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I.  SUMMARY

A program of experimental investigation for bthree combinations
of sheet reenforced with corrugations bhas been carried out.

An assumption has been made for the ftransverse neutral axis
of such a system.

For an open section box beanm, the conventional assumption
of the neutral axis on the center of gravity plane indicates
an error.

An attempt has been made to caloulate the compressive stress
in each corrugation due to shear transfer of load.

An effective shear modulus for each corrugabion and its share
of the skin under bending loads has been found by experimental
methods.

Por the combinations tested, it was found that the effective
shear modulus, Q/E, decreases with increasing -T-, which corresponds
to increasing G/E with distance from the free end of the panel.

Panel curvature was found to have a marked effect on Q/E, in
that the curved panel had a larger value of Q/E for the same T.

Contour meps of T, the shearing stress, have been constructed

for the three panels.
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IIT. Inbroduction

The work covered by this paper 1s an extension of the
work of White and Antz, who investigated reinforeced flat plates
mmder concentrated end loads, and the work of Lovett and Rodee,
who investigated the transfer of stress from main beams to
intermediate stiffeners, as a part of the investigation of stress
distbribution in metal covered wing leading %o the most efficient
distribution of materisls. The authors have telen the case of
two built up beam sections, connected by a Dural sheet reenforced
with corrugation, and subjected to uniform bending momente The
transfer of compressive stress from the main spars to the
corrugations through shear has been studied in order to find a
suitable method of calculating the load in the corrugations.

Threé combinations were tested, one of 040" planse sheet,
one of +040" curved sheet, and one of .025" flat sheet, all with
corrugation of thickness .032". The 040" sheets remained out
of the wave state, at the max bending moment of 200,000 inch-
pounds, but the 025" sheet buckled betwsen rivet rows. The

corrugation size and arrangement were the same on ths three pansls.
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IV. Experimental Investigatiocn

The test specimen consisted of two main spars, 96 inches
long and spaced 26 inches apart, and a bottom cover sheet of
skin and corrugations 26 inches by 76 inches secured to the flange
angles by two rows of &/32 bolts spaced 3/4 of an inch apart.
The corrugations were formed from flat sheet by uéing a male and
female die in a 700 ton hydraulic brake, and have the shape of a
Greek Capital letter Omegae. There were ten corrugations between
the spars, each corrugation being 2% inches wide. A row of 1/8
rivets spaced 1" apart betwsen corrugations fastened them to the
skine

Both ends of the spar and one end of the cover sheet were
rigidly attached t§ the testing machine and the other end of
the cover sheet was free, bub with a 1" x 1" x 3/32" angle riveted
to the edge, and fastened to the spars.

At 1 f£t. intervals along the span chardwise, ribs were used
to prevent the rotation of the spars. For-a descripbtion of the
testing mechine and methods of loading see Ref. l. The stress
distribubtion was obtained by measuring deformetions with Huggenberger
type extensometers placed on the beam caps, on bop of the corrugations,
and on the skin directly below the maximum height of the corrugation.
The extensometer gauge length used was two centimeters. For the .025%
skin, which was in the wave state during loading, the latter readings
were taken in the trough between corrugations and extropolaﬁed to the
desirsd positione.

The boam stress was first measured at the center of the bottom beam

cap, and resulted in a curve as shown in Fige 3, 4, and 5. The shape



of these curves agreeing closely with that of Lovett and Rodes.
However, this beam curve does nobt satisfy our assumption that at
‘ any sbation the beam and corrugations must bs in equilibrium, i.e.
that between any two stations along the spen, the load dropped by
the beam must be taken up in Compression due to shear in the
corrugations and sheet. Therefors, as a check, the stress at the
outside edges of the botbom beam Cap was measured and plotted in
Fige 6. This plot definitely shows the presence of Cherdwiss bendinge.
This check was made on thse curved pansl, after removal of the flat
pansl and thersfore we were only able to correct the beam curve fof
the former, by baking an average of the stresses at the edges. This
plot, Fige 7, checked our assumpbion within 8 of 1 per cente
Extensometer readings were btaken for loads of 40, 80, 120, 160,
and 200 Thousand inch-pounds, but the stresses were calculated only
for the 200 thousand in-pounds case, the other four readings being
used for a stress-strain curve check dn the validity of the 200
thousand reading. In counverting strain into stress, the value of
Young'!s Modulus for Duralumin was taken as 10 x 108 #?Z’Sq,in.
Figs. 8 to 17 show typical stress distribubtion curves as obbtained
from the 040" flat pansl. |
Having now measurad‘the stresses, it is necessary to eliminats
the stresses dus to the bending of each corrugation about some lateral

axis. This has besn done in ‘the following manner:

MYy = T, (Tension dus to bending)

I

MY = C, (Compression due to bending)
I

/0



Since E_is the same for both:

T
Ty _ Cyp
Y, ¥,

or Cp = Yo Tb S

Let Co.n. be the Compressive stress due to shear,

Sg. Dbe the measured stress in the top of the Corrugation
Sy, be the measured stress in the bottom of the Corrugation

Sg =2 Cop = Tp =2
S5y = Cgh # Cp --3.

Substituting 1 in 3 end multiplying 2 by Y, gives:

pe
Y
S 8% = Yo
., —&Cn - X
Y‘b Yo Yz T.b
Sy, = Cgp + Y, T,
o
Adéing we obtain:
Y
G S + S e ( YO )
-§; % b (o 4 1 ) Csh
' C = Y ]
e @ Sh c .b "' Sb
it
14+ Y,
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Similerly for the case of the corrugation bending ebout & point

outside of itself we obbtain:

c = Yo -
sh - S‘t Sb‘
-] + Y,
Ty
_gg_.must be detemmined for each corrugation in order to

calculate from the above equation. The exact position of the
points about which the corrugations bend is unknown and the authors
worked for some time attempting to determine them analytically and
-experimentelly. However, it was found to be impossible to separate
the measured stress into its component parts of stress due to shear,
and stress due to bendinge Without knowing the stress due to bending,
the exmct location of the point of bending cannot be found. Therefore,
it was necessary to arbitarily assume the position of these pointse
The point in the beam web where the trensverse theoretical neutral
axis line terminates was measured by taking stress readings at the
top cap and bottom cap of the beam.
Ses Fige 18.

Furthermore, from physical considerations, we know that the
shear value diminishes from some finite value at the spar to zero
at the center line of the panel dus to symetry. Therefore, any
assumption of a neutral axis which does not show a diminishing
compressive stress due ‘o shear must be in error. Also our values
of compressive stress due to shear must satisfy our assumption that
the corrﬁgations and sheet pick up all the load dropped by the beame
Thus we limit our assumpbtions to a certain degres.

Several assumptions, which were obviously wrong, were made to
obbain the resultent variation of stress, and the final assumption that

each corrugation bends about its own cenber of gravity gives by far the

best results.
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These agsumpbions aré showﬁ in Fige 19 to 22.

It is seen that the usual assumption of a straight neutral axis
across the width and through the center of gravity of the system is
decidedly in srror.

From the‘eonsideration of these curves and a check on our
equilibrium condition, it was decided that the assumption of each
corrugation bending out its on c. g. should be used.

Therefore the compressivs stress due to shear was calculated
on this basis and results in the curves as shown in Fig. 23 to 27.
Theoretical Calcoulations

Effective Shear Modulus.

An attempt has been made to calculate an effective shear
modulus for the benefit of the designer who desires to know how to
handle the stresses in a system of corrugationse

Using the strip theory, we will consider each corrugation as
& block of material with an effective thickness, rigidly attached to
the adjacent corrugations as shown in Fig. A.

Consider an element of widbth dx as shown and the indicated
shearing forces V_ 1 V. g etce

The shearing force V; = Ay
Where Ay = area of the beam effective in compression.
A, = area of the corrugation.

V= Vg =z Ay 2%

1 2= %c 2x

- 3 0x.

Vo = V3 = Ao 5%

- 0%

Vg = Vg = A, 20%3

oL

- 2 0ia
V4: i V5 poy AC 9:2
Vg = Vg = Ac‘%%? but Vg = O from symetry.

e ‘0 V5 = AC 32‘35
From this we may solve for each shearing force and find:
Vl - A ( 30‘2 + gois + 3054 30-15)
v - .A 30‘2- 36—3 BG':.L 0%
2 = C t 53t *5)
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Vg = A, (3% + 3% - 37¢)
V, = A (30'4+ )
V5: A 3’5()

v6=o

Also the basic relationship between the shearing stress T
and the strain angle [} is: T = G Y where G = Shear moduluse

Therefors for corrugation 1;

2t
for 2 Vo 4V = Gy Y,
2%
Ve 4+ Vg = G5 )8 and etec.
2t
Vs -6, Y since V, = O
— = b 5 6 -
2%
o 30x 3 0%, 30x; , , 0%z ad?;]
.o G =V1 4T, ;Ac[axl+2 5z TR 3% t25x R 5%
et ¥, 2t
Ve maywrite:s ,@
J = ———L for small angles,

Where 4 is the corrugatlon'w1dth and ,(, is the shortening of
corrugation 1 relative'to corrugation 2 and must be found at the point
of conbact between the spar and the first effective block in this cases
Similarly ,Zzis the shortening of corrugation 2 and must be found at
the point of contact of block 1 and 2. However due to the impractibility
of measuring stresses at the rivet line, our stresses have been msasured
at the center of the corrugation. By graphiecally integrating bebtween
stresses curves O, and 03 (say), to any station n (as shown in Fig. B )
we obtain the shortening of corrugation 2 relative to corrugation 3

the center of the corrugation and ete., since

- /
Aﬂcz == [AREA UNDER 07 cuRvE — Area uvnoer T3 C”RVEJ
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Therefore in ordsr to obtain the shortening of these blocks
at the point of contact, we plot the inbtegrated areas versus panel

width and interpolate ocur desired area.
A \

NGB
X

A

c Fre. D
z ' e F -3

R
I i —
Beam / 2 3 =3 S5
A, B, C;, etcs, are the integrated areas under the stress

AreA Y

curves Jg , 0, 042, etec. respectively.

Midwey on the curve bebtween A and B, for instance, is a
point corrssponding to the area under a stress curve if the stress
were measured at the joint between block one and the beam. Similarly
& point midway bebtween B and C is The area wder a stress curve
measured at commection between bloeck 2 and 3. Therefore X, as shown,
is the difference between these two areas, or the shortening of

block 1 relative to block 2. Simreariy Y, Z,R ¥« W 4w

BE OB7A/NED FOR THE OTHER BLOCKS.

L=z[Y]

m
s
—_
M
s

30x. 9 9y Gy, D05
_?_z_: /4c a; +237x(3+2'a—iy+2 axsj
£ 2t
Y]
Gs_ A LSE 25 r2 %
E 2t
7 (Z]



Gs = Ae [ X ]
E T 2]

WHERE T = EFFECTIVE THICANESS OF THE BLOCK.

The results of these formulae were plotted in Figs.

and were, for a time, hard to explain, since the effective shear
modulus obtained for corrugation 5 was less than that for corru-
gation 1, although the shearing stress in‘corrugation 1 was the
greater. Normally one would expect a lower value of G/E for a
higher value of T. Span-wise the trend was correct with a higher
effective shear modulus for a lower value of “T.

At the suggestion of Dr. von Karmen, the chord-wise
deformation in the panel, 59, was measured and plotted in Fig.
Thus it is found that the measuréd (bfﬂdiff‘ers from the actual )
end the corrections shown in Pig, must be applied.

The corrected results are plotted in Fig

/8,



e e MEASURED
(a) PYRE COMPRESS/ON : y :
= - A a
J/ )/m 3/ ‘ }E"_}___{w_iﬁ.
J/: CORRECT / "\X s -&x T
Jm = MEASURED ) S Ay
| o
AY = AMOUNT OF CORRECT/ION /
= J & 4 P
°7 1
E << Ey ) SINCE AY 1S SMALL. .
HENCE A)Y 15 NEGLIGIBLE
COMPARED 7O [},,. p ___t__ﬁ_}__ 4
, £
(5) PURE TENSION \ / @ 4
// =
f= fm + 4 Y .Y / Ay
gy
4y 15 ALSO NEGLIGIBLE ”
Af— 2 Ex / T
7 3
+ 0

(c) COMPRESS/ON DUE ToO
BENDING BY SHEAR

(d) TENS/ION DUE TO
BENOING BY SHEAR

-/z J/m +A)/

A )/ - 2 & y
X
EFFECT OF CHORDWISE DEFORMATION ON Fro O
/G,

UNIT SHEARING STRAIN, )



to obbtain +:

t =

e

Where 1%

d =
AC=

PA

o te S
S

corrugation thickness

skin ”
length of corrugs

= length of skin.

1]

+081" for «040" skin and .032" corrugs
«0667 for »025" skin end .032" corruge.

265 inches
2045 0" FomR . 040 “SKINV

/67 a”’ FOR 025" SK/nv

The results of these formulae are plotted in Fig. to

20



Sample Calculation of G/E.

By graphical methods we find the slope of the Csh curve
for corrugations 1 to 5 at station 66 for the .040" plane

sheet , obtaliming:

iox; = 55/ in.
90x2 __ 1
3% = 150
30;3 —_— it
3% = 230
Ixy __ "
Sx - = %0
o0x,
S%— =210 "

Ao = 2045 D"

t = .081 "

d =2.5"

Area under the Jg curve =— 522,000 1/ in.
1 ] f O'|' H — 4;85,200 1
" " i 0: i = 468,400 "
1 1 ft O’;‘ i = 446,400 ]
£ t ] U; ] —_ 4:24’ 200 W

5

" = 410,800 "



Plotting these areas versus the width of the panel, and

and interpolating,as shown in Fig. DD, we obtain:

X = 33000 #/in.

Y = 24000 "
Z = 21000 "
R = 18000 "
W = 12000 "

Therefore:

«2045 ( 55 +2x150 + 2x230 +2x220 + 2x210 )

I}

/B

2.5

14
¢/E = .161 for station 60" ( corrugation])

7° for the same station and corrugation is:

v AL S S e - 3]
V/:/77#/.
t=.087"

T - 177 = 2/70 %

22,



Sample Calculation for correcting the

measured value of G/E.

Curved panel =~ Corrugation 5

-4
ay = i_izz /80 x /0

- W — 5,000 i,

-~ Station 72.5%

)/;/EASURED d E 2.5 /07 é N
/A

)/’—' };15/450/?50 - 43/

—

= 20 X/0'4 - /80 xs,0"* =

-

= 2.0 x/0

0,20 «x /0'4

(&) = ()i !
£ ] AcTUAL E )meAsvrep Y
I

= 00379 . /
20 x 04
2.0x/0™*

=0. 377

23



VI Discussion of Results.
It is seen that the value of the effective shear
modulus decreases from the spar to the center line unless

take into account the chord-wise deformations, &, because

2,

5= has such a large effect on )’. Having applied the

necessary correction, we obtain the expected result that
the effective shear modulus,GyE, decreases with inereasing
T, and is, within experimental error, the same for each
corrugation for one value of T.

The test set-up had many eccentricities; chordwise
bending was present, the stiffening enpgle across the free
end of the panel affected the measurements, and in gensral,
much scatter of the experimental points wes the resuvlt.

Por this system we have the two equilibrium equations:

0% 2T _
T2 + 3y =0
2T 90y _
ax ' T3y =9

We have neglected _33_5?, and have justified it from the measurements
of &,, these stresses indicating that the effects of é?iz are
negligible as well as inconsistent. I

Contour maps of T, the shearing stress, were con-
structed and shown in Figs.28to 3O . These maps differ
slightly from what one would expect, dus Lo the effect of
the stiffening angle onn the free edge of the sheet. The

. 040" curved panel shows close agreement to what has bsen found in

Photo=Elastiec experiments.

24+
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The .040" curved panel appears to pick up its compressive

stress due to shear faster than the other combinations.

Some results on corrugation and sheet combinations subjected
to pure compression will be necessary before mors accurate
assumptions can be made regarding the compressive stress due Lo
shear and the stresses due to bending in order to find the

neutral axis of such a system.
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