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SEEAR LAG IN CORRUGATED SHEETS USED FOR
THE CHORD MEMBER OF A BOX BEAM

By Joseph S. Newell and Eric Reissner
SU“JAR*

The vnroblem of the distridbution of normal stress
across a wide corrugated sheet wsed as the chord of a box~
beamlike structure is investigated theoretically and ex-
perimentally, ZExpressions are developed 3iving the stress
distridbution in veams symmetrical or unsymmetrical about
a plane passed spanwise through the center of the sheet.
The experiments were arranged to insure dending without
torsion and surveyrs of the normal stresses were made by
means of mechanical a2nd electrical strain gages.

The experimental data showed very good agreement with
the shave of the theoretical curves, especially at the
highly stressed sections, for both the symmetrical and un-
symmetrical beams,

Several sugsestions for future research are included.
INTRODUCTION

This paper is presented in two parts., In part I, ex-—
pressions are developed for the distridbution of normal
stress across a wide corrugated sheet used as the chord of
a box bean, re%ard being given to the variation in normal
stress resulting from shear lag in the sheet, The devel-
oped expressions cover the cases of symmetrical and unsym-
metrical box beams with respect to a plane passed spanwise
through the center of the sheet.

In part II of the vaper, the experimental results
are presented. Strain-gage surveys were made to odtain
the digtridution of normal stresses across a series of sec-
tions of the corrugated shect. Huzgenberger tensometers
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were used for the gsymmetrical beam, and both Huggenberger
tensometers and a fine-wire electrical gage were used for
the unsymmetrical specimen. Because the corrugated sheet
was not perfectly flat and because complications due to
possible increased buckling of the sheet were to be
avoilded, the beams were always loaded so that the sheet
formed the tension chord of the box.

Inasmuch as more data were obtained for the unsym-
metrical specimen, the data for that beam are somewhat
more definite than for the symmetrical. The shape of the
stress-distribution curves at all sections is in general
accord with the developed theory.

‘e

The theoretical procedure presented in part I is the

work of Dr. Zric Reissner of the Devartmept of Mathematics
of the Massachusetts Institute of Technology. At his sug-

lgestion, Hymen Katz investigated the effect of varying
certain transverse stiffnesses on the syumetrical beam;
the data credited to him are taken from reference 1.

Aldridge (reference 2) and Amarante (references 3
and 4) carried out the experimental work on the symmetri-
cal beam. The test data are taken from references 2, 3,
and 4; most of the work was from the tests of Amarante,
who investigated several cross sections of the beam.

The wire-resistance strain gages were developed by
Prof. A. C. Ruge of Massachusetts Institute of Technology.
They were adapted for use on the corrugated sheet by W. T.
Shuler, who also made the st;ess surveys on the unsymmet-
rical bean.,

The entire project was carried out under the super-

vision of Prof. J., S. HWewell of the Aeronautics Department

of the Massachusetts Institute of Technology. It was
made possible by financial assistance from the National
Advisory Committee for Aeronautics under its program for
fostering research in educational institutions.
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PART I - THEORETICAL INVESTIGATTION

A - SCOPE OF THE THEORY DEVELOPED

od

The present theory of the shear lag nay
n

proposed .by, Von Kdrmadn, Reissner, Younger, Kuhn,

(9N ]

be consid-
ered as occupying a position intermediate” between those

and

Ebner and foLlor. (See references 5 to 8, ‘and 10.) It

was first presented in 1938 (reference 9) without,

how-

eiveisil el iledid et i n sl i Eic®relationy tiot the exilsting ‘theories.,

It may bve briefly described by saying that

ble to the oroblems of Von Xirmdn and Younger
n

being of the same nmathematical complexity ar
be used on problems to which Xuhn's, and Ebdbn

"theories are not applicadble.

1. @

The relation between the 4
breught out in .section By In s
ory is applied to the analysis of & symmetric

© H
w

i

5

9 have been. partly repeated and extended. In’

is applica-
without

that i§ may
and Koller!s

fierent fThdeories willibe
ction G, the present the-—

al one=bay
beam; calculations previously reported in réferences -l and

section D

the theory is used for the analysis of an mansymmetrical

one-vay beam under unsvmwetrlcal Toading condiltions. Thie

o)

(¢]

procedure used with tnlq case has not been published pre-

v1ouSIV.l‘ -

B - THE MATHEMATICAL FUNDAKENTALS OF THE SHEAR-LAG THEORY

DE CRIP”IOW OF THEE STRUCTURE ANALYZED

The fundamentals of the shear-1ag theory
pPlained by -considering one simple structure;
box Deanm characterized bvft“e follow1u, data’
here (see fig. 1): e " '

The span length - 1.

Thelwidth 2w. With coerrugated sheet,
developed width of the corrugated she
c. times the' projected width where ¢
ficient ‘dependins upon the pitch-dept
"the corrugation’ )

are begt Bx-
a. symmetrical
is utilized

2w
et

is
atio of

is the

being

a coef-
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The moment of inertia of the side beam and cover
plates, Ig.

The thickness of the cover sheet, +t.
The elastic moduli of the éover sheet.

The cross-sectional area A of a stringer symmetri-
cally attached to the cover sheet, if a stringer
be used.

This box beam is assumed to be rigidly supported at
one end and to be loaded at the free ends of the side
beams.

The aim of the procedure developed here is the deter-
mination of the distribution of stress in the cover sheet,
in the side beams, and in the middle stiffener if one be
used. The need for such a procedure was shown by strain
surveys on airplane wings, which demonstrated that all
regions of the cover sheet would not be equally effective
and, consequently, that the elementary beam theory which
assumed uniform normal gstress distribution across the
cover sheet was no longer sufficiently accurate.

The cover sheets being flat and without load normal
to their plane and the sheet thickness t small compared
with the height h of the beam, it follows that the prob-
lem of the determination of the stresses in the sheet can
be classified as a problem of plane stress.

THE FUNDAMENTALS OF THE THEORY OF PLANE STRESS

It is well known that the theory of plane stress leads
to a set of differential equations involving three stress
components and two displacement components and that these
equations are made complete by the addition of a set of
boundary conditions which express the manner in which the
loads are introduced into the sheet,

In the following discussion it is essential that the
.sheet be considered an anisotropic material, that is, a
material possessing elastic properties different in its
transverse and longitudinal directions. One of the pur-
poges of this isection 18, 4n faet, to point out that the
various existing theories distinguish themselves only by
making different assumptions concerning the anisotropy

of the sheet material,




,HACA Technical Note Ho. 791 5

The fundamental plane-stress equations ares

a) The equations of equilibrium for the three stress
components

d0x orT ‘

g =— = D (1a)
dx oy :

) D

S B . (11)
ox oy

b) The stress-strain relations involving the stress
components and the displacement components u
and ‘v, . which are, for an anisotropic material
of the kind here considered,

» cu. ]

B e = G = UXOy (2a)

) oV

B, é’j = 0, = Vy0g (2v)
/_EZ.B o E.;’\‘

G‘ \\.ay. ‘O\:{ ) = T . (20)

In these equations, ZEyx denotes the modulus of
elasticity in spanwise and. By in transverse direction

if a system of coordinates x,y DbYe introduced where the
Xx~-direction is the spanwise and the y-direction the trans-
verse. The symbol G denotes the shear modulus. (As
long as the sheet is not wrinkled, G  is g cionstant of
the material., For sheets wrinkled under the influence of
stress, it is customary %o denote G &as the redueed shear
modulus, the amount of reduction depending on the extent
to which wrinkles are developed. No consideration is,
however, given to this aspect of the problem in the pres-

ent investigation.) The constants Vy and vy are two

Poidsontls ratios. For the existence of a strain-energy
funection, it is necessary that the following relation
exist between the elastic constants:

Uv Ex = UX Ey (3)
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Concerning the boundary conditions, it 1s necessary
only to state at this place that they express the condi-
tions of support as well as the condition that the strains
in the side beams and stiffeners must coincide with those
of the sheet along all Jjunctions and that each element of
these members must be in eqgquilibrium under the influence
of the external forces and of the edge shear of the sheet
acting on the element.

A DISCUSSION OF THE EXISTING SOLUTIONS

The basic equations (1) and (2) being available, it
is possible to state the differences between the existing
solutions of the shear-lag problem as follows:

(a) Von Xdrmédn (reference 5):

m
B, = 1§ - E’ v =y = U’ G = =
o T S 2(1 + v)
(b) Younger (reference 7):
EX = E' Ey =3 Oo’ Ux = ’[)y = O
(¢) Kuhn (reference 8):
EX =0 Ey = Oo, Vg = vy = 0
(d) Reissner (reference 9):
EX = E, Ey = O, U’:{ = v, Dy - O, G’ = E
: 2(1 + v)

(e) ZEbner and K8ller (reference 10):

The foregoing conditions indicate that Von Kdrmédn:
considered an isotropic sheet, Younger a sheet elastic
in the spanwise direction but rigid in the transverse,
Kuhn a sheet having no spanwise elasticity but rigid
trans¥ersely. DReissner'!s solution presupposes a material
elastic in the spanwise direction and not resistant trans-
versely, while Ebner and K6ller consider a sheet material
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entizely lacking in re
fective only in shear.

n

tance to normal stresses and ef-

n

-~

Solutions (a).and (b) have a certain disadvantage in
that the mathematical difficulty in satisfying all bound-
ary coanditions may be great, it having ‘been -surmounted at
present only for ecertain types of boundary conditionms.

The solveable cases may be characterized by the statement
that for them the structure considered must be part of a
beam infinitely extended in the spanwise direction and
subjected to & periodic 'load distribution. For-.a beam of
finite span - length equal to 1,.1/2, or 1/4 period - this

requires that the following conV1*~ons are satisfied at
the ends: DBither shear stress and spanwise displacement
are simultaneously zero, or normal sitress and transverse
displacement are simultaneously zero. Whereas the second
condition describes the state of s*resq at the free end
of a beam rather well, it is uncertain to what extent the
farSit lcondition of van shing shear along a built-in edge

may reduce the accuracy of the solution in the neighborhood
of the edge when applied to actual problems.

Xuhn's solution {(c) may be saidé to be eminently appli-
cabiifel it thel strueture is . such ithats the axial lead carry-
- :

ing capacity of the sheets is insignificant compared with
the corresponding capacity of the stringer material. If,
however, most of the axial normal stress is carried by the
heets, as wouvld occur with corrugated cover sheets, his

S
theory does not anrear %o apply.

It was for this case that solution (d) was developed.
madk: o g - 3 & = o : * ’
This theory gives essentially the results of theories (a)
and (b) without being of the same mathematical difficulty,

the simplifying assumption involved being taat the trans-
verse normal stresses which aﬂconpary the shear and span-

wise normal stress, but are not in themselves of primary
1nteras*, are not carried by the cl"eﬁt itself but by trans-
Terse iffeners. The specific advanitiage of this theory
is that RGNS possible to satisfy any boundary condition
which may occur zlong transverse sections. It is St honiahit
bkat this theory is apbiicable to £lat sheets as well 'as
corruzated, when the corrugated sheets are considered &s
heets. . Owing to the neglected trans-

norisokbropic f£flat
e

rerse resistance of the material, it is to be expected
thaitiithe resulits are closer to reality foxr o*ru5ated tkan
Hon I ts, which is one of the reasons for testing a

T
rugated cover.
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The theory of Ebner and K8ller (reference 10) goes
further.s It neglects the resistance of the sheet to both
transverse and spanwise normal stresses and takes into
consideration only the normal-stress-carrying capacity
of the stiffener and the shear-stress-carrying capacity
of the sheet., Therefore, the remarks made about Kuhn's
theory also apply here. One observation which should be
added, however, is that the Ebner-K8ller theory is essen-
tially a framework theory and the methods developed for
the treatment of statically indeterminate frameworks can
therefore be applied to permit the analysis of rather
complicated structures.

THE GENERAL SOLUTION ¥FOR THE SHEET
WITHOUT TRANSVERSZ STIFFNESS
In this section the general solution, as previously

derived in reference 9, of the equations (1) and (2) is
given for the case (d):

geos B (za)

T £y (3D)

ox = =xf'(y) + g(y) (3c)
Eu=-1x°£'(y) + xg(y) + n(y) (42)
Bv=2x%0(y) - 3x%e(v) - () + (F)xe(r)(y) (4v)

wihiexer Haone il sand ok are fomr arbltrary functionss
The solution is to be obtained by direct integration of
equations (1) and (2); the arbdbitrary functions in the
solution are determined from conditions along transverse
sections of the beam, and the remaining arbitrary con-
stants are determined from conditions .along the Jjunction
between side webs and sheets, or stringers and sheets.
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C - SHEAR LAG IN A SYMMETRICAL BEAM UNDER
SYMMETRICAL LOADING CONDITIONS

THE BEAM WITH AXIALLY RIGID TRANSVERSE END STIFFENER

In this section the stress distribution in the cover
sheet of the beam that was investigated experimentally is
determined theoretically. A beam is considered carrying
a cover sheet on only one side. Furthermore, no spanwise
stringer is attached. (See fig. 2.) For the behavior of
the transverse end stiffener the following assumptions are
made:

l. The deformation of the stiffener in the direction
of 1ts own axis is neglected. This assumption
is later shown to be permissible.

2., The resistance to bending in the plane of the
sheet is neglected in comparison with the cor-
responding resistance of the sheet. This as-
sunption follows from the fact that

1 + a 3 3 )
letiffener << 1°t, as has been noted previously

in reference 8.

Under these assumptions the following boundary condi-
tions hold:

At the built-in end,

Z =20, “Hes 0, L0 ; (5a,b)

=L G = O =) : : : (6a,d)

These conditions are those assumed in reference 9. In ad-
dition, one condition not previously mentioned is needed
to determine the solution numerically. In order to formu-
I@ite this sondition, it 415 first necessary to determine
what may be called the "effective width" of the sheet,
that is, that width of the sheet which under the assump-
tion of uniform stress distribution would add the same
strength to the beam as the actual sheet under the actual

(not yet determined) Stiressdistributidion, This width may
be written
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wers (0x) = oy ay ‘ (7)

edge

If the section modulus W - of the beam is dstermined
with this Wopps then the remaining condition is

M
(O—X)edge = va (8)

In-order to determine W, ‘it is first necessary to
find the neutral axis of the beam, and then the moment of

inertia, ' The following calculation gives these quantities
in a convenient form. PFor the distance e of the neutral

axis from the top one has (fig. 3)
e(A, + wefft) = 8.4, (9)

The moment of inertia is

I = Iy + (eo - e)on + ePW o0t
e dol + 0aPhor b 820 = 2eegho + egwefft
= Iy + eong + ea(Ao + wefft) - 2eeghg
and with (9)
LrslBul ™ Bl ganbo = Sdeuhs

= Iy + eozAO - eeglo
I = Iy + segugest (10)

With (9) and (10) one has

sl g '
Io Io o
= ‘e—g + "’efft (eo + E;E.;) (ll)

Introducing (11) into (8) gives
:‘I I
29 Lo W t <eo o+ 9 >J= M
*"edgele, eff eods

and with w_p, from (7)
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IO( ) ( it M

sspres \aY d 4 S R &7 Ot

G \)X/ed‘ge gl \eo_ ‘ eOAo > ) ‘G dy

( ) . teoz“ /l | I \fw d e v (l"’)

0. e o G B MR o 12
%/ eqge * e \ D Iy

0 0
Equation (12) will serve to mxke the solution complete.

;  Introducing the .boundary conditions (5) and (6) into
the general solution, equations (3) and (4), gives

Blg), = Opijdalmlus 0 (1g)
~VE' (y) + ely) = 0 (14)
i 12 (y —l—tz-*'A /:“u;- N : 5
P - 1% )+ (2) 12 ()= 0 (15)

Inserting. (14) into (15) gives
_:LC; W~ /§> £ = ; : ‘
or 't (y). + & 180 dw) 0 (16)

This second- 01d91 linear differential equation has the
solution ) ' ;

f(y) = ¢, sinh Ky + c cosh Ky (17)

where ¢; -and ¢y are constants of integration and

K = %V,%g (18)
The stresses are, accordingrto.equations-(z)vand.(14)
it T = £(y) Tae S e e
ST I R
Since thé normal stress 0, must be';ven in y,. iy |
follows that
§ cp = 0 ‘5 H .v i (21)

The remaining constvnt ¢, 1is to be determined from the
tast edge condition (12). Iantroducing (20) into (12) gives
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g P 2 I 4 il
(v - x)[f'(w) + -f;-g- \1+ E-ng;)(f(w) - 1(0))] =
=M%°—=P(1-X)§9 (22)

Inserting the value of f(y) from (17) into (22) gives

r te ® 7/ IO I
By LK cosh Kw + —33— Kl * —~75;—> sinh K w 4 = P (23)
0 €0 %0 i

from which one obtains finally for 05
P(1 - x)g2
0 cosh Ky
ox T t I tanh cosh K w (24)

wte an w
1 o® kl - ‘L > &
Kw

It is this expression for oy which is to be checked

against the experimental data obtained on the symmetrical
beam in part II of this report.

THZ BEAM WITH ELASTIC END STIFFENER

In this section the extent to which the axial defor-
mation of the end stiffener influences the stress distri-
bution in the sheet is investigated. The result will be

that this influence will be so small that the simpler solu-

tion of the preceding oaraérdwh is sufficiently accurate
under ordinary conditions.

The boundary condition which now must be satisfied -
instead of condition (6b), that the transverse end dis-
placement +v(1) vanishes = will express the fact that
axial deformation of the stiffener under the influence of
the shear acting betwesn, sheet and stiffener must equal
the corresponding deformation of the sheet.

If the transverse-stiffener stress is denoted by Og
then, in order that each stiffener element be in equlllb—

rium under the influence of the forces acting on it, one
has

5= (Agoy) = t9{1) = 0 (25)
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~The stress o produces an axial strain of. amount

il Y e B 26
¢s = 3y >g E by e (26)

Flgt i reasons of contlinnibty, vs(y) must equal the trans-

verse displacement v(1,v) of the sheet. Thus, combin-

ing (25) and (26), there follows a condition, containing
only sheet stresses aand strains

K Q_‘L_(_L_&'_l] ="g7r{l,y)-="0 (27)
Oy..[ s Oy ; i :

‘Since no forces are introduced at the free ends of the
SithsEflomer 5 1ttt ol Lows that

| dv(l,y) > o
T = 0 el I8 1 AR = 0 28
o (w) = . (28)

All boundary conditions are now represented by (Baib) 4
(6a), (27), (28), and (12). As before, it follows from
(5a,b) and (6a) that in the general solution (3) and (4)

niy) = 0, kly) = 8 {1z}
gly) = 1£(y) (14)
With that, aE | L
Tz £l 5 (3v)
and from (4bv),
Eg;% 4 %Xsflv(}) o %xegm(y)+ %Af"(y? (29)

/a2v> o - B :
B = - == St ) A W
v z v ¢ (7)) + s (f? . (30)
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Introducing this relation into the boundary condition (27)
gives the differential equation for f£(y)

R P E, pu e g ’
A (y) + =1 £"(y) i £(y) = O (31)
or
v B3 L 3t
i - e -—-—f"+ £ 0 Slr
G 1° 184 e

S

Since this is a linear equation containing only derivatives
of even order, one may assume for the solution

f = sinh Ay (32)

which, introduced into (3la), converts this expression
into

G r RN RO | (33)
e 134,
pid e iy /1 (L
\
2 L. 332 4@2 1t
e 5E2 Ag | K
. > (35)
2 1 3B 1 G2 o
R -—2-—-_ 544
1= G 2 :', A
<

It is remarkable that values of A, and Ay are real
only so long as

—
o+

¥ (36)
/

kbloa
SN

.
/7]
@ |

that is, as long as for the given sheet dimensions the
stiffener area Ay 1is not too small. Although there is
no great difficulty in handling the cases of complex Ny
they are not considered here since the calculations in-
volved would be rather lengthy.
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For real A; and Az one has as the solution of
equation (31la) ;

f = ¢1 sinh A,y + cg sinh Apy (37)

The two constants ¢ and ¢ follow from the remaining
condftions’ (28) and (12).

From (28), together with (30),

. e _
£0(y) - et t(w) = O (38)
j G !
which gives
2 3E i R N g S 9
cl[kl 4 %l1yosh AW o+ cgtkg. i AéJcoghkgw =0 (Sf>

This can be simplified, observing that from (35) follows

2 3 2 2 Zh 2
?\l ¥ IE’C‘ = —}\3 >\2 ik 12G = '-7\1 (40)

so that
2 ~ 2 ,
c3A3Ne” cosh Agw + cpAaA, cosh Agw = O (41)
With this, (87) becomes :

#hp) =.04 sinh Ny - —=

{faa—=)

sinh Apy r
) w2d

Q

and with some other constant,
3 i

T=f(y)= c;Kl(coshkgw)sinhkly-Az(cosh %lw)sinhkgy*} (42)
=

The normal stress g becomes

X

c(1 - X)[Ala(coshhg w)cosh A,y - kga(cosh Aiw)coshAyy ]
(42a)

and the effective width, defincd by equation (7)

w
AR [ B W
ged OX(X,W) Y - 2w
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Ay cosh Apw sinkh Ajw - Ay, cosh Aq¥ sinh Agw

(kle - A2?) cosh Ayw cosh Ajgw

Werf

Wopp = = = [Ay tanh Ayw = Ay tanh A w)] (43)

In figure 4(a) are plotted values of Werp/Ww versus w/1
for different values of the quantity 1t/Ag. These curves,

wvhich are taken from reference 1, show that in the prac-
tical range, when 0 < w/1 < 0.6, weff/w is very little

influenced by a change or the original assumption 1t/AS= O
It has therefore been considered unnecessary to carry the
calculation further toward numerical values for the actual
distribution of stress across the panel which was calculat-
ed for.the case 1t/Ag = O,

In reference 1l.calculations have also been made ta king
into consideration the moment of inertia I of the trans-
verse stlfLener 1n the plane of the sheet, which, for equa-

tion (43), was assumed equal to zero. Carve corresponding
to figure 4(a) ncve been plotted in figure 4(b) for the
iSdind 5din o se of infinitte stiffness I = o, They also show

that, in the practical range, the value of 1t/Ag may be
considered equal to zero. It may be remarked that the as-
sumption I = o is exactly the one to be made if one wants
to determine the stresses in a beam built in on two ends

and loaded in the middle. For reasons of symmetry the span-
wise displacement 1w 1s zero along the middle section and
one may therefore consider the part of the beam to one side
of the middle section as a cantilever with a transverse end
stiffener rigid in bending.

D -~ STRESS DISTRIBUTION IN THE UNSYMMETRICAL BEAYM
VITH UNSYMMETRICAL LOAD APPLICATIQN

FORMULATION OF THE PROBLEM

structure consi

dimensions, and a cover
is to Dbe investi

ture is loaded at the £
ifferent mazg Q-tuﬂe

beamsg. (See fiz. 5,)

side beams of unequal

e vnich is atfached 6 both side
d in this section. The struc-
end dv two concentrated forces
ch _applied to one of the side
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There appears to be no previous treatment of this
paritdcular struetural problem in the literawure, whether
the shear lag in the cover sheet be considered or disre-
garded. In order to cover the practical range of struc-
tures of this sort a general solution is developed and
its application to certain specific arrangements is in-
vestigated.

One of the limiting cases for the solution, that for
which the sheet width is small compared with the span
length so that shear lag is negligible, is derived from
the more general solution and the result stated separately.

For the analysis of the structure the following as-
sunptions are made:

1., The distribution of normal stress across the sec-
tions of the side beams is linear.

2. The stress distribution in the cover sheet 1is
governed by the laws of plane stress.

DEFINITION OF SYMBOLS

1 span of beam
2w width of beanm
I,, I, moments of inertia of side beams
A1, Ay cross-sectional areas of side beams

ey, €z distances of neutral axes of side beams from
cover

hy, hy heights of side.beams
O,y 02 normal stresses in side beams

Tz shear stresses-in side beams

s e
Ogn T stresses in cover sheet
v lE cloordinatest = X,y in plane of ‘sheetb,

z normal to plane of sheet

b,, by thicknesses of side beams
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P i, Py - loads on side beams

ik
= .
B
e®A
tw
Wl
o coth w + tanh
o8
B._ coth p -~ tanh p
' ]
b= e

BOUNDARY AND OTHER CONDITIONS FOR THE STRESSES
As boundary conditions one has to satisfy the condi-
tion of zero shear at the bottom of the side beams:

Tl(hl) 0 (44—&)

]

Tal(hz) =0 | (44v)

the condition that the normal stresses in sheet and side
beams are continuous:

GX(-W) = 61(0) (45a)

G5 1(0) (451b)

Oy (+w)

the condition that the edge shear in the sheet is in
equilibrium with the shear at the top of the side beams

t T(-w) = -b,(0) 7, (0) - (46a)
t1(+w) = Db5(0) T5(0) . (46D)
As further boundary conditions one has the conditions

(6) and (6) at the fixed and at the free end of the sheet,
which, as before, give for the sheet stresses
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T ='¢, sinh Ky + cg cosh Ky (19)
Ogx = (. =y %) K [cy coshKky + cz sinh Ky ] (20)

In order to complete the statement of the problem, the
following equilibrium conditions are added:

The relation between side-beam shear and normal
stress,

db(z) T(z) db(z) o(z)

3z * &) 2 9 (47)
which may be integrated - considering (44) - to
3 Z
b,(z)T(2) = - == [ 1bi(z)oi(z) dz (48a)
e s h,
e, 1B
be(Z)Te(Z) = e ﬂl bg(z)Gg(z) dz (48D)

~

The condition, that the resultant side-beam shear on each
side equals the applied load,

0
f Tl(Z) bi(!ﬁ)dz = B (49a)

hy

0
= Pp (491)

S Te(z) bo(z)dz
h, i
On account of the assumed linear normal-stress dis-
tribution in-the side beams, there may be written
g, = 0,(0) + z0.1(0) (50a)
0z = 05(0) + 205'(0) (50b)

Introducing these expressions into ecuations (48) for the
shear, it follows that

Z
Tl(z)bl(z) - a_o;;-}(c_ol. fhlbl(z)dz = _B_GM .élzlz'bl(z)dz (51a)

1

9x
/ Z ‘\o-] \ b4
Lka2)va(z) = - EEQLQZ j£ ba(z)dz-g-é—igl [, zba(z)dz (51D)
3 x 2 dz Az

and for the shear at the top uf beam (z = 0)
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O !

i, e TR, 0 B8 0D oo, (52a)
ox ox
1

Ted0)05(0) = 902 (0) Ar + R9g(0) B alins (520)
ox dx

Introducing equations(Sl) for the shear into equations (49)
gives two equations of the form

Q/
L)

f {'bmdz} —ag'(O)f{ Eb(EdE?dz=

(53)

If one transforms the double integrals in (53), by inte-
gration by parts, as follows

bt i Ly e 70 ol SR e R PTRT
L BB rids = e 6 S-S 2 v(a)ds

41

the part which is integrated out vanishes at both limits,
and one obtains instead of (53)

30,(0 00,1(0
a-—— e1dy - ——%;:—l (c B # Tg) = Py (55a)
A2 egdy - S8l 60) (e2 Az + Iy) = Py (55D)

d x dx

The boundary conditions in their final form are now:?

1, TProm (46) anda (52),

20,(0) 37;'(0)

e A s R R Y (56a)
G x oX &Sy

aﬁz(ql g 662'(91 - i) (56b)
o ® T ox &>

2. Prom (45) and (50),

o,(0) = UX(—w) (45a)
ogg(0) = Ux(w) (45D)

3. Bguations (55).
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When the sheet stresses 7T(w), T(-w) are expressed in
terms of ox(w) and ogx(-w) (or vice versa), one has in
equations (55), (56), and (45) six equations for six un-
knowns, which can be solved.

RELATION BETWEEN EDGE SHEAR AND EDGE NORMAL STRESS

IN THE SHEEET

The sheet stresses were

T = ¢y sinh Ky + cp coshky (19)

i

1l

o (1 = =) k[, coshgy + c3 sinh ky] (20)

X

If 04(w) and o.(-w) -are prescribed, onec obtains.

(1 - x) k [c,cosh Kw + casinh kw] = Oyx(w) (57a)
(4 - x) k [cycoshkw = cgsinh kw] = Op(~w) (57b)
SO fhat
UX(W) &+ UX(—W) (”8 )
ey = 58a
% 2(1 - x) K coshKw
g (w) =0g.l=w)
Cp = = — (58Db)
2(1 - x) K sinhKw
and S )
s 1‘{0i(w) + Ox(-w) sinhky & Ox(w) = Ox(-w) coshKy} (59)
K 2(1. = x) coshkw 201 - x) sinh kw
Writing now
SR e ey dy = (V= mde el Oy = = 2) e ((60)

<N

gives

(w) = %«{%[sx(w)+sx(—w)] tanh Kw+-% [sx(w)—sx(—w)]cothﬁw}(6la)

;

-—

—

T(=-w) = [sx(w)+s, (-w)] tanh Kw%»% [sx(w)=-s4(-w)] cotth}(Blb)

o |

3

8

and the boundary conditions (55), (56), and (45) become
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SqbBY By B, 4 &21(0) (e &y 4 TL) P

i

Sg(O) ea.A.z + Sz'(O)(egeAe + 12) Pg

tw [ sx(w) + sx(-w) tanh kw

s1(0) + ©18,%(0) = + ——
* & A,y 2 KW
4 sx(v) - sx(-w) coth kw }
2 Kw
Sg(O) % 8252‘(O> = - %c_v_v {SK(W) 5 Sx(“w) tanh wkw
L2 2 Kw
sx(w) - sx(—w) coth Kkw }
2 KW
5,(0) = sx(-w)
s-(0) = sg(w)

Introducing (64) into (63) and writing for brevity

tw st
w7
coth Kkw + tanh Kw coth Kw -~ tanh Kw
= a, =g
KW Kw
one obtains
I 1 1
Sl(O) Ll + “2"?\1(1‘} - SQ(O) '_—2_?\15] + Sl'(O) €y = 0
1 T
53(0) 1 + '5}\2(1, - Sl(O) LE‘?\EB + Sg‘(O) € = 0
S}

Eliminating s4.'(0) and s5'(0) by means of (62):

B

gH0) = e - a{Ohegft o
e A + I e A+ 1

one has, with the further abbreviation,

1
=

—

e?A

(62a)

(62b)

(63a)

(64a)

(64b)

(65)

(66)

(67a)

(67b)

(62)

(68)
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e RN e Yl]— Lx,Bs,(0) = glel (69a)
% 2 e, A’l + Iq
Pye
bty = ve:} IrzBs,(0) = - Rz (69b)

2
€ A2+ 12

ZXPRESSIONS FOR THE STRESSES

Solving the equations (69), one may write:

Sl(o) = kll Pl + 1{18 Pg (70&)
52(0) = kgl Pl + 1‘:23 Pe (70b)
) r :
where B i Azo Y,
Gja kb o Tl 2 |
g g a1y = (712)
L AL i
1+1—-'Yl“1+2\—23—\(2 ——l—?\l%gﬁ
2 I 2 ¢
= "—' —]
€ N
8oty 4 1 ! % Pz B |
e e e - (71b)
1+ 2%y, s B2 “’EJ e
18 < L ep
e i A
2 (A S v1]
ST R (Y 2 e
1{23 S e = = (710)
E + 5%2 - vlgtl + %ga = YQJ - % AAg B
y - ﬁ :
) = ‘;‘JL ’\15 f
5
k,.,l 18 e-_,_ Al + Il £ -—} (71(1)
i {P A _fr 7\3@ i
Ll + —-—;—-— - Y. 'Ll Fasoiy Yol - ) AAs B

Por the fiber stresses at the bottom of the side beams,
one obtaias, with (62).and (50)

51(111)

o e W0 = siloR g s i J+ Lt
L 1A, +I, | ejRA;+1I,
- h
s = gl 9 (hy-ey)ey 4 Pl._i;_L.___ (72a)
eleAl+ Il el ‘A'l+ Il
h =5 €a ho
= - SS(O) _.(...__2_.__2...)__.2 + Py — & (72b)

sz(hz)

622A2+ Ig 8221\24‘ 12
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The distribution of normal stresses across the cover sheet
then follows, from (20), (58), (60), and (64),

g . {31(0)-+s3(0) coshky bl(O)— s2(0) sinhgy } (73
O = coshnw 2 sinhKw bt

Equations (70) to (73) contain the complete result for the
problem considered, that of determining the stress distri-
bution for an unsymmetrical beam with unsymmetrical loading.

In the following paragraphs, certain general conclu-
sions which appear to be useful have been drawn.

A CONDITION FOR SYMMETRY OF THE STRESS IN THZ SHEET

The condition for symmetry of stress in the sheet is
Sl(O) = Sz(o)

which by means of (71) may be written

‘l{oo -} o
Pl = Pz == —ih: (74')

ory expldiecitly,

A A i 1
Py= Py e 22 -
| >\" ;: ]
gy (1w Sl Lt Yol 9245 + I, |
L 2 % e N

‘ i tanhmw-T
eg ] QA 1 I + ?\l""“"—'—_"‘ :; elel + Il
P, = P, L1484, + I . S
r i 7
| Is tanhgw [ 2
el ! = ! Sk 7\8——- “hK ” €s Ag + IE
L e (] A 2 + I 2 Kw e o
™~
I +' e b A } twv tanhKw
p, 2| 3L+ eas | gy tamber
T e, 1 o A Kw
el 5,
2 : - - (75}
2 2 2 tw tanhgkw
—= + | —— + ephy |7 ————
@n B 1 Ap Kw
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Condition (75), for symmetrical stress in the cover sheet,
should be valuable for thé expérimental verification of
tille  thieloryie - i AR Sl R

THE BEAM STRESSES FOR NO SHEARALAG

When the ratio between width w and span 1 dis a
small number, then shear lag: will be negligible and the
results of the calculation will be simplified. If w/1< 1,
it follows from (66) that

_ 1 4 1 2 g0\
0F 1 ‘-——'; + -~ B:———-—; — i (‘ Da)
(kw) 3 (Kw)' 3
and the equations givea previously may be used
8000 =k PR Tl B (70a)
Se(o) = l{glP:_ et 1{22133 (70b)
It is somewhat difficult to obtain the limiting values of
the k's for o and B approaching infinity because the
gusntities oceur in the combination a¥, and ¥ s tw/a
may -approach zero (for instance if the case of two separate
beams - cover sheet thickness t = O -- shall be included).

Under such circumstances the computation proceeds as fol-
lows:?

e,
- e12A1 + 14
T o
- Aa | (llq)xeeg 1
2 L I ot a hafa ]
€4
3 . %
e R
= L 3 1 (76)
Ly, s M0 - Yada v (1)) N(a® - B2)
2(L = Na) 4 (LF2) dan
From (66a) follows
o e B " A 1% g i 4 3 4
a®=-p “!————:+-— ,ft—————~- = 4+ — = = = lal g
,h(KW)N 3 (kw)2® 3 8 (kw)® 3 (kw)® (kw)?

(661}
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that ey /

so s
=
A T I (o)
-Ll.ll
{ -
Iy LMo (1= Na) b 3 Ap .
-6121:_3.1 + I3 2 (1 = 'Yg) h G)\g/.?,
Fom b = 0 iand | @ “finditel that ig,. with no cowver sheet,
it follows that
5 €1
Kyqg & = — (78) (
I1
whieh 18 ais i should be:,
If % # 0 it is necessary to decide upon a useful

)
range of values for A a, which is

w/ N@e e ’ 3
na wZZ( 27 = o B2 2 (79)
& Nwh 47 8E A \w/ 3%
iy ” : 1 G 2
Taking as reasonable values - = 10, — = —, A = 20X0,1, |
W 38 15
=00 5 = 200, 'onelebtains 'the result, «

il
%
Ao = 5X1OXI§ = 6, which is somewhat larger than .%¥.

e

1
2,
| b . e, Ay + I,
t g O: By g = (8aY
.O I]_ Y fé' . Ie 4 2tw i [
e;Al + Il All.'. ee Aa + 12 Ae =

In this formula it is. not correct to make t approach
zero-in order to obtain the result for the case of the
two separate side beams, That result is, however,
obtained if +t and 4, are both assumed equal to zero.

For kjyp, one obtains in the same way from (711v)

=IO S = 0
12 €3 1 X ‘
= SR :
SR Ae S Ia |
Blep O gy s~ i (81)
(1-# ) x2“+ (1-%5) >‘“’°+Al)‘2‘°°2->“~%252 .
1

e 2 4 4 ‘
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S
.
3
%)
l._J
ro
2

which with (861) moy dewritten !

e 1 g
__._.ET_Q___‘_... st 7\2 g
% eathAy Shnly 2
__;18 T W e e -— R - e e e e
A G , Ne :
Bl ) ~“E (1 - 'Yz) --51-— o iRt
nd since o = B
°a
YT :
- Rl Alg = \Q?)
s e el S PR R
Rewriting equation (82) with, according to (68),
T
L= W e S (68a)
e A+ 1 2

one has, with (70) and (60), for the normal stress in the
top fiber of the side beam which carries P

e
G, = ('!.-X) rpl 2 a4
A; e A5 + I €14, + I
I, + I — —2—2 Lo P =
'A'l e? Ae + Ia 'A'l
=¥ 4
o P (83)
bp ez”by + Ip egls + Ip
g e Ty + 2tw —
i 2 ey A3 + 13 =

A corresponding result holds for Oy, Assuming Py, Ap, t
or P,. &4;, 5% equal to zero yields the result for two
separate side beams.

THE SYMMETRICALLY DEFLECTED BEAM

In a previous section a condition was derived insur-
ing a distribution of stress in the cover sheet symmetri-
cal about the center line (y = 0) of the sheet. It is
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apparent that for unegqual side beams this condition will,
in general, produce unequal deflections of the side beams,
Since the condition of equal deflection of the two side
beams is also of some interest, it shall now be derived.

According to equation (50), the stresses in the side
beams are

e}

g 0,(0) + z o,'(0) (50a)

Oz =05000 % & oz V(D) (50b)

1]

where o(0) and o' (0) are independent of z.

The curvature, and with that the deflection, of the
side beams is proportional to the part of the stresses
varying linearly with =z. Therefore, the condition for
equal deflection is,

01'(0) = 0,'(0) (84)
or with (60)
s, = sg! (84a)
Equations (62) gives s' in terms of s and P
B A
ey Ay '+ I, e1 A1 + Iy
P ' esd
gel= e - 83 —— 22 (851b)
eg Ap + Ip ez Ap + I

If P, and Py are introduced from equations (69), there
follows

17 10 haf Ya
gl taile s BB, e
T = -

il st Nsau l A B Yo

= - ;;ﬁ\Sa Ll + B il 'ng ) }"' Sg —e—z

which simplifies to
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#y [ Nge T SaNsB gaul Aaa S1A1B
- Ll e J g R Frirr—e l+
S P 284 en el 2exs
e la’ >\20}
i NGB D Kﬁ}
3 + = s | — - (86)
!. i €1 2€epn L €n : 281_,,

R TR
Pl e Ie g 2o (87)
es €17 A + S A A
2 €3 €1 43 1 [STJ <1 e Ve) 2P

2
where the ratio [sz/s,;] is given by equation (86). It
would be possible to substitute explicitly (86) into (87).
However, the resulting equation would be rather unwieldy,
so 1t seems best to lsave the result in the present form,

PART II - EXPERIMENTAL INVESTIGATION
A - SYMMETRICAL BEAM

Description of Test Specimen

In order to confirm or disprove the stress distribu-
tions in the corrugated cover sheet indicated by the ex-
pressions developed for the symmetrical box beam in sec-
tion C of part I, a Beam was constructed as shown in fig-
e e s e and » T The side beams were 9 feet 6 inches long
and were made from 4-inch, 24ST aluminum-alloy H-beams
having 4-inch by 1/4-inch cover plates bolted to them on
the sides opposite the corrugated sheet. The corrugated
sheet was nominally 1%. by 3/8 inch.24ST aluminum alloy
8 feet 6 inches long by 355/1¢ inches wide. A 4-inch
width on each side of the sheet was left flat so that it
could be attached to the side beams. The attachment was
made by 3/8-inch diameter steel machine bolts spaced 4
inches apart in two rows and staggered to give an effec-
tive pitch of 2 inches., The beam was designed to Dbe
loaded so that the corrugated cover sheet would be on the
tension side of the section.

Bigures 8 to Y1 show the size of the various members
in the test beam in detail. Aluminum-alloy channels were
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used between the webs of the H-beams at each end and at
the center to prevent the beams' rotating under the
stresses due to bending. These channels were 2 %/, inches
deep.

In addition, transverse stiffeners were attached to
the beam flanges and to the corrugated sheet at the cen-
ter of the span and near each end of the sheet to prevent
transverse straining of the sheet at these sections, The
stiffeners at midspan were very rigid, being two 3~inch
structural-steel channels, Two sizes of 248ST aluminum-
alloy angles were used for end stiffeners, one being
heavier than would be normally employed, the other lighter,
in order to demonstrate whether o7 not a variation in
transverse stiffness would materially affect the stress
distribution across the corrugated sheet., These stiffen-
ers were attached to the crest of each corrugation by
l/4—inch diameter steel machine bolts and to the flanges
of the H-beams by 3/8-inch bolts, The heavier stiffener
wag @a:é. by 2 by 7/16'inch angle having about three times
the cross-sectional area of the lighter, which was a 2 by
2 by 3/16 inch. Both were 24ST aluminum-alloy and both
were attached by the 2-inch leg; so their spanwise stiff-
nesses were as nearly the same as they could be made with
standard sections of different area.

Methods of Applying lLoads and Measuring Strains

Figure 7 shows the beam in the testing machine. Four
Jacks, one under each end of each of the H-beams, were
individually actuated by ratchets and screws to apply the
- load. The transverse yoke at midspan was attached to the
lever system and counterpoise of the balance, permitting
the load to be read to 5 pounds.

Spirit levels were placed longitudinally near the
center and transversely at each end of the beams to keep
them level and equalize the deflection of each side when
the jacks were operated. .As a further check on the sym-
metry of loading, 8-inch Berry strain gages were attached
to the upper flanges of the H-beams near midspan. These
gages are clearly shown in figure 7.

In order to obtain data on the distribution of nor-
mal stress across the corrugated sheet at representative
points, three transverse sections were explored with
Huggenberger tensometers. One, as close to the midspan
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ection of the specimen as .it was convenient to work, was
1/2 inches from the .center .of the specimen, a second

was 111/5 inches from the end of the beams, or as close

to the end of the corrugated sheet as it was convenient

to operate the gages. The third section was approximate-
ly midway between these two. DBecause of an observed
dissymmetry of strain about.the longitudinal center line
of the specimen - presumably an axis of symmetry - at

this section, a fourth section at a corresponding distance
on the other side of the transverse center line was also
investigated. Eight Huggenberger tensometers were mounted
at each of these sections, their position in each of the
four sections being shown in figure 12. PFigure.1l3 indi-
cates the method of attaching the gages through a forked
Yiolke ‘that .was, in turn, held to brasgs hooks 'by rubbez
bands. The brass hooks were attached to.the corrugated
sheet by De Khotinsky cement of medium hardness and Scotch
cellulose tape. '

O w

Sirce some tro
adhesion of the bra
the temperature

ot

uble was experienced in obtaining good
s hooks %to the sheet, especially when
e laboratory exceeded 800 F, the pro-
cedure finally adopted will De described in detail. The
sheet and the hool were thoroughly cleaned with carbon
tetrachloride after which the brass hook was heated suffi-
ciently in a Bunsen burner flzme that a layer of cement
could be melted and spread over the concave surface which
was to be.in contact with the corrugated sheet. Only a
thin layer was used and the hook was put in piace on the
corrugated sheet before the cement was solidified. In
order to obtain a good bond with this .cement, it is neces-
sary that poth metallic surfaces. be hot enough to assure
meiting of the cement and this temperature was manifestly
not attained-during this step of the procedure.  Three
strips of tape, the first adbout 3 gnches long, the second
about 21/4 and the third about 1l'J¢ inches long, were
laid over the hook and stuck down, the longest one being
stuck to the corrugated sheet and having sufficient ad-
hesion to keep the hook. from moving during subsequent
operations. These opsrations involved heating the corru-
gated sheet from the under side to obtain a bord with the
cement previously applied to the hook, the spreading of a
further layer of cement.over tape and haok, and borpding it
to the heated corrugated sheet. With a little practice,
skill in manipulating the .cement was developed and good
bonds. were obtained. Care had, of course, to be taken
not to heat the.aiuminum-alloy sheet sufficiently at any
point to nullify the effect of the heat treatment or to
burn the cement.

U e
3
ctr c+
5y
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During the first series of runs the rubber bands at-
taching the yokes to the hooks were heavy and exerted a
greater force than was necessary to obtain good bearing
of the knife edges of the Huggenberger tensometers against
the sheet. Lighter bands were subsequerntly used with sat-
isfactory results and with less trouble caused by pulling
the brass hooks from the sheet.

Since but one transverse section-could be investi-~
gated at a time because of the limited number of gages
available, it was necessary to keep.the stresses .in the
sheet well below the yield point of the material. In
~order to insure that the yield point would not be exceeded
the total load on the beam was kept.down to 8000 pounds.
Simultaneous readings of the strain gages at each section
were taken at 1000- or 2000-pound intervals during the
loading and the unloading of the beam, and the loads were
applied by actuating both jacks at either end of the beam
in such a way as to keep the readings of the Berry strain
gages attached to the flanges of the H-beams equal. It
was understood at the beginning of the tests that the fac-
tors for the Berry gages used had recently been checked
and were all the same, so that equal readings of the gages
would indicate equal strains in the two beams. Subseguent
checking of the gage factors showed them to differ by from
0.5 to 4 percent, so that the actual load on the beams was
not applied symmetrically when the gages indicated equal
strains. The errors introduced in this way were, however,
smaller than the percentage difference in gage factors, as
the sheet tended to transmit load from one beam to the
other and to equalize the deflection of both sides when
they were loaded to obtain equality in gage readings.

Table I gives the constants for the gages used, the
variation between the constants for calibrations before
and after the tests were run being small.

Deviations between Theoretical and Test Beams

Perhaps the greatest difference between the theoret-
ical and the test beams lay in the deviation of the cor-
rugated sheet from the ideal. It appears to have been
necessary, when the sheet was formed, to carry the corru-
gations to one edge and then remove them although this
method was not required on both sides of the sheet. This
procedure resulted in the metal in one of the 4-inch flat
edges used to attach the cover sheet in the side beams
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having been worked when the sheet was corrugated and re-
worked when it was flattened; so the sheet as finally de-
livered had a slight but persistent buckle which could be
straightened out in the vicinity of the transverse stif-
feners but not between. Because of the facts that six
months were regquired for the forming and delivery of thils
one sheet, that the time awvailable for conducting the tests
was limited, and that no guarantee could be given that a
sscond sheet would be better than the first, the sheet was
used on both symmetrical and unsymmetrical beams, care be-
ing exercised in fabricating the beams to have the sheet

as flat as it could be made. It is believed that any mem-
ber using a corrugated sheet of these dimensions would

have at least as great a deviation from the ideal; heace
the redistribution of stress as a consequence of the warp-
ing of the panel is probably typical of what might be ex-
pected in practice.

Although this may be so, it is admittedly an undesir-
able feature in a laboratory specimen. The buckle, being
on the tension side, tends to flatten out urder load, to
kave an effective stiffness less than that of a perfect
sheet, and to produce fictitious readings of the tensom-
eters since part of their indicated straiin iis 'due [tollaics
tual stress and part due to straightening of the element
between the legs of the gages. The buckle was so small
in this sheet, however, that the effect on the strain-gage
readings is believed to be very small, probably negligible,
but its effect in reducing the moduli of elasticity inm
tension and shear is wholly indeterminate. The dissymmetzry
of the stresses about the center line at section B indicates
the effect to be present. Tables II and III show the ordi-
nates from the base of H-beam to the crests of the corru-
gations at the sections studied and with various loads.
Changes of ordinate of 0.03 inch are common; 0.08 inch
appears to be the maximum.

=

A further devietion betweegn actual and theoretical
beams results from the end stiffener being so located
that the point of load application coincides neither with
the end of the sheet nor the line of attachment of stif-
fener to cover sheet. The use of the two transverse stif-
feners at midspan also leaves some uncertainty as to the
exact end of the "effective" panel. Whether it be taken
at midspan or at the point of attachment of transverse
stiffener to cover sheet makes a difference in the value
of 1 wused in the expression for J;, &aBd hence has an
effect on the magnitude of the computed stresses. If 1
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be taken as the distance between lines of bolts attaching
transverse stiffeners, it is 47 inches; if between point
of application of load to beam and midspan, it is 521/
inches. B2Both values will be used in subsequent computa-
tions to indicate the effect of varying the assumed panel
length.

Perhaps the greatest deviation between actual and
theoretical beams lies in the effectiveness of the bolsts
attaching the corrugated sheet and cover plates to the
Z-beams. No preliminary tests were made to determine the
effective EI of the H-beams before the holes were drilled,
after the holes were drilled, or after the holes were
drilled in both chorda and the 1/4-inch cover plates were
attached to one. ests on other structures nave demon-
strated that 100- percent efficiencies cannot be counted
upon in btolted or riveted connections; hence stresses in
cover plates &nd corrugated sheet will not be as great as
though they were made integral with the H-beams. It will
be shown in the section on the unsymmetrical beam that
this effect is considerable, the increase in moment of
inertia as a conseguence of adding the 1/4-inch cover
plates to the H-beams having been found to be about 70
percent of the value computed on the basis of an integral
section of the same dimensions, If the same effectiveness
of the bolted connection between H-beams and cover sheet
were obtained, the discrepancy between experimentally
determined stresses near the edges of the cover sheet and
the computed stresses would, to a great extent, be ex-
rlained.

Precision of Results

In the determination of the strains at any section,
the Huggenberger tensobometers were read to two figures and
plots of gage reading against load were made. Straight
lines were faired through the plotted points and, since
they did not pass through the origin in every case, paral-
lels which did so were drawn. The gage reading corre-
sponding to a given load on the beam was then read from
these lines and recorded to three figures. Since they
represent faired average curves, any given strain is prob-
ably good to the second figure, but the third is doubtful.
There are at least two, and in most cases four or five,
sets of strain-gage data for each section, each set having
been obtained during a separate load application. Where
four or more sets of data are available, the average strain
is believed dependable to two decimal places, with the
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tnird doubtful. At most sections the maximum deviation
of any *eading from the mean 4s about 2 percent, though
it is considerably greater at ‘some of the lightly stressed
sections.,. ’ :

Because it required 6 months to procure: the corru-
ated cover sheet from the manufacturer, it has been nesces-
ary to retain the sheet in an undamaged form for use on
the unsymmetrical beam and it has not been possible to
obtain Young's modulus for the sheet. In the computation
of the stresses:from the strain-gage data the standard
value of 10,300,000 pounds” per square inch has been used.

0‘2!

.1._

o]

This value is probably within 2 percent of the actual for
the sheet. ;

Owing to a differenceé in calibration factors for the
gages, some of the stress data are based on the values ob-
tained prior to completion of the tests and some on the
later wvalues. In most cases no error is ianvolved, but in
some gages there was a difference of 2.3 percent in-the
factors. If all of these errors. were cumulative, an error
of about 6 percent would occur in the computed stress, but,
since some will be positive while otlers are negative, the
probable error to be expected in the stresses obtained
frlom the strain data 1s about 3.5 percent.

It is more difficult to estimate the probable dis-
crepancy in the stresses computed from the theory. The
gage points were located within *0.05 inch of the cross

nt of .application of the load was known
h;.so the arms of the loads were known
wibh in0.o1s inch and 11.5 inches, at the outer section, or
QST neh  in' aboeout 48 inches at ‘the inner. | Phe error due
to uncertainty in moment arm would thus be from 0.35 to
1.3 percent, depending on the tion under consicderation.
The load itself could be measur' .to ‘the nearest 5 pounds,
involving an error of 0.08 percent :in the 8000-pound load
used as a basis of the analysis. So it may be stated that
the moment at any section :is known within about 1.4 per-
cent. y

T
o)
section, and .the po
within about 0.1 in

n

w

® o

fL Q

Because of variations in actual dimensions from the
nominal values for the sections and because of the fact
that the beam was fabricated with bolted connectiomns, it
is practically impossible to..establish percentage varia-
tions in effective I at different sections or to compute
the exact location of the neutral axis of the beam at
various points.along the span. ..Since. these efifects can-
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not be exactly evaluated by computation; no effort has
been made to do so, and the computed stress data used in
comparing theory and empirical results are, for the sym-
metrical beam, based upon theoretical I, and ey -val-
ues, the only varying dimension or unit con31dered being
the length of panel.

Computation of Stresses
From equation (24) of part I, the stress parallel to

the x-axis at any point ¥y 1inches from the center of the
corrugated sheet is '

Peo(l e X)
O o cosh . Ky
X Rk
= i N\ tanh Kw Cosﬂ Kw
1 4 MRl e, e
Is \ 8o 4o / i

P load applied to beam at ac 1o
For 800C-pound total a

ading point
P = 2000 pounds

o
g

1 panel length between stiffeners
Two values will be used, namely, 1 '= 47 and
52.5 inches

x distance from midspan of beam and section under
consideration

(1-x) distance between load point and section under
consideration, equals 43.0 inches for section|4A,
2o iniche s cfior “sectiions Bl and B, 11,5 inches
for section C

e, distance from centroid of H-beam and cover plate
to centrogid of flat portion of corrugated sheTt:
2.355 inches

I, moment of inertia of H-besam and cover plate =
15.51 inches

w one-half developed width of corrugated sheet
between edges of H-beam flanges = 16.53 inches

W one-h&lf projected width of corrugated sheet =
13.55 ‘inches

t thickness of corrugated sheet = 0.0508 inch
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A, area of H-beam and cover plates = 5.203 inch?®

B modulus of elasticity of corrugated sheet, taken
as 10,300,000 pounds per square inch

modulus o pigidity of corrugated sheet, taken
as 3,800,000 pounds per square inch

&)

Figure 14 shows the pertinent dimensions for the beam
and cover plates for which the properties are computed be-
low.

Determination of Neutral Axis

4.00 x 0.0508 = 0.2032 x 0.0254 = 0.0052
HE-bean = 4.0000 x 2.0508 = 8.2032
4.00 x 0.256 = 1.0000 X 4.1758 = 4.1758
A, =15.30%2 Ageg'=12.3842
gg'! = 12.3842 _ 5 3801 inches from extreme fiber to neu-
5.2032

tral faxis

2.3801 - 0.0254 = 2.3547 inches from centroid of
: flat part of corrugated sheet to neu-
tral axis

Determination of I,

0.2032 X 2.35472 = 1.12666
4700000 X OL52952 = 0] sl
1.0000 x 1.79572 = %.22454
AgR = 4,78495
Ic.g, of 1/4-inch plate = 0.00521
Ic.g. of H-beam = LR &
- ‘ Ioh = 15.95102 inch
L /EE 1 i e i) o e be )
= e b= s C = 0.06068
ey G 7.0 A 3.8 %10

&
i /8% 10,8 x 10
v = 0.0
il R R i

i 0L 0G0B8 X 16.53 .= 140080 - ar . 0.00432 %X '16:.88 = 0.89791
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Observed Stresses

Tables V to VII summarize the strain data obtained.
The complete strain data presented in graphical and tabu-
lar form may be obtained on loan from the NACA. The wval-
ues tabulated here represent the strains at each gage
station in each section for each test run on the specimen
with the heavy end stiffener, and with the light, averaged
and converted to stresses on the assumption that the modu-
lus of elasticity of the corrugated sheet was 10,300,000
pounds per square inch. Inasmuch as the Huggenberger
tensometers were moved from station to station between
runs, the likelihood of instrumental errors being serious
at any given point is reduced. In most cases the readirgs
are consistent and satisfactory .from the standpoint of :
precision of measurements, though they yield strains, and
therefore stress Gistributions, .which are somewhat erratic
when viewed in the light of the theorztical curves shown
iqy, £1 oure il B, Doints for both the heavy and the light
end-stiffener specimens have been plotted in that figure
for comparison wlth the theoreticzl distribution.

It is obvious from the observed stress data that
there is no consistent difference between the values for
the specimen with the light end stiffener and that with
the heavy. Such differences as occur are small in compari-
son with the magnitudes of the stresses involved and the
results appear to confirm the conclusion, established in

the development of the theory, that for specimens of normal
dimensions the rigidity of the transverse stiffeners had
little effect on the distribution of longitudinal stresses
in the cover sheet.

Substitution of the foregoing values for the terms
in the expressgion for "4 ith values of y taken at

4, 8, 12, and 16.53 inches, gives the values recorded in
table IV for the computed stresses at these points in sec-
tions A, B, and C for beams having either light or heavy
end stiffeners.

mn

e stresses observed at the sec-
ss than the computed values ex-

e H-beams a2t section C. OQbserved
stress curves have be aired through the points in figure
15 and a computation he ratio of the stress at y-
distances 0, 4, 8, 12, amd 16.58 inches from the center of
the sheet to the stress at the center of the sheet is made
in table VIII for sectionsg ‘&, By and B. It is interesting

14 .is obwvion a
tions surveyed ar {5
cept in the vicinity o

e
o

@ w
o
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to note that these ratios are in close agreemeant with the
values of cosh Ky for the corresponding points used in
the computation of the theoretical stresses; hence it ap-
pears. that the theoretical -expression is a close approxi-
mation to. the shape .of the normal stress curve at the
more highly stressed sections of ‘the cover sheet. Th
agreement is not good at section OC.

The fact that the observed stresses are consistently
below the computed at sections A and B appears to in-
dicate that ineffective connections between cover sheet
and H-beams result in lower normal stresses at the edge
of the cover sheet; hence .lower stresses all the way
across the sheet, than would be expected from the theory.
The observed edge stresses at both sections . A and 3B
are between 78 and 80 percent.of the computed values while
at the center of the sheet the ratios are 81l.5 percent at
gection A, .87.5 percent at B on the basis of the
curves computed for 1 = 47.0 inches. '

ctions seldom permit the devel-
ical stresses in built-up struc—
) by bolts or rivets. The fact
resses at the edge of the sheet at
section C are greater than the computed involves no in-
consistency in this regard since section C is so close
to the Free edge of the cover sheet that it is doubtful
whether the cover sheet ‘contributes its expected part to
the strength of the section. The normal stresses observed
near the center at section 'C are' so far below the theo-

retical that the cover sheet: ap Bars” to be spirkine its

partl in ca“r"lno the load at that section; the H-beam would
tnere¢ore carry appreciably higher stresses than would be
necessary were the sheet fully effective.

[E is known that
opment of the full ¢t
tures whose narts ar
that the observed st

Cordstderdtion of the fact that -all stresses in figure
5 are plotied from the same base line shows that the "lag"
t section O is appreciably greater thsn at A or 3B,

ere the central portion of the sheet at section C more
effective, the probability is that the observed stress
curve wvould be ”lnuter-and that ‘the observed stresses at
gages 1 and 8 would dfop beloir the values computed from
the theory. This statement cannot be proved on the basis
of  the date im*hand, but it oes'appoar possible to state
without fear of contradic tlon that the normal stresses de-
thin sheet near its free edgée are, for

18

W

veloped ia a wide,
a beam of this type, considerably less than any present
theor: woulu-indicate angd “that, dDecause of this faet, the
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stresses in the side beams or shear webs would be increased
beyond their expected values. This result leads a designer
to the conclusion that normal stresses in the flanges of
side beams may be appreciably greater than indicated by
theory in regions of discontinuities in the cover: sheets.
It is regretted that strain gages were not mounted on the
flanges of the side beams of this symmetrical specimen to
indicate whether the stresses in beam flange and adjacent
area of cover sheet were ideéntical. Had this information
been obtainsd, a2 more conclusive stztement could have been
made as to the efficiency of the bolted connection and as
to the magnitude of the overstressing of the H-beams, if
any, resulting from the understressing of the cover sheet.
Although it is difficult to obtain data of this sort, be-

. .cause of the difficulty arising in the attachment of %the
strain gage to the beam flange, efforts should be made to
procure the necessary strain data whenever %tests are made
on beams involving elements susceptible to shear-lag ef-
fects.

BEAM

Description of Test Specimen

The test beam for the unsymmetrical case was as nearly
analogous to that for the symmetrical as possible. An 8-
inch, 6.53-pound I-beam was substituted for one of the 4-
inch, 4.85-pound E-sections. The beam was built so that
the piane of the tension chords of the side beams and of
the corrugated sheet would be horizontal in the testing
machine. This construction resulted in tae mid-depth
points of the side beams being at different elevations and
the neutral axis of the section not being horizontal. Be-~
cause both side beams were made to deflect the same amount
under load, the stresses developed in the sheet at the two
side beams were unequal; so an unsymmetrical shesar-lag pat-
tern was developed in the corrugated cover sheet. OFf the
rossible alternatives for the unsymmetrical structure it
was decided that this arrangement would best serve as &
test of the theory and that it would slso involve the least
likelihood of errors in the empirical data, since it per-
mitted a less complicated loading system than some of the
other arrangements.

f-d
w

8]

Figure 18 shows the system of applying the loads to
the unsymmetrical beam, and it also shows clearly the
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arrangement of side beams and corrugated cover sheet.
Because of the difference in depth of the side beams the
transverse end channels did not run between web centers
of the beams, as was the case with the symmetrical beam.
The transverse angle-stiffeners at the ends of the corru-
gated sheet were attached as in the case of the symmetri-
cal section, however, and no differences in stress dis-
tribution which might have been attributed to a difference
in end-stiffener arrangement were noted. Only the light
end  staffeners, the 2 by 2 by 3/16—inch angles, were used
on the unsymmetrical specimen tested.

The methods of attaching stiffeners, sheet, and side
beams were the same as on the symmetrical specimen, and
all except the 8-inch I-beam were the same size in both
cases.

The load points were located at the ends of the cor-
rugated sheet, 8 feet 6 inches between centers, and the
reactions were applied through a frame bearing on load
oints on the beams at their midspan points. By a care~-
ful location of the link attaching this frame to the
weighing device, the load was transmitted to the structure
so that equal deflections of the side beams were obtained
throughout the tests (table IX).

Je

Method of Applying Load and Measuring Strains

Figure 16 shows the beam in the testing machine and
indicates the system of applying loads through four jacks.
The lower part of the transverse yoke which provided the
reaction is shown in that figure, too, while part of the
upper portion appears at the top of figure 17. The link
between this transverse yoke and the load-weighing mecha-
nism was adjusted horizontally until the deflections .of
the mid-depth lines of the sjde beam webs were the same
for any load, within the accyracy obtainable by having a
fine wire pass over a steel sgale calibrated to l/lOO inch.
As a further check on the equality of side-beam deflection
under load, spirit levels were used at each end of the
specimen. Because the whole structure moved vertically
under load, it was impossible, without erecting a scaf-
folding which would have interfered with the test itself,
to obtain a more accurate procedure for insuring equality
of deflection of the side beams. Since the level bubbles
remained centered when the observed deflections were equal,
throughout the loading of the specimen, it is believed that
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the load was divided between the side beams in proportion ‘
to their moments of inertia, as was desired. ;

“In order to obtain data as to the distribution of
the normal stress across the sheet, a number of fine-wire o |
strain gages of the Ruge - de Forest type were employed at
each of three sections, with Huggenberger tensometers ‘
added at the two more highly stressed sections to provide
checks on the wire gages. Figures 17 and 18 show the wire |
gages cemented to the sheet. The hooks for the Huggenberger
tensometers are also shown although the instruments were
not in place when the photographs were taken. The general r
scheme for attaching the Huggenberger tensometers was the
same as in the case of the symmetrical beam except that
Duco cement was used in place of De Khotinsky. It was (
equally successful,

The fine-wire gages were an adaptation of the Ruge- ‘
de Forest gage (reference 1ll1) in which an extra-thin, high- |
rag-content paper was substituted for the heavier plastic
material used in the commercially obtainable gages. ZEach ‘
gage, of which about 120 were made, was composed of ap- ‘
proximately 6 inches of 0.00l-inch copper-nickel alloy
wire manufactured by the Driver-Jarris Company under the ‘
trade-mark name "Advance." The wire was formed in a W
shape, cemented between two sheets of thin paper, and ‘
soldered to no. 28 silk-covered, tinned magnet-wire leads
on the tools shown in figure 19.

The tools were developed by Mr, W. T. Shuler in order ‘
to make possible the production of gages of uniform resist-
ance and practically identical electrical constants when /
reasonable care was exercised in their manufacture. ZEach
gage was eXamined visually to determine whether any wires
were sldack or crossed, and a measurement of its unstrained
resistance served as a final check on its accuracy and
consistency with the others in the series. About 6 gages
an hour were produced by one man with this equipment, and
those whose ‘resistance varied by more than +1.2 ohms from }
the standard for .this set, 146 ohms, were rejected. The
completed gages, without their lead wires, were about 1t/ 5
inches long by 3/8 inch wide, and so flexible that they
could be ‘attached to flat or curved structural sections |
without difficulty.

‘Figure 20 presents theoretical curves of resistance ‘
reading against strain based on the electrical constants
of the Wheatstone bridge system and data obtained from a
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very few gages of the quantity. mades. « Several actual ecali-
bration points ares plotted on the same chart; they were
obtained from a further series :0of gages picked at random
from the guantity made and attached to a cantilever beam
which, when subjected to known loads, deflected and pro-

.duced calculable sitrains.., It is. .seen that the. data ob-

tained from the random choice of several gages used for
calibration are uniform and in close accord with the curve
obtained from coefficients derived from tests on a limited
number of gages; hence one feels that the coefficients for
the gages used are consitant and that the curve may safely
be employed for determining strains from resistance read-
ings. Tigure 21 faecilitates the use of these curves, the
strains in dinches per inch being plotted in nomographic
form against the readings obtained from the decade box used
in the Wheatstone bridge circuit.

About 120 gages were made and found acceptable, and
96 were attached 4o the test specimen, as shown in figure
17. The procedure used in mounting these gages was to
clean the surface to waich the gage was to be attached by -
rubbing it with a rag saturated with a half-and-half
acetone-Duco solution. This was found .to clean the surface
effectively and %o give it a priming coat. Both surface
and gage were then given heavy coats of acetone-Duco solu-
tion and the gage was pressed firmly onto the surface of
the specimen. After a short setting interval, the entire
gage was given a coating of straight Duco cement and just
before the cement had completely hardened, the whole mass
was pressed firmly to insure a complete blonding taolthelfsur~
face. A period of 24 hours was then allowed for the cement
to harden, after which the gage and its cement were covered
with melted "Cerosene" wax to protect them against sudden
temperature changes and to retard meisture permeating the
cement or paper. The - gages . were attached on sunny dayss .
when humidity was low, in order to reduce any electrical
leakage through mojisture in the cement.

Gages were :attached to a piece-0f the 4-inch H-beam
and inserted.into the electrical circuit sa that they would
compensate for changes in temperature of the whole speci-

‘men, and a cloth was used over the -end of the bean to which

the gages were attached in order to reduce_local tempera-—
ture effects, which would throw errors into .the strain read-
ings. s 5 : kv . x4
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Precision of Results

In the determination of “the strains at the sections
to which the wire gages were cttached, the precision varies
from about 1/4 percent at the highly stressed points to
approximately 10 percent at the lowest because the accuracy
with which any strain could be measured was to the nearest
half unit on the decade box. In the range of stresses cov-
ered, a half unit represents an actual strain of 0.00000143
inch per inch and the range of strains measured under an
8000~pound change in load on the specimen varies from
0,000015 inch to 0.00068 inch per inch.

A further error was introduced by some of the gages
as they did not return to their initial gzero readings when
the load was removed. The number of such gages was, how-
ever, small and the worst offenders were at the section
carrying very small stresses; so the phenomenon does not
appear to be due to "creep" in the gage or its attachment.
Most of the more highly stressed gages had final zero
readings within +1 unit on the decade box from the inital
values, whereas those at the lightly s*tressed section
varied from 1 to 9 units - with several at 2 or 3 units -
from their original readings., The data at the lightly
stressed section mean so little, however, that it is felt
that these errors may be disregarded and that the pre-
cision of the strain-measuring devices may be taken at
from 1/2 to 1 percent on the two highly stressed sections,
the error resulting from the limitation in reading the
decade box being doubled to allow for possible variation
in the "constant" for aany gage.

The .precision of the strzins measured with the
Huggenberger tensometers is the same as for the case of
the symmetrical beam, about 2 percent.

In the computation of the stresses, a value of E of
10,100,000 pounds per sgquare inch has been used as an aver-
age based on the observed EI . values for the two side
beams. It was taken as 10,300,000 pounds per square inch
for the symmetrical beam. In neither case has the actual
E of the material in the corrugated sheet been determined,
since further testing was contemplated and it has not
seemed advisable to destroy the sheet. - The values used
are, however, probably within 2 percent of the actual for
beams and sheet.

As in the case of the symmetrical specimen, the error
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in computed stress due to inaccuracy in gage location or
load measurement varies from about 0.4 percent at section

A to about 1.4 percent at - -section C, As has been mentioned
previously., a value of E. based on . thebehavior of the
side beams 2lone nas been used. - Standard values of E and
@ o 5A51 alloy have been used ‘for the sheet itself.

In the comparison ‘of- the observed and the computed
stress data, however, .the errors resulting from. the fore-
going causes are obscured by thqse'produced b o ca TONdEIS —
tortiod or buckling of the corrugated cover .sheet. The
observed stresses at points where buckling was apparent
show a greater deviation from the .computed values, or from
observed values at adjacent points, than can be attributed
to instrumentdl errors or to lack of precision of the .com-
putations or data. It is therefore believed inadvisable
to attempt any estimation of the precision. of ‘the results
as a whole. )

Computation of Stresses

From eguetions (70) to (73), (86), and (87) of part I,
the stress parallel to the x-axis at any point y 1inches
from the center of the corrugated sheet may be determined
for given values of the pertinent variadbles. The solution
of the eguations is more tedious than in the symmetrical
gade, 'chough mnot difficult,

Because of the 20-percent discrepancy between computed
and observed stresses on the symmetrical beam and because
of the fact that this discrepancy was attributed to the low
efficiency of 301nt between cover sheet and side beams
some of the quantities employed in the computation of st
stresses on the uncymnatrlcai beam are based on:data
tained from preliminary tests of the side beams, with and
without cover plates. They are thus somewhere between
purely theoretical values dependent upon tae geometrical

properties of the sections employed and. purely empirical
valuea back-figured from téests on the completed test speci-
men. ' The Drocedure .will therefore be described in consid-
erable detail.

Transverse lLending tests were made on both the 4-inch
‘H-beams and the 8-inch I-beams before any holes were
drilled in the flanges, after the holes were drilled, and
after the 1/4-inch by 4-inch cover plateés were added in
order to determine the values of EI of the section. The
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beams were supported near the ends and loaded at the cen-
ter; deflections at. the center were measured on dial gages
and the equivalent EI wvalues determined from the deflec-
tions, a correction being made for the deflection due to
shear. For the 4-inch H-beam, the EI without cover plate
is 112,000,000 pound-inches®, while it increases to but
142,000,000 pound-inches® with the 4-inch by 1/4-inch cover

plate added. The I of the section used was computed

" from its actuzl dimensions to be 10.72 inches®; hence the
effective E was 10,450,000 pounds per sqguare inch. The
area of the actual section wzs 4,10 square inches.

Dividing the EI of the beam with cover plate by
10,450,000 yields 13.6 inches® for the I of the combina-
tion. The area of the cover plate being 1/4 x 4 = 1.0
square inch, the moment of inertia about the centroid of
the combination would be

1= Ty + Ba8" % nhefn.126 - 8)®

when I, = 10.72 inches*
A, = 4.10 square inches
e = distance between centroid of H-beam and that

of the combination
n = efficieney factor for cover plate
Ac = cover-plate area = 1.0 square inch
Then 13,6 =110.72 + 4,10 €? + na.{2.125 ~ &)*

By trying various values of 10, the value of e may be
uniguely ‘determined; @nd whem 1 = 0.74, e = 0.325 ‘inch.
The distance between centroid of beam and cover plate, and
the extreme fiber of the beam is then €o = 2+325 inches.

With this value established, it is possible to deter-
mine the I of beam and cove- plate, and of the 4-inch
strip of corrugated sheet which is attached to the flange
of the H-beam.

Ap = 4 X 0,0508 + 4.10 + 0,74 x 1.00 = 5.043 square inches

e+ (0.0508/2) (A + A.) (2.3504)(4.84)

S = 2.255 inches
o 5.043

whence
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I, = 136 + (4.84)(0.0954)% + (0.2032)(2.255)% = 14.679 inches"

The above values of e; and I, . are used in the stress
determinetion. i

For the 8-inch I-beam the EI of the plain beam was

557,000,000 pound-inches?, and the va determined from

the section used was 57.12 inches®, giving an effective E
of 9,750,000 pounds per square  inch, With the cover plate
added, the EI becadme 666,000,000 pound—inchesz, indicat-
Iinfmsaniiceffective I (of 68.381 inches®. The cross—-sectional
area of the beam having been determined to be 5.45 square
inches, the value of e was found to ble ©.5 fnech, and inl =

QLS The ‘value of e,  was thus 4.5 -inches, Ap = 6.4032
and e, became 4.38 inches with I, = 72.35 incaes®.

It is interesting-to note that the efficlency of the
cover plate is, in both cases, abeut 75 percent, indicating
that the bolted connections used did not permit the plate
to develop the stresses which the ordinary beam theory
would indicate, owing possibly to slip in the connection
or to a nonuniformity of stress distribution in -the cover
Rlate. It is believed that this phenomenon explains, at
least in part, the discrepancy between computed and observed
stresses in the case of the symmetrical beam.

In the following pages, strésses are computed for vari-
gis ‘points . in test sections A, B, and C, g0l ‘that lcurves
may be drawn for comparison with the observed stresses ob-
tained from the strain gages. Two cases are considered:
one in which the width w is taken as the developed width
between the center of the corrugated sheet and tane near
edge of the beam flange, 16.53 inches; the other in which
w is teken $0 the centers of the beams, 18.53 inches. 1In
both cases the length of the section is taken as 47 inches,
the distance between the center lines of the bolis con-
necting the transverse stifféners to the corrugated sheet.

The pertinent quantitigs for use in the stress equa-
tions for case I ‘are given i{a table X.

In the second case, the width of the cover sheet is
taken to the center of the side beams; so the portion con-
sidered acting with the side beam and its cover plate is
but 2 instead of 4 inches wide. This change modified the
A, I, and e values slightly as shown-in ‘table X1I,
which summarizes the pertinent values for use in the stress
flormulas.: ' : £ :
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Observed Stresses

Table XIV summarizes the stress data for an applied
load of 8000 pounds on the test specimen. Because of the
buckles in the corrugated sheet, the strains for the
"80C0~-pound load" are actually obtained by differences
between those for leocads of 6000 and 14,000 pounds, it
having been found that the buckles were consideradly re-
duced under the 600C-vound load so that reasonable agree-
ment between computed and observed stresses could be ex-
pected. In the computation of stresses from the measured
strains, E was tzken as 10,100,000 pounds per sguare
inch, the mean between the effective E values found for
the two side beams. Since the beams had two different
moduli, and since the corrugated sheet probably had a
third, some average or weighted value was mandatory and
the above was adopted as reasonable. '

The Huggenberger tensometers and most of the fine-
wire gages were located on the crests of tae corrugations,
that is, on the side nearest the neutral axis of the
specimen. Some of the fine-wire gages were located in
the troughs of the corrugations, as is shown in figure 22
which gives the locus of the gages at each section.

The stresses tabulated above for an 80CC-pound in-
crement in load are plotted in figure 23 and a broken line
is drawn through the points representing the gages in the
wave troughs. It is to be noted that the stress curves
computed from equations (70) to (73), (86), anda (87), in
sections A and B 1lie for the most part between the
stresses indicated by the gages irn the trough and those
on the crest of the waves. This result should be expected
because the theoretical data presuppose a flat sheet lying
in the plane of the nodes of the corrugations but having
properties equal to those of the corrugated sheet. It was
thought that with the load carried by the cover sheet be-
ing introduced as shear at the edge of the sheet, the nor-
mal stresses at crest and trough would be the same, a fact
which was neither proved nor disproved on the symmetrical
beam because too few gages were employed to give conclu-
sive data.

Cn the unsymmetrical specimen, sufficient gages were
employed to show that the normal stresses varied between
crest and trough, probably because the corrugated sheet
assumed essentially the same elastic curve as the side
beams so that bending stresses were developed in the sheet.




NACA Technical . Note No; 791 49

Gages were not used on both sides aof .the: corrugated sheet
at anyjs+~tion; §o it is impossible.to evaluate the nor-
mal stress at the mldp ane of the sheet. . The .sheet was
so thin that the difference between the surface stress
and the midplezne stress is believed to be small.

Conclusions and Suggestions for Further Research

On ‘the basis of the date shown in figures 23(a) and

23{b) for sections A and B, it may be concluded that
the theory dﬂveloped in  part I ‘o WhHisl iweport IS anvienyy
close accord with the stress distribution occurring in
this ﬂorruvaued sheet, the agreement being better than
that for the symmetrical beam. It mus% be remembered,
ho

HL

wever, that a modified ZI was used for the side beams
in the unsymmetrical specimern and, since the modification
was made in the direction which the symmetrical specimen
indicated to be necessary, a better agreement was to be
expected., Regardless of this fact, the agreement between
theoretical and observed stresses on these specimens 1is
such as to substantiate the assumptions and indicate that
the methods developed in part I are satisfactory for pre-
dicting the effects of shear lag on the distribution of
normal stresses in corrugated sheets used as chord members
of box beans. It is, of course, impossible to state
categorically that the agreement attained on these speci-
mens can be expected in zll cases, whether the cover sheet
be in tension or compression and whether the range in
stiffnesses of the side beams be small or large. Further
studies on a number of specimens would be necessary before
such a conclusion could be established, but the evidence
obtained on these beams indicates that the theoretical de-
velopment is sound.

It is therefore suggested that the research be ex-
tended to cover the following points:

1. Further tests on the same specimens with addi-
tional transverse stiffemers,

2. Further tests on a similar specimen with greater
variation in stiffnesses of side beams, with
the same and with additional transverse stif-
feners.

3. Tests on a symmetrical specimen having corrugated
chords top and bottom, simulating an actual
airplane wing spar. (Such a procedure was
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impracticable until the development of the

fine-wire strain gage due to cost of equip- -
ment and inaccessibility of gages when in-

.stalled in the beam.)

4. Tests on unsymmetrical specimens having corru-
gated chords top and bottom.

5. Tests on an actual ai plane wing panel with due
regard for stresses in ribs and other stif-
fening members.

6. Extension of the procedure to stiffened flat-
sheet panels, and a similar series of tests
to | explodit dits applicability.

Guggenheim Aeronautics Laboratory,
Massachusetts Institute of Technology,
Cambridge, Mass., June 4, 1940.
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) 0 0 0 0w 9
Teble I - Check of Gage Factors® © O NONO: S o 9o S S 9
o W « « o
- 0o 0 0 0 0 W
- B~ e S o o o
Instrument Previous calib- Final celib- © ©® 3 ® P
number ration factor ration factor
Huggenberger tensometers o 3,: el a9 RS
. e SN it o w
Y ) w0
355 1038 1038 &adl
357 1047 1035
358 1030 1010 0 © > [ < © O
359 1043 1020 s RARAT A S
361 1062 1062 . wn n " LOIL
362 1064 1064 — |« @ o
861 1271 1271 =] =] -]
862 1196 1192 «| 3[3|566[2|588|2]|5 &3
1090 983 983 FER) SN B BN 1 ORI
1092 1043 1043 E o i R § R Rl gllie e
— 2| (7]
8-inch Berry gages and dlals A i ® o At
o a/mieilie sl 19 S
86-33 2.0 + 80000 2.010 + 80000 L] L Lol
87-24 2.0 # 80000 2.050 + 80000 ——
85-15 2.0 + 80000 2.000 + 80000
88-29 2.0 ¢ 80000 2.080 4 80000 ~ 3,: g; ] 2 g,: {‘,3 3 ;: ;:
lFor Huggenberger tensometers, the gage reading must be i T i
divided by the gage factor to gilve the strain in inches per e
inch. For the Berry and dial gages, the gage reading must B oy el Ll
be multiplied by the gage factor to give the strain in inches | ~ Q @ @ C I -3
per inch. 0 00 0w 00 )
=]
]
-l
ey ~
2 = (o - oQ 9 o 9
7 ~| o 9 o 9 =] %
o o S o o
& 0 * 0 *
T L P
253
el (3}

Tsble II - Variation of Distance with Load at Center for
Heavy End Stiffener (from crest of corrugstion to base
of H-beem)

Teble III - Variation of Distance with Load at Center for

Light End Stiffener (from crest of corrugetion to base o
Sl e 5 e e g B
< K| ©OWWOoWw a)

o|w b OO AW
il o HeAAQQ el
Wmn 1lzls|4lsle|7|e g2 o
Load | e g
at Distance (in.) g %o £
center (1b i & 88| x| =2Q833 %
2 7] b ©> 0w L
Section A o 2 i o
a o Bl <
0 3.87 | 3.92 | 3.95 | 3.95 [3.95 | 3.94 | 3.91 | 4.05 2 P 80 o
4100 3.88 | 3.92 | 3.95 |3.96 [3.95 | 3.94 | 3.92 | 4.06 g AT o] ]

w0
6100 5.88 | 3.92 |3.94 |3.96 |3.95 | 3.94 | 3.92 | 4.06 8 8|3 b (33883 =
mi|]o
Section B § g ¥ 9
o Ll 7o) O HFOMO g
0 3.91 | 3.77 | 3.89 | 3.94 |3.87 |3.89 | 3.77 | 4.05 % 513 |6 | 23523 »
% : + @ o 0N D0 =]
{ 4100 5.91 | 3.79 | 3.90 |3.94 |3.92 |3.86 | 3.81 | 4.05 A ol e -
| 6100 3.91 |3.79 | 3.90 | 3.94 [ 3.92 | 3.86 | 3.81 | 4.06 = g
L N >
Section C 2 % % %g&;g% ®
5 ‘<810 |S82DH @
0 3.97 |3.81 |3.91 |3.92 |3.89 | 3.87 | 5.87 | 4.03 © b ]
4100 3.96 |3.83 | 3.92 [3.94 [3.93 |3.91 | 3.87 | 4.02 : § = g
6100 3.96 |3.85 | 3.92 | 3.94 [3.93 | 3.91 | 3.87 | 4.02 A olfio oueon ®
-~ 2181k |BIBRI ®
Section D o .| © ]
a o 2
0 3.86 |3.77 |3.82 3.88‘3.91 3.94 | 4.00 | 4.06 3

P O+ maM

4100 3.85 |3.78 | 3.84 |3.90 !3.91 [3.93 |3.98 | 4.06 ¥ Ul

©0

6100 3.85 |3.78 | 3.84 |3.90 [s.go 3.92 | 3.98 | 4.06 o
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Table V - Aversge Stresses at Section A (based on E = 10,300,000
pounds per square inch)

Heavy End Stiffener

Gage Station 1 2 3 4 5 6 7 8
Developed dist.
from center line| 16.14 [11.53 6.93 2.31 2.31 6.92 11.53 16.14
of sheet, in.
Test Run A-1 0.688 - 0.541 0.461 - - - 0.803
A-2 .868 - .541 .468 .488 +569 .602 .801
A-3 .676 .613 .560 .488 .524 .603 .607 .801
A-4 .680 .623 +55656 .479 .529 .594 .602 /(8
A-5 714 .628 .541 .451 .494 .560 .584 767
| Sum 3.426 |1.864 2.738 2.345 2.035 2.325 2.393 3.948
{  Average 5
iStrain x 10 in.|0.6852{0.6213 | 0.5476 | 0.4690 | 0.5082 | 0.5812 0.5982| 0.7896
1Streas ,lb/sq in.| 7050 6400 5640 4830 5240 5990 6160 8130

Light End Stiffener

Gage Station 1 2 3 4 5 6 T 8
Test Run A-18 |0.709 0.661 0.549 0.466 0,493 0.551 0,594 0.787
A-19 .687 .635 .534 .423 .502 .546 .584 .760
Sum 1.396 1.296 1.083 0.889 0.995 1.097 1.178 1.547

Average 3 i
Strain x 10% in.| 0.698 | 0.648 | 0.542 | 0.445 [0.498 | 0.549 | 0.589 0.774
1 i

i

;S:ress ,1b/sq in.| 7190 6680 5570 4580 5130 5650 8060 7960

lable VI - Average Stresses at Sections B snd E (based on E = 10,300,000
pounds per square inch)

Heavy End Stiffener

Gage Stetion 1 2 3 4 5 6 7 8
Test Run A-6 - 0.387 - - 0.338 0.294 0.3086 -
A-7 ! .440 .408 - - <372 - 376 -
1 A-8 ! .432 .392 .386 :354 .348 324 .376 .528
A-9 | .428 .392 | .361 | .387 .333 = i .528
{ A-10, .444 .396 .406 . 392 344 .324 .339 .4380
’ A-11! .444 g K .388 . 382 «334 «321 348 -
! A-12 - .376 397 .382 319 «351 315 436
A-13| .440 .401 .390 «375 .361 363 373 .487
i Sum 2.628 3.123 |2.318 2.272 2.749 1.977 2.433 | 2.469
Average
Strain x 107 1in.[0.4380 0.3903{0.3863 | 0.3787 0.3436 | 0.3295| 0.3476| 0.4938
Stress,lb/éq in.| 4560 4025 3980 3900 3540 3390 3580 5090

Light End Stiffener

Section B
Gage Station 1 2 3 4 5 6 7 8
Test Run A-20| 0.498| 0.427 | 0.422 | 0.395 | 0.338 | 0.333 0.326 | 0.496|
A-21 .470 .407 397 .381 . 347 .338 .393 .480)
Section E
Test Run A-25| 0.461| 0.382 | 0.353 | 0.329 | 0,307 30.594 - 0,43
A-26 «433] .361 371 .353 <377 | .400 .421 .482)
A-27 .445 411 .381 . 356 .361 i .402 .422 .451]
Average
Stress Sect. B {
1b/sq in. 4980 4310 4220 4000 | 3525 3455 | 3545 5030
Averags i g
Stress Sect. E 4580f 3960 3790 3560 | 3590 4100 | 4340 4680;
Average . |
Stress Sects. | i i
B and E i 4780 4135 4005 3780 5560 | 3780 i 3945 | 4855
s
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Table XI - Computed Stresses L "03 2
L2 B | - e }
Case I o g ? t? 3 E-:» 5? D‘?
o B0 w | w B« w | ®
- - ot [ - o ot [
H MNP g [l o B ] g
o [0} o 12} o & o %]
N Ho g ot oSS go g g
Stresses L 2L o &
B > el > 2> |
Sect A |Sect B|Sect(] EE e 5 E R
76.514  |30.646 i B s vl e
Jdov. Ky cosh &y |sinh Xy | y (osh kyl x sinh Ky Z-x=41.5 [l-x=26 {-x=10 — o = o =
16.53 | 1.0017 | 1.545 1.178 117.75 36.16 81.59 3386 2121 816 ad gl b e | L
o o« © < X © o o e @ © O 3
15.00 [ .9090 | 1.442 1.040 109.90 31.92 77.98 3236 2027 780 2 =
2 (o] o (<] (o] o (]
12.00 [ .7272 | 1.276 .7858 97.25 24.12 73.13 3035 1901 731 e sl cat ke o R e
g O - O O O o © =3 © © M ©
9.00 | .5454 | 1.152 .5729 87.80 17.59 70.21 2914 1825 702 G S SRR o e T o
=
6.00 | .3636 | 1.067 .3716 81.32 11.41 69.91 2901 1818 699 o o o B o o o
: 3% slagelels|sz §laggsle
5.0 .1818 | 1.016 .1829 .43 5.61 71.82 2980 1867 718 5 8 a 39 pladg 23837
0 0 1.000 0 76.21 0 76.21 3163 1981 762 @
5 o o o :‘I (] o o
=300 1 - =~ i . o e wiee . e e e
.1818 | 1.016 .1829 77.43 5.61 83.04 3446 2159 830 gio. o ololie i Fare fRIGie g gk
3 G|H P ] o o RO DL SO S
-6.00 | -.3636 | 1.067 -.3716 81.32 11,41 92.73 | 3848 2411 927 o = o
L]
-9.00 | -.5454 |1.152 -.5729 87.80 -17.59 |105.39 4374 | 2740 |1054 o2 e [ e
23 B(885|° il R
-12.00 | -.7272 |1.276 -.7858 97.25 -24.12 121.37 5037 3156 | 1214 O R OO S S LR
-15.00 | -.9090 |1.442 -1.040 { 109.90 -31.92 141.82 5886 3687 |1418 o o SE o
-16.53 | -1.0017|1.545 |-1.178 |117.75 | -36.16 |153.91 | 6387 | 4002 |1540 e L e | 20S LIRSS
a [ %) o O O @ 8 o w» O © »
These data are plotted in figure 23 as solid lines. - (o] o = o o o ©
B 9wl @ afb e
@ w» N s G\ © ® o o ® O ™
o o L) © © [ » N O K WL
~3 o
. o o o o o
Table VIII - Comparison of Observed Stress Ratios with Cosh Ky N Ll B olue o
w»oo (e )] (9] o © © O O ©
o o » o o g o [S I SR
¥y (1n.) 1655] 12] 8 | & | o [ &« | 8 | 12 |16 Table IX - Comparative Deflections of Side beams
Observed Section A
stress,(1b/sq in.) | 7230 | 6380| 5760| 5280 | 5100 | 5330 | 5920 | 6800 8175
S_/Se 1.418 | 1.250| 1.130| 1.037 | 1.000 | 1.043 | 1.162| 1.333 | 1.604 e D"'““fim)“ TACIRAE
nNe.
Observed Sections B and E
stresa,(l;ysq in.) 4700l 41301 3890 | 3650 ssool 55601 sezsl 4275 | 5000 4-1nch H-beem |8-inch T-besm
8./8 1.342 |1.195 1.110‘ 1.032 | 1.000 | 1.0 .0 ‘ | 5
o 22| 1.095 | 1.220 | 1.430 5 o R
Values of C 7= 47.0 = 52.5 1n. el =058 e
es osh ky for 47 end 2= 52.5 in 4000 ‘098 "095
Cosh ky 1.547 [1.277| 1.120 | 1.030 | 1.000 | based on %= 47.0 o Rt e
osh x 1.431 |1.220| 1.096 | 1.024 | 1.000 = 52, . .
J based on ¢ = 52.5 10000 ‘541 536
12000 .283 27T

(youp easnbs xed spumod

000°008°0T = § UO Des8q) D UOT306S 38 S50880J3§

e3Baeay - IIA °©TABL

16L *ON 830N TeOYUYoel VOVH

TT‘s‘s‘L o1a8]



Table X
Case I
I, = 14.679 in.* Iz = 72.35 in.*
Ay = 5.043 sq in. Az = 6.4032 sq in.
1 = 2,265 in. ez = 4.380 in.
2 = 47 in.
w = 16,53 1in.
K= 0.0606
Kw = 1.,0017
tanh (kw) = 0.7624
coth (kw) = 1.3116
& = coth Kw + tanh kw _ 2.0705
KW :
P _ coth = tenh ww _ o o400
8 = —,,lTl_‘ = 0.6360 ¥, = 06208
©1%Ay
A= £ = 0.16651 A= 0.15114

P = P1 + Pz = 8000 1b
Substitution of these values in equations (70) to (73], (86)
and (87), yields

81(0

55000 0.5301
$
=2 =
P2 0.1965
Py, = 656.9 1b. Pz = 3343.1 1b.
81(0) = - 235.49 s2(0) = - 153,90

Table XII
Case II
Iy =:14,14in* To = 70,34 in.*
A1 = 4.9416 sq in. Az = 6.3016 sq in.
el = 2.302 in, ez = 4.453 in.
2 = 47 in.
w = 18,53 in.
K= .0606
Kw = 1.123
tanh (xw) = 0.7667
coth (xkw) = 1.3043
o = coth uw!; tanh ww _ 1.8442
P _ coth xw‘; tanh Kw = 0.4787
& = TTlT = 0.6494 &, = 0-640
©1°A;
A= B - 0.1005 Az 0.1494
P = Pi + Ps = 8000 1b

Substitution of the above values in equations (70) to (73), (86)

and (87) yields,

Sad)
23(0) = 0.5307
B
BE = 0.1949
P2 =652.551b,
s1(0) = - 84.57

P2

s2(0)

]

o064 o5 1D
- 159.35

16, "ON 930N T®OTUUO®] VOVN
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Table XIII - Computed Stresses

Case II
Stresses
Sect A | Sect B Sect C

aey. | XY |cosh ky|sinh «y Zi;zsu; ;f:gzi; x 7-x=41.5|7-x=26 [1-x=10
18.53]1.123|1.700 1.374 |121.96 | -37.39 84.57 3510 2199 846

15.00| .9090 (1,442 1.040 |103.45 | -28.30 75.15 3120 195@ 752

12.00| .7272|1.276 .7858 | 91.54 |-21.38 70.16 | 2912 1824 702

5.00| .5454(1.152 .5729 82.64 | -15.59 67.05 2783 1743 871

6.00| .3636|1.067 .3716 76.55 | -10.11 66.44 2757 1727 664

3.00(.1818(1.016 .1829 72.89 -4.98 67.91 2818 1766 679

0,00{ 0 |1.000 0 71.75 0 71.75| 2978 1866 718

-3.00/.1818(1.016 -.1829 72.89 +4.98 .87 3232 2025 779

-6.00( .3636|1.067 -.3716 76.55 10.11 86.66 3596 2253 867

g -9.00} .5454(1.152 -.5729 82.64 15.59 98.23 4077 2554 982

1-12.00( .7272|1.276 -.7858 91.54 21.38 112.92 4686 ' | 2936 1129
~15.00! .9090 {1.442 -1.040 [103.45 28.30 131.75 5468 3426 1318
-18,53{1.123|1.700 1.374 |121.96 37.39 159.35 6613 4143 1594

These data are plotted in figure 23 as dash lines.

Table XIV - Stress Data for 8000-Pound Load on Beam

Section A Section B Section C
Gage No. [Stress | Gage No. | Stress Cage No. | Stress
(1v.) (1b.) (1b.)
H-3 | 4020 | C-9 | 2620 I-1 -
H-4 3720 c-8 ! 2000 G-11 555
H-5 3730 E-6 1910 F-8 | 788
| A-2 2580 E-7 1 1690 | F-9 | 1010
[ A-3 2670 | E-8 | 1830 F-10 152
| Hugg 1 1540 | Hugg 5 2000 F-11 242
} A-4 2730 | E-9 i. 2050 G-1 374
A-5 3110 E-10 i 1910 G-2 858
i A-6 2630 E=-11 "' ¥ 2110 G-3 425
{ Hugg 2 2300 F-1 { 1870 G-4 475
I A=T 2530 F-2 { 1730 G-5 950
A-8 3380 |[Hugg 6 | 1780 G-6 1870
A-9 2800 F-3 { 1950 G-7 1306
Hugg 3 3190 | P-4 i 2780 I-5 i 1540
A-10 3460 F-5 | 3330 T4 1980
A-11 4020 @-10 | 4130
E-1 4070 G-9 {4410
Hugg 4 | 3960 H
E-2 | 4780 {
E-3 | 5620 |
SHEB) MY = |
H-7 6870 i
H-8 6780 |

Table 13,14
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Figure 6.- Test beam as
seen from above,

Figure 7.- Beam mounted in testing machine.
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Figure 15.- Comparison of observed and computed stresses.




Figure 17.- Strain gage mounting on
unsymmetrical beam.

Figure 18.- Transverse view showing
strain geges.
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Figure 19a.

Figure 190.

Figure 19,~ Tools for making fine-wire gages.

Fig.19
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Figure 23.- Stress distribution in the unsymmetrical beam.




