different terms is such that Wi,40 “a,l' and wa,a are
approximately 1/4 of Wi,al Wi,es Wz,gr and Wy , are ap-
proximately 1/30 of Wy,33; 8and the remalining terms are lesas

than 1/100 of w, 5. It will be assumed in the following
work that =all proaucts of Wo,n. coafficlents can be neglected

except those Involving Wi,ar Wa,4r Wa,19 Wg, 3.

Equilibrium of Medlan Flber Forces

A suitable stress fungction, F must now. be chosen tq -
satisfy equetion (1), 'which expresses the :condition that the
median fiber forces are in equilibrium in the plene of the
web. If F is teken as, Ll .
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4 8
= .2 = 3
F=232x5 4 %%F . <y + Sﬂ }j by npco8 BUX o 2TY
2 ! b

2 L a

m=0 n=o
+ 2 Ay cos ZUX | (l-b _ BUD o ¢h E"_.E) cosh nm(Z -2
a 1+ 2a Q& a 28

n=3, 4

+ mﬂ(z-—b— sinh mn(l- ..:.L :'
a 28 8 -1}

+ ? Ap cos BUX [ 1-pp .. B0 tanh m_zw_b_) sinh mﬂ(l - 2N

a A+l 2a 2a /
m=1,3
+ mrr(-z- 3—'—) cosh m'rr(x--l’-
a 2a -3 2a
+ Y B, cos oy i1-p _ nma .o4n E'EP.-) cosh nTr(E - 2
— - b 1+ 2b 2b b 2b

N=2,4,6,8
+ 5*_5_) inh (5_ _9_)
nn(b oY) gln nr b 20

+ B, cog BUY |(l=B _ BT& i,pp RTRY gqpp :m<_x. - _a_>
Z a 3 1+ 26 0% 3y 5 ~ 2b

D=1,3,5,7
+ nm (_x___ .‘L) cosh nmw (E-_E_ (7)
b 2b b 2b

and 1f equations (6) and (7) are substituted into eguation (1)
with only products of Vi, Ya,1s Yo,z and Vi,4 retained,
it 1e found by a method shown in reference 3 that egquation (1)
is satisfied when



©o, 2

= yo g5 (-4w1,2%1,4 + 8%3,1° - 16w3,1wg 3)

= zpr (32w1,4%)

5o (64wz,1wz,3 + 8wy 3°)

a55-7 (36wy gwy 4 + 73wz 5°)

‘3‘3‘?@2 (-9wy, 2w 1-w1 gwp, 3-35wi 4¥2, 3)
Tahp (85wy gwg 1-49w) 4wz 3)

g5 (49w gwg 3 + 81wy 4wz 1)

= TQ%I (12]-.'1,4'3,3)

= Tg'G (8wy 2% + 32wy 4°)

B _
S3a 3 (36W1,3v1 4)

5251 (-471,2%1,4)

NACA TN No.
0 )

° -

0

xtog (35W) awa 1 + 49wy owg 3 + 121wy 4w3 3)
sz (<Ow) gwg 1+ Blwy 4wp 5)

1255 (~W1,2%a2,3 - 49wy 4v3)

"5OD (-25:1’4'2,3)

'6'%0'0 (8‘3’1‘ + 72\?2,,3’)

‘6"9&25 (64wg 1wz 3)

sy (-18%g 1wz 3)

03 b4,8 = 0

O whenever m+ n 1is an ¢odd number

1008

(8)
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Boundary CGonditions -

The condition that the edges of the plate be simply sup-
ported is auvtomatically satisfled by equation (6) for the
lateral deflection. .. L

The condition that the edges of the plete act integrally
with the supporting struts and flanges of the beam requires
that the strain at the edge of the plate be equal to the
strain in tHe supporting strut or flange. Thie condition will
be used to determine the remaining coefficlente Ox» gy, Apn,

B, in equation (7).

The edges y = 0, y = b (see fig 1b)} are considered to
be supported by flanges go heavy that they do not shorten un-
der load. The median fiber strain in the x-direction at the
edges y = 0, y = b must, therefore, be zero,

(.Gx‘)y._._.o' y=b = 0 (,9)

The edges x=0, x=a are considered to be supported by
struts having 1/4 the area of the sheet, that is, ah/4, If
the compressive forece in the strut is denoted by ¥ (P is
a function of y), the median fiber strain in the y-direction
at the edges x=0, x=a must be,

4P
(eyl)x=0, x=a = ~ an® (20)

Since there are an equal number of web bays and struts in the
middle portion of the beam, the compressive force in a strut
must equal the vertical tensile force in a webd bay, or

&

1>=f ko ax (11)

¢}

Substituting from equations (3) and (7) into eguation (11)
and performing the indicated integration gives,
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- dtwh nmwa nny
P = ah gy + e nB,. sinh —= cos —= {(12)
Y op(1 + w) n 2b b

n=2a

Substituting equatlon (12) into equation (10) gives

a

T - 15" }ﬁ n sinh BTE& cog BTY (13) ‘
v 813 ( 1+ )} £ 2b b

e o

(€y',,>x.=0' = -

x=a

The. ;fact that the summations in the series expansion for F,
equation (7)., have been limited to m.= 4 and n = 8 makes ..
i1t impossible to satisfy the boundary equations (9) and (13}
identically. Except for a small varlation 1in strain o£ a ..
frequency higher than the fourth harmonic in x and eighth
harmonic in y, however, i1t can be shown by expanding ¥

into trigonometric series and by substituting equations (4),
(7)), and (8) into equatione (9) and (13) that equations (9)
and (13) are satisfied when,

-
-t

1
L
e
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Bs

Bg

By

Bg

:EE (0.3408w1 2° + 0.7248wy 4% + 0.3588wz 1° + 0.6810wp, 3°)
- EE’-' (1.310w; g® + 1.463wy 4% + 5.046wy 1% + 5.150m3 3°)

E
= 157 (—0.3743171’3'2’1 - 0.5940‘1’2"2’3 - 0.1770!’1’4W2’1

0. 7598‘1’4'2’ 3)
B
= 5% (34.26w1,2w2’l - 51.4?wl’2w2,3 - 1.758w1,4w3,1 + 39.99w1,4wa,3)

E
= £ (-31.46w; g° - 75.92w; 4° - 7.900w3 % - 9.408wg 3°

1

0
- 24.48wy ,g¥) 4 - 2.159w3 1%2,3)

E
=708 (-0.1173wy g° - 0.4133wy 4° - 30.84w3 1% - 0.09173wg 3°

+ A3.87wy 3w]1 4 + 80.76wg 1w2 3)

= Tg‘! (1.512'1,2'2,1 + 2.523'1,2'2’3 + 3.745ﬂ1’4W3’1 + 11,56“’1,4'2’3)

_ E
—’i? (-6.326'1,2'2’1 - 3-566“1’2'2,3 - 6.529'1’4'2,1 - 4.368'1’4'2,3)

sTgnr (-15.97wy ° - 35.70wy 4" - 68.87wg 1" - 472.8w3 4’

+ 9.950!1,2l'1’4 - 306.7'3’1"2’3)

B
=55 (-53.13w1,F - 7.940w 4" - 1.003w3,1® - 2.237w3,3°
~ 3.510w1,2m1,4 - 435.6wz,1%3,3)

=F (—11.24l1’3l'2,1 -~ 6.647w3 gwg 3 + 93.90w1 4¥2,1 - 37.83‘!1,4W2’3)

- X 8 a a : 2
= 10° (-3.450|r1’3 - 12.01!1,4 - l.S??wa’l - 399.7!,3,3

- 158.2w1 2¥1 4 - 2.320"3’1'2’3)
E
’ﬁ (—9.777"1’2'2,1 - 21.75"1’2'2,3 - 4.193'1,4'2’1 + 112.33"1’4'2,3)

«-% (-s.152w; F - L48.0m & - 8.775wp 1" - 8.756w3, 7

- 5.482171’211,4 - 4.772!3,113,3) _

11

— (14)
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The struts and flanges are considered to be stiff enough
in bending to keep straight the four edgea (x=0, x=a, y=0,
y=b) of the plate. Hgquatlions for the uw and v dlsplace-
mente, in the x and y directions,respectively, can be ob-
tained from page 322 of reference 2.

w 3B

av ;L aw)f

Q)
[

Q
M

16
3y = v " 3 \5y e (x8)

8w ., 9Y _ y_ 1+ _ Q¥ Ow
Ay ax xy ox -y .J

Values of u and v can be obtained by substitutlng equa-
tions (4), (&), (7), (8), and (14) into equations (15) and
integrating, This glveg for the values of u and v at the
edges of the plate

© g . >(16)
(v) .y = 2.6823 7 x/8 - £ (1.504\:1,33 + 4.586w, 4

+ 3.242w, ;% + 4.257\-3’33)

~

It is seen from equations (16) that the edgse of the plate,
corregsponding to x=0, x=a&a, y=0, y=b, sesatisfy the condition
of remaining straight after buckling has started.

Bquilibrium of Latersal Forces

Equation (2) expresses the egquilibrium between the com-
ponents of the membrane forces in a dAirection perpendicular
to the plate and the opposing forces developed by the plate
because of ite flexural rigidity. The fact that the serles
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expression for w, equation'(s), has been limited to 14

terms and the fact that only those square and cuble products
1nvolving the 4 biggeet terms iIn w are considered, make 1t
impossible to satlsfy equation (2 tdentically. Except for
small unequilibrated lateral pressures of high order, however,
1t can be shown by expanding ¥ into trigonometric series
and by substituting equations (6), (7), (8), and (14) into

(2) as is done in reference 3, that equation (2) is satisfled
when the equations in table 1 are satisfied. As an example

of the use of this table, the-first equation is

0 = 24.26w, ,h® + 5.689v, ; Ta®/B - 10.24w, 5T a®/E
. (17)
~4.063w, gsTa /B. . . + 28.18w, % + 0.04156w; 2wy 4 + . . .

Shear Load Carried by Beam

The beam (fig. la) supports a shear load Q. At any ver-
tical section through the beam this load is partially carried
by shear in the wed and partially by shear in the flanges.
Part of the shear in the web may be considered as due to ths
diagonal tension after buckling.

Making use of the fact that the flange bending moment 1s
the same at each . strut point, the shearing force in the upper
flange is .

'.'.'a - : N a

N ' 1 s ) BN .
j/l hgo# ) =p &% - El/P h(c& )y=bedx _ (;8) '
Ux P S . 2 o . .

and in ﬁhe lower flange is

é'_ e [ . &, MR
1
Ef h(cy‘)y=o xdx 5/ h(dy’)y=o ax (19)
o} . - x L . S )

where the shearing force in either flange is considered pos~-
itive 1f it tends to support the external load @ directed
as shown in figure la. The shear load carried by the web is

b

..f h _T-_Iy’ dy‘ ., G i (30)
Yo
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Adding equations (18), (19), and (20), substituting for o'
and Txy,' their values as given by squations (3), (7), (8?.
and (14), and integrating gives

En - |
Q= ~7vn + 22 (-1.382w, L, ;. + 2.427v; v, g

- 0.540'6w1,4'\»'8,1 - 3.474w1,4w2,3

) (21)

Shearing Deforumation of Beam

The shearing forces acting on the end of the beam cause
it to shear downward as shown in figure la. The amount of
the downward dlesplacement is given by equation (16) as:

(v)yoo = 2.632 I = ¥x; ¥ = 2.632 (22)

il
¥= B

where Y 18 the shear deformation of the beam.

Bffective Width in Shear

The loss in shear stiffness of the beam after buckling
may be coneidered as a loss in effective width of the sheet.
Define the effective width ratio in shear for a given shear-
ing deformation' Y &ae the ratio of the load Q eactually
carried to the load Tbh whieh would have been cerried in
the absence of buckling. The effective width ratlo is, there-
fore, ’

Effective width ratio = Q/(-Tbh) (23)

Substituting the value of § given in eguation (21) and
b = 2.5a gilves '

Bffective width ratio = 1 ~ —oo (~0-5408w; vy s
Taa . 1 ?

+ 0.9708w; Wy o - 0.2162w; v, , - 1.390w1’4w2,3> (24)
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Compressive Force in Vertical Strut

After buckling of the web, the diagonal tension fleld
tends to Araw the flanges of the beam together. This action
is resistéd. by the vertical.struts. - The magnitude of the
resulting compressive forece P in the strut is given by
equation (12). Substituting for Ty, Bz, B,, B, and B,

the values’ given in equation (14) gives

Eh
p=In {<§.2408w1’38 + 0.7242w, ,? + 0.3588w, ,® + 0.681w2,33>

+ cos 217 (-0.00145w, ,

2 - 0.00508w, ,& - 0.257w, ;2
-.0.00113w, 5 + 0.539w; W, 4 + 0.750w2,1w3’3>
+ cos 47% <—0.O488w1,23 -~ 0.00744w, ,2 - 0.00094w, ;@

. e a . - . .
- 0.00309w, 42 - 0.00285w, v, , - 0.408w, v, )

+ cog 8T (—0.00171w1,.22--.0.00597w1’4a -~ 0.0083w, 42
. .
- 0.1489w, ,® - 0.0786w, w, , - 0.00015w2’1w2,3>

o < ¢ . . .
+ cos 87¥ (-0.00120w1’22'; 0.0345w, 42 - 0.0006bw, ;2
b

- 2 . -
0.00204w, .2 - 0.00128w, _w. 0.00111w3,1wa’3>}

R B .y

Stress at Center of Shear 3Bay

The median fiber stress at the center of the:.plate . ls
obtained from equations (3), (7), (8), and :(14) by letting
x = a/2, ¥y ;,b/z. This gives Ca .
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~N
B : 3
(02')guajz = 5 (0194978¥5,52 + 0.2200w1,43 + 10.11ws,;
+ 10'14w5;éa'“407553871,3W@14f7 30.23wa’1w2$9
B T g 2 a
<°?')x=a/z == (}.oszwlwg? +_3.§90w1,43 + 0.2986ws,1
y:b/g s ' - - > (2'6)
. a
[ - l'llGWB,E - 2._-.8.:72w1’3w1,4 + 1.357“’3,1\?3,3)
' = E
(Tgy )x=a/2 =T - = (-5.305w1’awa,1 + 1.954wy W5 g
+ 8.223wi,4wa’1 - 6.549w1’4w3,3>’ J

The bendiﬂg stress at the center of the plate is obtalned
by substituting equation (6) into squatione (5) with =x=a/f2, .
y=b/2. This gives

(1) = 65.482(Bh/a®) Sﬁ v. (m®+0.05060n°)ein BT gin o)
x ‘x=a/2 L L/l e, 2 2
y=b/2 n'n -
_ 2, Uo7 e g R 4 DT
y=b/2 - m o L
Tt = -1.500(En/a?) Y ) maw. BT og BT
( xY,?;;a/z = -1,500(Eh/a®) Z;El maw, o cos = cos =
y='b/2 ) m n J

The gquations (27) show that all the bending stresses are gzero
in the;presept problem. This result can bs derived also by
direct inepecétion of (6), noting that m + n 18 odd and that
consequently the point =x=a/2, y=b/2:. must lie on a nodal "7
line, ' -
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Stress at Corner of Shear Bay

The membrane stress at the upper corner of the plate
x=0, y=b, toward which the dliagonal tension buckle points is
obtalned -by substituting equations (7?), (8), and (14) into._
egquation (3). This gives .

_ E 3 . a h
A (-0.1801w, .3 - 0.7200w; = - 0.0451, ,
y=b
- 0.336lw, @ - 0.5827w; Wy , - 0.3146w, Wy 5
+ 0.19'?‘11-;1’2‘“.'3,1 + 0.561w1,awa’3 - 0.1613w1’4wa’1
- o.aossw1,4wa,3)
E
' E 7 3 . 2, 2. 0.1 a
(05)_ = =3 ( 0.7124w; 5% ~ 2.592y, 2~ 0.1627wa,; \ (28)
y=b
+ 003057wl’awa,1 + Oo?445“1’a‘f2,3 - 0.0644“1,4‘78,1
+ 0.1524w1,4w2,3>
(T ‘) a T A
Xy x=0 -
y=b

Py

The bending .stress at the corner of the plate is obtained
by substituting equation (6) into equations (5) with x=0,

y=b. This gives gzero for 'O " and 0&“ at x=0, y=b and

" - Ja® “Sﬁ
(Txy >x=0,y=b = «~1.500(Eh/a )‘;,EZ mawg 5 €O8 Am (29)

n n
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Principal Stresses

The maximum and minimum principal stresses may be deter--

mired from the stresses Gy, Gy, and Txy by the equations 4

on page 19 of reference 4

3
= o-_,x__z-*' G + O-x ! G_I. -
Omin o - 2 "
max o e
~ (30)
Txy . :
tan 2 = 2 o3
\)x - ':T}r

where a 1is the angle between the x-axis end the direction
of a nr1n01pal atress.

TIMERICAL  SOLUTION

Deflection Coefficlents

The deflection coefficients are obtained by solution of
the simultaneous equations in table 1, such as equatlon (17)
These equations were solved. for walues 2 < 7.hi Bn b/a by a
method of successive anproximation, using the follow1ng steps:

1. Divide e=mch equation by n°.

2. Estimate values of 7T&°/Eh°, w,a/h, wi,s/h, w,i/h,
vz,3/h, Wa,5/h, Wa,n/h, Wa,z/h, wa,e/h, Wa,e/h, Wa,1/h, wi,3/h,
4,5/h, and w4¢7/h, corresponding to a given value of

W:L,z/h'
2. Expand-.the right-hand side_. of.egch of the first four
equations in a. TFaylor series in Ta /Ehz; wi’é/@h W 1/@h

Wao 3/h in -the.nwighbterhood of the estimated -values, retain- E

1rg 8ll the deflection coufficients in detcrmlnlL_ the con=-
stant term.

L. Solve the resuitxng four linear eqzations for the
differonce betwsen th: chosen values of T&° /Eh?, Wy, 4/h

a
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wa 1/ , /h "and the improved values. (Crout's method,
freference 5) was used for this Y. o

5. Substitute these 1mpréved values into the remaining
equations of table 1 and solve for the remaining deflection
coefflcients by successive approximation.

6. Repeat, using the 1mproved1values as‘an initial estil-

mate until the estimated Error is iess than, 1/2 percent.
N t) Fee P on,

The convargence of this methqd was slow because ‘of the
large number of variables fnvolved. - ‘In order to improve the -
convergence for values '’ Q >77;44 Ehsb/a the smaller deflec-
tion coefficiént's were approximatedfhy the ratios of their

values at @ = 7.44 En®b/a® by taking Wy,e = 0.424w; 5,

wa,s = -0, 189w3 a*'wa 7{-_—9 OB'PW3 ?, ws 4 = 0. 872w3 a1
LA 5 = 0. O.".’:Zw3 a,:w4 7 =: 0 027w3 5. and proc§eding as before

except for including bhe’ £irs} tive egquations. of table 1 in
steps 3 and 4 .angd. deﬁermlhing the remaining deflection coef-
ficients from-the, gbbve llnear relations rather than from
step 5. The convergence usfng this method was rapid; one or
two trials usually were'gﬁ@%}ob et .to :give. an accurate answer.
'-" e ERE '-'.::' FRIS R T

The resu%ts @ra fvéh ‘table ‘2 :for values qf the shear
load Q up to about Sr “tirme § the reritical value for buck-
ling. The value of ¥ was computed from T by using ‘e qua~-

tlon (22); Q wag, gqmguted giqT”rT. ?¥,a- w1’4. wa,l, and
W, 5, D¥.using equation (21 SEEES S
. § 9 v '-:-'7 . e . — =
5 ¥ & -r:.(f 3.-1 T Y "'.E'f,‘.":-"ih-" )
)  Medlan:Piber Stresse§ at Genter of Shehr Web
R feogw LN =

5 Feato |-

Thé median Fiber, ﬂtﬂesaeﬁ'at the cehte? of the shear webd
were comphtied from. Bquatiansrlag)”and ta%le 2. The bending
‘stresses at thet centep of. .the, pla 8, w@re sesn 't c .be zero from
equation (27). The maximum and minimil prineipal stresses
were then computed from equation (30). These stresses are
given 1in table 3 gnd are plotted against the shear locad @
in dimensionless drm"iﬁ?frgdfé b A T

e As. might be _8fbectediictte maximum:prineipal. stress (cor-
-sespoqd{ng to teds¥on® aleﬂg“the wminqu) continues t0 rise
after; buckl;ﬁg,_while the minimug.prineipal stress (corre--
-sponding to compréssibn Berboesrther wrink}ep) decreases slowly

v‘r“r""\‘r'.— A
“ . [ N At ." o [0 .

P Lt
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after buckling at @Q = 5.54 Eh®v/a®, The direction of the
maximum principal etress forms an angle of 45C° with the
flanges at the buckling load; however, this angle drope to
32° 34' at the highest load considered.

Stresses at Corner of Shear Web

The stresses at the upper corner of the. shear web toward
which the wrinkles point (x=0, y=b)} were computed from équa-
tions (28) and (29) and table 2. The maximum and minimum
principal median fiber stresaes were then computed from egqua-
tion (30), These stresses are given in table 4 and some of
them are plotted against lead Q in dimensionless form in
figure 3.

Pigure 3 shows that in the corner of the shear web, the
minimum median fiber stress (compression) is about 30 percent
larger in absoclute value then the maximum median fiber stress
(tension), This is in sharp contrast to the condition at the
center of the shear web (fig. 2) where the tension is much
larger than the compression, The bending strese at the cormer
(f1g. 3) is about half as large as the median fiber stresses.
The angle of the maxinum median fiber stress in the corner
(fitg. 3) changes from 45° at buckling to about 43° at the high-
o8t load considered, This is a much smaller change in angle
than wee found in the center of the bay (fig. 2).

Shear Deformation of Beanm

The shear deformation Y' of the beam and the gshear load’
Q are given in dimensionless form in table 2. They are plot-~
ted against ‘each other in figure 4, It is seen from this fig-
ure that the break in the deformation-load curve at the buck-
ling load, Q = 5.54 Bh®b/s® 18 not very sharp. The stiff-
ness, as indicated by the‘'reciproecal of the slope of the
deformation-load curve, shows a drop of about 15 percent after
buckling. : .

Effabtive'ﬂidth of Shest

The effective width of the sheet, corresponding to the
width of unbuckled. sheet which would give the same shear de-
formation as the actual buckled sheet, was computed from equa-
~tion (24) and table 2. The ratio of effective to initial
width is given in table 4 and ie plotted in figure 5 against
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- -

the shear deformastion ratio -Ya®/h®, Figure 5 shows that

the effective wldth decreases gslowly with increase in shear
deformation. At the maximum deformation considered, aboutl

five times the deformation at the instant of buckling, the

effective: width is s%il& about 86 percent of the inltial

wldth. )
. '1:-_"_3__. T '
GOmﬁr% sive Force in Strut
The diétribution of compressive-}prce P along the

strut was Gofiputed frém equation (12) using equation (14) and
table 2. The results ‘are plqttei in dimensianless form in
figure 6 £or "¢z §.30 'Kn® b/a&. ..Bhe. variation in compressive
force, P, a&along the strut is quite pronounced, the force
being more than three times as large, at the: 'center as at the
ends. Thiy is a much larger variation than was found in ref-

erence 1 for a square shear web.

The maximum force P —b/2 wag compubted for various loads

end is plotted in dimensionless form in figure 7 as a function
of load Q.. The increase in atrut ferce with 1oad is nearly

lfneqr after ‘bycKling at . Q = 5;54 E'h"-"‘b/a.i o
. -5, PET R A R Tt
.'f,:r,)".i';- . I[ s mlre inua E‘,l...“:-___._
P : Gﬁmgérieon with Results fer Sheéf Ueb )
o [ S . T

o ;.-3 Having Squars ZBay_ec(an‘R.ae—.fe:renc::c-:-'ZI."'J)‘_“1
.- R fo s - P | ookl
The above results for a 2. 5 1l rectangular shear web with

reinforcement ratio 1/4, are compared in figures 8, 8, and 10
wlth the corresponding resulis giveh in reference 1 for a
square shear web with the same reinforcement ratio, OCurves A
are taken from the present analysis, while curves B are taken
from reference 1., Figurs 8 shows %thabt- the diffef&née fn shear
defoﬂmaviou for the deép web and -for.-the squarée’wéh-dfés dot
exceed ‘2 ‘pefcent. Figure 2 -shows that ‘the aiffé¥erce in
stregsés at ‘the corners in line with the diagonal tension
wrinkles (subscript 2) dees not exceed 20 perident’ ‘wHile the
stresses at' the center of the .deep wsb (shbscrlptll)”are up
to 20 per'cent smaller than those for. the. Fgudte web” ‘Figure
10 shows®™that the force at the center:of the BtTut +h! nforcing
the deep %eb i1s about 30 percent greater*at the hi%h% % load
than that for the square web, ;

. Y Y -:‘..f
A
{

e . L g . .-
. wr? over 4

8 phaol man

f [ R .

(q.ui-_ TS5,
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Gomparlson with "Tenglion Field" Theory

The curvea 0 in figures 8 to 10 were computed from ‘Kuhn's
semiempirical analysis of shear webs in incomplete diagonal
tenslcdn (reference 6). The shear deformation (fig. 8) is
about 10 percent greaster bdy Kuhn's analyels than by the pres-
ent analysis; the median fiber tension at the center of the
web bay (fig. 9):1s up to 12 percent greater by Xuhn'e analy-
sis than by the present analyesis; the median fiber tension at
the corner of the:wed bay (fig. 9) is up to 37 percent greater
. by Kuhn's analysie than by the present analysie; and the force
at ‘the middle of the strut (fig. 10) is eabout 16 percent less
by Kuhn's analyeis than by the present analysis. The compari~
son indicates that EKuhn's analysis 18 more conservative than
the present analyaia except for etrut force.

The curves D in figures 8 to 10 were computed from
Langhaar's analysis (reference 7) which takes account’ ‘of flange
and strut stiffness, but neglects the effect of Poisgson's
ratio (w = 0). The shear deformation (fig. 8) is up te 80 per-
cent greater b Langhaar s analysls than by the present” analy-
sls, the mediaﬁ fiber tenslon at the center of the webd (fig. 9)
1s up to B0 percent grester by Langhaar's anelysis than by the
rresent analysis; the median fiber t enslion.at the corners in
line with the diagonal tension wrinkles is up to 90 percent
greater by langhaaerta analysis than by the present analysis;
and the force at the middle of: the strut (fig. 10) 18 about
four times as great at the highest load. The comparison indi-
cates that Langhaar's analysls 1s more consgervative by & large
margin than the present analysis.

'oo,ucLus: ONS

The analysia of a rectangular shear web with a height to-,
width ratio 2.5 reinforced by strute with,a weight -egial to
one- fourth the weight of the web 1eada to tha following réaults.

The maximum prinnipal atress ‘at’ the center (corresponding
to tension along %he wrinkle) continues to rise after buckling{
while the hinimunm principal gtreds’ (cbrresppnding to compres-
sion perpendicular to the wrinklee) remains constant and then
decreases slowly with increasing load. The direction of the
maxlmom princlpal stress at the center forms an angle of 45°
with the flangese at the buckling load; the angle decreases with
increasing load; it is only about 32° at four times the buck-
ling load,
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In the corners of the web that are in line with the di-
agonal wrlnkles, the minimum median fiber stress (compresaion)
ig about &0 percent larger 1in absolute value than the meximum
median’ flber stress (tension). This is in sharp contrast to
the conditlion at the center of the shear web where the ten-
sicn is much larger than the compression. The bending stress g
at the corner ig about one-half as large as the med¥an fiber
stresses. The direction of the maximum medisan fiber strase
1n the corner changes from 45° relative to the flanges at
buckling to about 43° at four times the buckling load. :e¢77

m Py = _—— = PR BEE PN PR DY - R T ey VY oAm A mat I A s Asra AN
he Bl Opé Ol Tiae B8aear 4eloriavion — 4iUau LUL Ve BllUWwe ol
abrupt decrease in shear stiffnegs of about 15 percent at the 5
buckling load. "_;

i
The effective width of the sheet drops off slowly as the
buckling locad is excssded. At a shear deformation of Ebtoutl |
five times the ‘buckling deformation the effective width ‘s
still "86 percent af the 1nitial width,

»,

S e PECTT
The compressive force 1n the strut is about three - ‘times
ag large at the middle as at the ends. This is a much ‘larger
variation. than was_ found in refevence 1 for a square-: shéar
web: 16,4 p probabiy caused by:Mgugset? action near the ends
of the relatively longer struts reinforcing the rec%angular .3
web. *The increase in strut force with load was roughly lin-

gar, .. , -~ - _ i \
. co. :.“"““,-v__--r v

Comparison with the corresponding analysis Qf reference
1 for square shear bays shows agreement within 2 °pereent for
shear deformation. The stresses at the center and corners
and the force in the middle of the strut differsd by not more

than 30 percent.

. Comparison with the dlagonal tension field theory &s de-
veloped by Kubhn indicates that Kuhn's analysis 18 up to 37
percent more conservative than the present analysis except
for strut force, for which the present analysis 1s more con-

servative.

Comparison with the diagonal tension field theory as de-
veloped by Langhaar indicates that Langhaar's analysis is much
more conservative than the present analysis; the difference is
of the order of 50 to 400 percent at the largest loads.

Natlional Bureay of Standards,
Washington, D. C., June 30, 1945,
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TABLE 1 - IQUATIONS FOR DEFLEOTION COLFFIOILNTS
[Bu Equation (17)]

a5

Om Om O= Ou Ou O= Om
3 3 2 3
T& Ta Ta' ™
x,z | a4.260° 0 5.689" 5  [(-10.24~ o 4,085 3 266415
2 . Tad Tad Tad ..&8
v, | O 114,30 3.376 % | 14.63°% 0o -18.96 -7.2401%
3 3 2 3
w,e | © o Laes™ s.ees - [41a.z° 23.27T% 7.5
Ta3 Ta3 Te?
w31 | 5.689 g 2.376 ¥ 158,103 o 1.4835 1 o 6
Ta s 2 Ta!
wg,5 |-10.36 4.6 5 o 26850 5.886— %" 0 °
™2 a8 Ta? 3
wa,5 | 4-083% -18.9873 o 0 a3.371°5 577.20 0
2 2 2
TR TR Ta 2
wg,7 | -3.886 ~7.240 1 o o -87. 57— o 1364n
) Tal Tad Tad :&3
v | O ) -10.34 % 18.45-3 ) 73145 t.reg
. 3 a® Ta3 )
¥z, | © 0 —t.000 s [-28.337% 0 34133 13.05 5
Tal a2 Tad Te?
w3 | © 0 -3.6537% -10.2¢7% o —41.891F 40.6315"
Tai 2 2
w, | 2.3%°F .s1037%- 0 0 .55~ 0 °
2 2 2
' Ta ™
'4,3 —4.096—1- 5.851~%- 0 Q 3.376T' -0 0
2 3 ]
Gy
w5 | -1.635% | —7.ee5 o o s.308 % o o
2 3 3
vy, | -losz | 2.e8% | o o 11.087%- 0 o
v, 2% | 25.13% 3 .01386wy 3| 86.22wg 1 23.81wg 3 -8.366w) 3 | -23.78wg 1 -.1858wg 1
'1'32 .04155'1" 33-53"1" 33.91'2.3 88.‘9’!‘3'3 “.52’1" 4-113‘!3.3 —28.75'3'3
vy 48| .os0mwy | 78.07wy o 175.6wg 1 17805 3 -0984dwy o .9708w3 3 5544w
w1,4%| 88.62w3 3 1472wy p | 1.760wp,3 |813.1wg,3 8.339m,3 78.56wg, 3 3.3773,3
2
w3, ?| 85.30w; 5 |-S8.37w; 3 299.0w3 -89.76wg 4 -.30%0w; 5 -.000871wg 1]  -.002908wg )
vz 13|-88.37wy o |178.8my 4 -399.2x3 5 607.5%5 5 -28.73m; , |-303.4wg 3 -.007290w3 5
-;,33 86.49w; 3 33.3911 3 .0g106wg, 3i 336.0u3, 3 -5.814¥3 3 .07288wg 3 .01285wg 3
'3"38 36.29'1,4 313.1'1" 807.6w2 1 .06318'3'1 —7.339'1,‘ 315.@3,1 —305.1wg 1
w,5%1,4%3,1 | © i -118.5 120.5 0 66.33 -60.97
*, 5% ,4%a,5 | © 0 180.5 73.58 0 133.1 1.368%°
¥y ,a%z,1%a,5 | 4782 120.5 o o -145.8 o o
*1,72,1"a,3 1306 3.530 o c 233.9 o o




TABLE 1 (Continued)

NAOL T8 Xo. 2008

. Om Om 0= o= 0= o=
3 2 P) 2
wm,a | © ) ) 22767 | ~.008TE 19T -l.0827§-
a3 3 Tad 3
wia| O o ) 5202} 5.850 T2 -7.5850% 2.0~
it s T ™l ™
e 0 0 0 .sa51 Ty 2.7} s.500 1.0
3 a 2
™ Ta' Ta’
v3,1 -10.34 x -4.096T —8.533T [+) 0 [+] [+]
a a8 )
a5 | 18.457% -238,53  |-0.24T 0 o 0 o
3 b1 Tl '
a5 | 7.506F .15 |-41.8eT% 0 o 0 °
3 ] 3
wa,7 | &7mE- | 8.0 .83 0 0 0 )
: ] 3 3 a
3 : Y ™ T
ws,3 (938.8n o o .8 |ze.nT -10.457%- -8.837°
. 3 a3 Ol med L
w54 | O 13084/ 0 5.851 7% 57.637% -40.767% ST 1L
3 ;8 i md Tt
va,e | © 0 10650 376313 14.63%% £s.043 -10,807%
2 3 2 .
Tw ™ ™ 3
w1 | 14825 6.851 3783 | ZssEm o o o
28,357 37,620 .83 0 37450° o )
¥4,3 |7 il “S9°E
2 2 a
a3 md md 3
w5 |-10.45°F —s.78T s0.04T% 0 ° 3607 o
2 2 |
Ly T = 3
w7 | 68277 | 18.63T3 - |-70.80T ) ) 0 5136
vy, 32| -3.708w, g | -.088%0wy | -.350%wy g | 3.78ery) | 1.920mp; -.05447wp 1 | -.159%wg )
wy,2%| -.2637w 4| -10.04w 3 -.1818w) ¢ | -14.3%mg 5  |-13.35wg 3 ~4101wg 5 | +.0038%mg 3
Y )
w,8| -804y | 4000w - 1060wy o | —47.36wp, | -1.608w;, | -l.3%ewy , |-il.3ewg ;
'1"8 -40.60-,”3 —-5373"1.3 -4.371'1.3 4.57“3’3 —41.93.3.; -10.0"2,5 —.90‘79'3,3
wg,1?| 3740wy 5 | -15.13m 5 l.980w) 3 | -1.386wy .1185w5 y | -.05108wg y | -.05826wg 1
'B,lz —59.4“1“ 97.11"1" -43.19'1.‘ 7-375'3'3 -8.937'3'8 .5581"3,3 —.01“1""5
2
wg 30| 8970w g | Il.lew 5 -.900lwy 3 | -.0736lwg ;| -1.004wg 5 -.1697wp 5 .001370w3 5
3
wo s |18 ([ 113.9w 4 -1.018w, o | -18.13wg ; -.0m83w; 1 | 1,037, o 9033w |
'1.3'1,‘1’3'1 ] ] ] 38.11 6.650 7.452 4739
i, M,a,5 | O o 0 -38.47 -53.80 -38.94 -.723
w1, 2,1v3,5 | 56.17 56.97 -29.88 0 o 0 o
1,492,193, 3 101.5 11.023 90.47 ] [} /] ]




Table 2 -~ Yalues of deflootlon coeffioients as & function of apperent shearing deformation ¥ or of shear load Q

ARHEARUESE IR AR E R AR SR e SR L ok
.54 ] =5.54 0 0 0 0 0 0 0 0 0 0 0 0 0 o
5.55 | 14.62| -5.55| 0,050 |-0.010 {0,010 | 0,006 |=0,003 |=0,001 | 0,000 | 6.000 | 0.002 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
5.61 [ 14781 -5.61| .100 | -.020 | ,020| ~-.03 | «~,005 | -,002( .000 | .000 | .003 | .00L | .000| .0OL| ,00O | .00O
5.7% | 15.16| =5.76| .200 [ -.0M | .039| =-.065 | -.011 | -,00% [ -,000 | .000 | ,007 | .0O2 | .00D | -,001 | .0OO| .00
6.00 | 15,90 | -6.08) .300 | =.08% | 057 | =.10L | =.007 { =.007 | -.00L | .000 | .,012| ,005| ,000( ~-,001 | -,00L( .000
6.32 | 16,38 ~6.HL| 400 | =002 | O7%| =83 | =025 0 —001] 000 | LO0L | LOL8 | LOOW | L002) —4002 | =001 [ -,00L
6.80 | 18,71 | «6.95| .500 | ~.132 | 086 | -.196 | -.035 | -.008 | .o0% [ .002 | .029 | .006 | 002 -,002 | -.001 | -.00L
7.10 [ 19.21 | ~7.30| .550 | =.158 | .090 | -.228 | -.0M2 | -,018 | 008 | .0O% | .037 | .007 | .002 | -.002 | ~,001 | -.001
7.4% | 20,28 | -7.68| .600 | =.182 | .00% | -.260 | -.OU9 | -.021 | .009 | .OOM | .OM3 | L0087 .003 | -.002 | -.002 | ~.001
7.82 | RL36| -8.32| .650 | -.209 | 096 | -. - 0658 | -.025 | .011 [ .005 | .050 | <009 | .003 | -.002 | ~,002 | -.002
B.2% | 28.68 | -8.61| 700 | =.239 | 098 | ¢35 | =.068 | -,029 | .0M3 | .006 | .059 | 011 | .0O% | =,003 | ~.002 | -.002
9.30 | 25.91| -9.% | .%00 | ~.310 | 097 | ~.42% | -,093 | -,0h0 | .008 | 005 | .OHL | .015 | 0G5 | - =.003 | -.003
10.60 | 29,98 | =11.79 | .900 | -.395 | .092 | =53 | -.126 | -, J02% | Lo11 | 120 .022 | ,007 | =.005 | —.00W | -.003
12.22 | 35.08 | =}3.33| 1,000 | =489 | 083 | -.652 | ~271 | -.073| .032 | .015 | .2B9 | .028 | ,00% | -,007 | =.006 | ~.005
.12 [ a1 -15.62 | 1,100 | =585 | 076 | o780 | -.227 | -.096| o3| 020 | .97 | .037| .002 | -.009 | ~.008 | -.006
16,36 | ¥8.32 | -14,36 | 1.200 | -.697 | .067 | -.920 | -.295 | -.125 | .056 | (026 | %57 | .OM8| 016 -,012 | ~,010 | ~.008
18,60 | 55,54 | =21,10 | 1,300 | =o775 | <065 | =1.05% | =.376 | =.160| 071 | .033 | 387 | 061 | .02O| -,015 | ~.003| -.000
£1.18 | 63.95 | 2429 [ 1,500 | -.%67 | .062 | <2.199 | =1 | ~200( .08 | .00 | MO | .077( .025( -.008 | -.006( -.013
23,97 | 73.12 | -27.78 1,500 | =.959 | .060 | ~1.351 | ~.585 | -,288| .11 .o | 520 | .096| 0% -.023| -.020| -.006

80CT °“OF KI YOVK
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Table 3 - ledian Fiber Stresses at Center, Maximum and KMinimum
Princival Stresses, and Direction of Maximum Princival Stress

Qa; O of o a® Tay 2% | Cmnt® | ahaa? o™
Eh3b Eh? Eh 2 Eh 2 Eh?2 Eh 2
5.55 .01 .00 =5.55 -5.53 5.59 440591
5.61 <03 .02 -5.59 -5.57 5.61 440581
5.74 | .12 .06 ~5.68 ~5.58 5.75 440521
6.00 | .27 .15 -5.84 -5.61 6.03 440421
6.32 | .50 .27 -6.04 -5.62 6.39 449261
6.80 | .86 .45 -6.33 ~5.62 6.93 440 61
7,30 | .1.09 .58 -6.50 -5.61 7.28 430511
7.4 | 1.35 71 -6.70 -5.61 7.67 430371
7.82 | 1.66 .86 -6.92 -5.59 8412 43020¢
8.24 | 2.02 1.04 -7.16 -5.56 8.63 430 21
$.30 | 2.94 1.49 ~7.76 -5.48 9.92 42920¢
10.60 | 4.20 2.08 -8.46 -5.27 11.56 410251
12.22 | 5.85 2.82 -9.29 -4.98 13.65 409221
14.12 | 7.93 3.67 -10.26 -4.57 16.17 390 81
16.36 | 10.53 - 4.75 -11.30 -3.90 19.18 37°50!
13.60 | 13.48 5.64 -12.32 -3.26 22.38 360111
21.18°| 17.06 6.73 -13.41 -2.37 26.17 340281
21.31 7.88 14,51 ~-1.28 30.48 320341

23.97

* orangle between direction

of maximum principzl stress and flanges.




Table 4 - Stresses at upper corner of Shear Web, towards Which Wrinkles Point,
x=0, y=b and effective width ratio

7

) )

?:53 E;lzz %h"%f TER | TEE Eh? %ﬁ " Ve o
5.55 0.00 0.00 5.55 -5.59 5.54 -0,22 44°59' | 1,000
5.61 00 -.0L 5.61 -5.62 5.61 -.44 44050t .999
5.74 ~.01 ~,03 5.76 ~5.78 5.74 ~.90 440571 996
6,00 -,02 -, 07 6.0 ~6.09 _ 6.00 ~1,38 44°541 .992
6.32 -.0% -.12 6.41 ~6,50" 6.33 ~1,89 440491 . 986
6.80 - -.21 6.96 ~7.10 6.81 2,43 44024' | 978
7.10 -.10 -.26 7.30 ~7,48 7.12 -2,70 440410 | 973
7.44 -.13 -.32 7.68 -7.91 7.46 ~3.02 44°38!" .968
7.82 -16 | -.40 8.12 -8.39 7.84 -3.36 ag034t | 963
8.24 -.19 -.49 8.62 -8,96 8.27 «3.73 440301 .957
9.30 -.29 -73 9.84 -10.36' 9.34 ~4,54 440211 944
10.60 -42 | -1,07 11.39 12,14 10,65 ~5 .49 44011 | ,931
12,22 -60 | ~1.54 13.33 -14,41 12,26 -6.49 43°59' | ,917
14,12 -.83 ~2.14 15.é2 ~17.12 14,15 -7.76 43048 904
16.36 | -1.12 | ~-2.91 18.36 20,40 16,37 ~9.03 43°36' | 892
18,60 | -1,41 | -3.72 21,10 -23.70 18,5 | -10.48 43°26" | .BB2
21,18 -1.78 | -4,72 24,29 ~27.58 | 21,09 ~12,04 43°16' | .872
23.97 -2,19 ~5.87 27.78 -31.87 23.81 ~13.75 43061 .863

¥ gngle between direction of maximum principsl stress and flenges.
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Figure 1.- Beam under sbearing force Q and typical
bay of- shear web,
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Pigure 3.- Principal median fiber stresees and

bending atresags at coraner of shear
bay, and direction of maximum principal median
fiber stress. Bending stresses ox" and ay" are
zero at corner.
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Figure 8.~ Shear deformation, -§¥ versus shear«
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Figure 7.- Varlation of compreselve force Pytb/B inforcement/ratio r = 1/4, Curve A: present
analysia, D/a = 2.5} ourve B.: reference 1l
at midpoint of strut with shear load Q. bfa = 1;’°u"e Gt réfergnae 6, bfa = 2.5;’curve
D: reference 7, b/a = 2.B.
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Figure 9.~ Maximum median fiber stress versus shearing
force for shear webs with reinforcement ratio,
r = 1/4, Curve Al: present analysis, center of plate,
b/a = 3.5; curve Ag: present analysis, corner of plate in
line with diagonal tension wrinkles, b/a = 3.5; curve Bj:
reference 1, center of plate, b/a = 1; curve B2: feference
1, corner of plate in line with diggonal tension wrinkles,
b/a = 1; curve C: reference 6, throughout plate, vh=23.5;.
curve D: reference 7, throughout plate, b/a = 2.5.
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for shear webs with reinforcement

ratio, r = 1/4. Curve A: pressnt analysis, mid-
point of gtrut. bfe = 2.5; curve B: reference 1
analysis, mid-point of strut, b/a = 1; curve Q!
reference 6 analysis, throughout strut, b/a = 2.5;

curve D! reference 7 analysis, throughout strut,
b/a = 2.5.
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