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TORSION TEST OF A MONOGCOQUE BOX
SUMMARY

A monocoaue box of aluminum alloy was subjected to
torques applied at the ends. The twist; the strain in
thie strincsers, plate, and corner posts; "and the bueklino

load were measured. The twist was found to be 20 to 50
percent less than that given by Bredt's theory for the
torsion of a thin-walled box without reinforcements and
the shear stress in the shear web, about 18 percent
greater.

In order to obtain closer agreement between theoret-
ical and experimental results, an analysis was developed
s for the twisting of a monocoque box reinforced by string-
ers, corner posts, and bulkheads, The measured twist
agreed within 10 percent with this analysig. The measured
" and theoretical values for the strains and buckling load
ragreed within the error of observation.

IETRODUCTION

As a part of an investigation for the NACA on mono-
coque boxes, there was described in reference 1 results
of compression tests. Torsion tests of the same specimen
are reported in this paper. The torsion tests are de-
signed to give information on the following points:

il The agreement between the measured twist in a
reinforced box and the theoretical twist for
a simplified box without reinforcements given
by R. Bredt (reference 2, p. 270)

[aV]

The effect of bduckling on the torsional stiffs
ss

(3]
ne
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3. The magnitude of the: shearing stresses and of
the induced stresses due to bending

4, The variation in twigt of the box with distance
from the ends

5. The effect of the longitudinals and bulkheads
on the stiffness of the box

SPECIMEN

The dimensions .of tke monocogue-~box specimen are
given in figure 1. The box was fabricated from 2485-T
aluminum alloy; 0,0765-inch sheet was used for the shear-
web sides, and 0.026-inch sheet. reinforced by Z-stringers,
spaced 4 inches on centers, was used for the top and the
bottom sides of the box. The stringers were fastened to
the sheet by 1/8-inch brazier-head rivets, spaced 7/8 inch
on centers. There were four intermediate bulkheads and
antiroll members, spaced at 19 inches.

Particular care was taken in reinforcing the ends of
the box .to .avoid concentration of the stresses on partic-
ular portions of the box..  The reinforcements, consisting
of steel angles and plates, are . shown in figures 1, 2, and
3., Figure 3 also shows the construction of the bulkheads,

Tensile and compressive stress-strain curves of mate-
rial from the corner posts; the stringers, and the sheet
used in assembling the monocoaue box are given in refer-
ence 1. Young's modulus and the yield strength, obtained
from the stress-strain curves by the 0,002-0ffset method,
ame -listied in. table.l, ;

TEST PROCEDURE

Figure 4 shows the monocogue-box specimen A mounted
for a torsion test in a large lathe. The following pro-
cedure was used in mounting the .spécimen. First the
specimen was centered in the latihe. Then one steel end
plate was rigidly clamped on the face plate B of the
lathe while the other was supported on the dead center in
the tailstock by a ball bearing. This ball bearing was
a single-row type that permitted slight rocking of the
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inner race, A sleeve was pressed on the dead center and
ground to fit the inner race hole with a clearance of
0005 ineh in order to0 permit longitudinagl motidion,

Torque was applied to the specimen by the jack C
acting on the lever D, The torque thus applied was re-
sisted by a stop placed between a face-plate jaw and the
lathe bed. The force exerted by the jack was measured
with a weighing scale E of 2000-pound capacity. The
force from the jack was balanced by the reaction of the
ball bearing on the dead center of the lathe., Except for
a negligibly small frictional torgue, the specimen Was
therefore subjected to a pure torque equal to the product
of the force applied by the jack and the distance between
the point of application of this force and the center line
of the lathe. A steel ball F was used to position accu-
rately the point of application of the force exerted by
the jack. : :

The twist in the specimen was measured by gages, one
of which is identified as G in figure 4. A close-up of
one of.these gages is shown in figuare 5, The twist was
measured as the change in angle between two reflecting
surfaces H attached to bars I by adjustable joints L.

The bars I were clamped to the specimen at their centers
by light clamps Jd, .The area of contact with the spsecimen
wasg a small ring 1/2 inch in diameter. .This ring allowed
attachment of a bar to the specimen Jdver a rivet head.
The .pair.of reflecting surfaces H.consisted of a 20-mil-
limeter .45° prism and .a piece of plate glass selected for
flatnéss._ The plate.glags was .treated ta eliminate the
back-surface image, The twist was measured by reading
the changes in angle between the two reflecting surfaces
H with the Tuckerman autocollimator K., The least count
of the autocollimator as used was 0,00001 radian.

The strains in the specimen were measured with
Tuckerman optical strain gages used alone or with suitable
adapters. The €trains in- the four .corner posts were meas-
ured ower 10-inch gage lengths with 2-inch strain zages
having 8-inch extensions. Other strains on the outstand-
ing portions of the box were measured by 2-inch strain
gages mounted directly on the box, while the strains on
the less accessible portions were measured by a special
transfer of the lever type described in detail in refer-
ence 1. The strain on three gage lines 120° apart was
measured by three l-inch strain gages mounted on a rosette
adapter.
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The buckling of the sheet was observed visually by
suitable illumination, ZErrorg¢ due to fluctuation of room
temperature were minimized by conducting most of the ex-
periments at might, ‘Thig proceduré was found to be nec-
essary in order to measure the small strains in the
stringers and corner posts more accurately.

RESULTS

The measured twists between bulkheads are plotted in
figure 6. The twist was measured between all bulkheads
by ‘gages on the diagonally opposite lower east corner
post and -upper west corner post, The twist was also

measured on the top center stringer between bulkheads 1

and 2., Figure 6 shows that the twist between a pair of
bulkheads was practically independent of the location of
the twist gages; this result indicates that the box
twisted as a whole without appreciable distortion of the
cross-seetion, Figure 6 also shows that the twist was
symmetrical with respect to a transverse plane through
the center cross section of the box., It is interesting
to note that the measured twist between bulkheads 1 and 2
and between bulkheads 3 and 4 was consistently higher.
than -the measured twist at the center of the box between
bulkheads -2 and 3.

The twisting of the box was not uniform along its
length. Pigure 7 shows the variatioen of twist with posi-

tion glong -the box, The twist was measured over a 19-

inch-gage length except at the ends of the box where the
gage length was necessarily shorter, Figure 7 indicates
that the twisting was fairly uniform between the three
center bulkheads of the box, dropped off to a lower value
in the unreinforced portions of the end bYays, 'and in-
creased considerably again between the ends of the box and
points near the ends, The increase in twist :at the ends
of ‘the box is somewhat surprising; the box 1s apparently
less stiff in torsion at the reinforced ‘ends -than at:the
center, This condition .indicates that the ireinforcement,

substantial though it seems (fig.  3); was unable to trans-

fer the -torque uniformly from= the ‘end plates to the sheet
as well as-to the longitudinal stringers ‘and corner posts.

The maximum shearing stresses at four’ points”in the
center bay are given in figure 8, . They weré computed
from the measured :strains on<:three gage lines intersect-
ing at angles of 120° using . E = 10.6.x 108 pounds per
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square inch and Poisson's ratie = 0,32, In no case did
the direction of the maximum shearing stress computed
from the measured strains differ from the perpendicular
(or parallel) to the axis of the box by more than 1°, It
is evident from figure 8 that the shearing stress in the
shear web was nearly independent of the position between
bulkheads. It is of interest to obgerve that the ratio
of the shearing stress in the shear web to the shearing
stress measured in the corner post, approximately 4.5,

is very nearly equal to the inverse ratio of the thick-
nesses,

D2s 0,075

= 435
0,875

The longitudinal strains induced in portions of the
box by the twisting are given in flgures 9 Kol  F¥eure
9 shows the strains in the corner posts and in three
stringers midway between bulkheads 3 and 4, figure 10
shows the strains in the cornmer Posts and in three string-
ers about 1 inch north of bulkhead 2, and figure 11 shows
the variation of strain along one of the stringers and
along an antiroll member, It is evident from these fig-
ures that the induced longitudinal strains were very Smia il ,
the largest amount being less than 0.00004 corresponding
to a stress of only 425 pounds per square inch; this wvalue

was about one-sixth the maximum shear stregss in the shear
web (fig, 83

Buckling was observed in the top and bottom cover
plates of the box near the center section at a torque of
40,800 inch-pounds. The change in load distribution due
to the buckling was ingufficient to show in the strain

measurements; the only observed effect was a slight in-
crease in twist per unit twisting moment (fig., 6).

SYMBOLS

The symbols used in the analysis are given in figure
12 and are defined as follows:

F shearing force applied to ends of side of box
M bending moment applied to ends of side of box

F, shearing forces applied by dbulkheads 1 and 4
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P, shearing forces applied by dbulkheads 2 and 3

g Vtoroue.applied to ends Qf'box

8y -'ebhearing Foree per inch along corner of box between
end of. box and bulkhead 1 and between bulkhead 4

gnd otner..end of ‘Box

sz - shearing force .per inch along_cdrner of box between
bulkheads 1 and 2 and between bulkheads 3 and 4

s, shearing force pér inch along corner of box between
bulkheads 2 and 3

E Young's modulus of elasticity

G shear modulus of elasticity

A area'of a side of box including reinforcements

ko gshear constant for side of bOX .

2 moment of iner tia, including" longituilnﬁl reinforce-

ment by strlnvere gnd corneér po%ts,“of a’'side of
the box about an acdis through center line -and
normal to plane of slde : :

T shearing stress

5 wall thickness

B50F ' & e ;
Gz 1L atglh r ahglt = L N h

B °A %A

: ah 4% 8%~ 2h

2a width of side
l length of box
X distance from left end of box
Yy transverse displacement of side in its plane
6 twist per unit length of box

Subscripts:

t one pair of gides
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h other pair of sides

b bending deformations
s shearing deformations
ANALYSIS

Bredt'!s Theory

Bredt, in 1896, developed a theory for torsion in
thin tubes which is quoted by Timoshenko on page 270, of
reference 2, This theory makes use of the membrane anal-
ogy to calculate the torque resisted by the tube. It
assumes that the ends of the box are free to warp and
does not take account of bending stresses or of reinforce-
ments such as bulkheads. On the basis of Bredt's theory
the twist per unit length in the box would be uniform and
given by

/ﬂ
g = T / ds
442e¢ /8

where A 1is the area enclosed by the sides of the box
and ‘/P %f— ig.the integral around the box off thellrectine

rocal of the wall thickness. For this box (fig, 1)

Comparison of this formula with the observed twists given
in figure 6 indicates that the box was twisted 20 to 50
percent less than would be indicated by the formula.

The shearing stress T 1in the shear web is, acgord-
ing to Bredt's theory,
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T = T = 0,0278T
2(2a¢2ay )6y St

This value is about 18 percent less than the measured
values plotted in figure 8.

It is apparent that Bredt's theory is inadequate in
describing the torsion of the monocogue box., A more ac-
curate description was obtained by the analysis given in
the following section.

Torsion of Monocogue Box with Bulkheads
and Corner Posts -

. An  analysis of the torsion in a monjocoque box with
bulkheads: &nd- eorner posts was derived by treating the
box as an assembly. of four beams with.wide webs which- areé
Joined at the edges and to which transverse forces are
applied at the bulkheads.

This analysis differs from:similar analyses of box
beams in torsion by Reissner (reference 3), Ebner (refer-
ence 4), Williams (references 5 and 6), and Payne (refer-
ence 7) in taking account of the effect of the individual
bulkheads-instead  of assuming the section 6f the box beam
to remain rectangular at all points, as would be done for
an infinite number of bulkheads. OConsideration of the
individual bulkheads seemed advisable in the present case
of bulkhead spacings which are comparable with the trans-
verse dimensions of the box, in order to compute the
forces acting on the bulkheads.

It follows from the equilibrium'of forces and moments
acting on a portion of the side between adjacent bulkheads
(fig. 12) that the longitudinal shear s per unit length
at the extreme fiber must bé con&tant. At the section x
= constant, where 41/6 < x < }, according to the simple
beam theory: 3

2. .
d - . G d ,
g S d T L L R) - Heeg (V= a) i )

2
dx

By integration:
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dy 2
0 =2 s - Mz + (B - 28s,) (lx - %;) + constant (2)

The integration constant may be determined by assuming
rigid clamping of the sides at the end of the box:

ax

= {0,

therefore

’

BI %?2 & MlL - %)~ (1/2) (F = Bae, ) (L & =5
- 3

2

(3)

According to the simple beam theory this slope produces
a longitudinal displacement afdyp/dx) toward the ends

of the box at one extreme fiber and an eaual displacement
away from the end of the box at the opposite extreme
Fiber., The condition of _continuity of the box reguires
these displacements to be equal at adjoining extreme
fibers:

dy ., dy
ay th hb (4)
dx

If equation (3) is substituted in both-'sides of equation

(4),

Ti‘ [Mt (1 - x)~(1/2) (Fy - 2a4s,) (1 - x)z]

3
In

[Mh (1 - %) - (1/23(0y = 2upi, 00 x)2](5)

In order for equation (5) to be true for all values of x,
Bl eemfrficients of (1 - x) apd@ (1 - x)° =eet DU
zero.

a.M a, M,
o & H04 bk, _ (6)
Iy In
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-SA - atFt . ahFh>/ ’gat i 2a-h3> : : (7)
g =

It \ It Ih -
Between x = %} and x = %}

ae
EI yb = - gasg (é_l'_ - x) + F(l - X) 4 Pl <.Z:L._Z',_ —-X>
dx® 5 5 \

2asyl
W etk s (8)
5
Integrating gives
dy Bos.-l.  2az:1 4P, 1
EI——b=<_ A LR 1—M+Fb>x
dx 5 5 5}
F B $
# (852 - = - —l> x2 + constant (9)
! 2 2
41 : 3 o o
R X S the slope given by equations (3) and (9) is
fhe same. This value determines the constantAin equation

(9). Substituting for the constant in eouation (9) its’
value gives

dy '_ ' TR
EI J:(ase—_E_‘.-E.]'_)Xg-l*(Fl,-{-ﬁ}__L—M-.zasll._"BaS” >x
. d 2 5 5 5

17 2 2 - 2 2
Lol BELA M1 F 938, 1} 2 l6assl
2 25 , 25. 2 2h

(10)

Substituting equation (10) in equation (4) and equating
the coefficient of x® to zero gives




NACA Technical Note No, 872 i

at<Ft -+ Plt) ah<Fh + P1h> !/2at2 Eaha\
Sg = I e - K I o+ I (ll)
t h 7 t By Al

Equating the coefficient of x and the constant term to
zero leads again to equations (6) and (7).

Similarly, between x = %i suaieh l ioe = %”
3 o
d 2y A
. Bl - &l . i 41
EI dx3 = - Bass <?;'* X> a5 F(L - A) ar Pl (Er- X>
2ag, l 2asyl
31 1 2
+ P, o~ = - -
P, (5 x> : - M (Le)

Integrating and determining the constant so that the slopé

31

Qi X o= 5 equals the value given by equation (10) results
in -
CAN 6as 1 2aszl . “2as,;l 4P, 1 3P 1
——‘ = - - - - - + Fl + +
i < 5 ™ hae e p 5 5 >X

P P, . TI®  1BP 4" 9B 0P
+ (as LT —3> x° - - = - - + Ml
3 2 2 2 2 50 50
gaslle 7a3312 9u3312 (
o e e KT 13)

Substituting (13) in (4) and equating the coefficient of

x® to zero gives

at@t—FPlt—‘-Pzt\ al<n+P1 +P2h)’

(2 £ 4
4 I By l

{1

2 .
(2& 2ah b

——-—+--——) (1)
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2
d7yy : l
The curvature - - 18" 2ero by symmetry when x = .
. ‘ dx ; ; <

From equation (12) this value gives

T P Rl 2as, | 2asgl 8.8n I
2 S : W s L Sk 3 (15)

M= =
2 1.0, . . — 30 2 1B : Or e = 5]

In addition, there is a deflection of the side due
to shear in its plane by the transverse forces F, P,,

and P,. The slope due to shear between x = %} and

s lihil ) 8
d
da . . (16)
gtxs GA

where k 1is a constant depending on the stress distribu-
tion (reference 8)., For example, a rectangular section
that is free at the ends has a value of k = 1,5, while
for the same section when clamped at the ends, k = l.2.
Between x = 31/6 and x = 41/5,

ds T 1 '
CA WSl (17)
(515 GA
and between x = 21/6 and x = 31/5,
dy o i s Bl bR (18)

The slope of a side of the box between x = 41/5

and x = 1 is, from equations (3) and (16),
dy dy dy " 2 "k%-' B,
e L L G ew) - LB Ras) - 2 = (19)
dx ax dx EI 2

Integrating this eguation gives
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2 :

il M 1 3 kFx :
R de . e o - — —_— St t 20
[ = R > (F = 2as:)(1 x) J-+ 5 + coF ant (20)

41

The increase in y between x = ra and % iR e
o ot _i__. 2 2 3 ﬂl. :
B - et <15M7, - F13 + 2as,1 >+ GA E (21)

" The box must maintain its rectangular section at the
reinforced ends and at the bulkheads. The increase in
transverse displacement of the sides between end sections
and bulkheads must, therefore, be such as to produce rota-
tion of all four sides through the same angle: -

Ay by
ot (22)
ah at, i
Substituting from equation (21) in equation (22)
yields
 F
T — <15M B Bl P Bk L:">+ Tl ok
’75OEItah b v £~ GAtah 5}
1
1 < = 2 3 3 S =
= —1—— (1emy1% - F 1%+ 2aye,d >+ —bhh 1 (23)
The increase in y Ybetween x = %} and %% ig, Trom
equations (10) and (17),
T . z i ok i 3 .3 B4 Bal 1
by, = 4”1‘51 <78 =Pyl +12asql +2assl | +k o2 b 2l
O 2 1 2 TR

From equaticn (22);
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1 Ft +.Plt

s (U512 - TRy1Y - By, 1% 12ag8y 10 2ats?ﬁ>+ BT
T508T ey, \ ~ \ | P

e e 15 P - 1P 1Dy 1+ Begea]” +jl~jﬁl§l (25)
= 750BIne;, \"at ~ Fh h i i GApag 5 7

2 7z
The increase in y Dbetween x = %%’ and ?} is, from
equations (13) and (18),
1 - 3 ! 3 3
SR e - - o +
B9y = Taom (75ML 19F1 7P 1 Py 24as, 1

GA 15)

* 12as,1° + 2as3l3> ¥k (26)

When equation (22) is applied,

o
R
\J
L
o
o~
1
et
L0
kel
oF
& 1
!
-
o
It
o
A
!
bl
(V)
ot
o
3
o
=
)
[97]
-
o4
o

ik Plt + Fo

1k g
= t = t ! = .'}T <7 blﬂjﬂz
Ghgay 3 o sl SRy |

+ 12apsal® + 2apsal’) + Sl RN

Simplifying equations (23), (25), and (27) by sub-
stituting for s,;, sy, 85, and M their walues as given
by equations (7), (11), (14), and (15), respectively,
gives
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@ = idizs hFJ - l}ach W 9ahP1t - 9utP11 + 3a ant - BBtP Ry

L(utFt)/(Atvn) - (khFh)/(Ahat)J (a4®In + ap®Iy) (28)

0 = 3lapFy — 3laghy + 25ahP1t - 2§atPlh + 9apPo, — 9¢ LtP,,l

e.H

o <t+P1> :11@h+P1*> o
52 [ - = ](at&lh b ‘"’tht> (29)

Agen Apag

0 = 37apFy - 3TagFp + 313hPlt - BlatPlh + l}atht - 13atP2b

W T R TR - I (B 4P 4P, '
1508 | t< t e & ) h( h 1 = ) = !
. Rt <§t~1h+-ah21t> (30)

+ =2 L
12G Apay Ap e

1%

It will be immaterial whether the corner posts are
apportioned to the moment of inertia It or I, -sinee,

in equations (28), (29), and (30), the moment of inertia
enters only in the expression (a4®Ip + ap®Iy), which

does not vary with this apportionment.

The torque applied to the ends of the box is given
by

T = 2apFy + 2a4Fy (31)

Since the torque applied at the bulkheads is zero,

0

n

BapPy, + BagPyy (32)

(@]
l

2anPa, + R2atPay (32)
The six unknown forces Fi, Fy, Plt’ Plh' Pzt- and
Pah can now be determined by solving simultaneously equa-

Eiens (28), (29), (BO), (31), (32), and (B3) with TS EEs
sl by,
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Tlom, v ..
Tt = - — 34
. 304 + 160C + 130°  150Eky 1 (5
e o 5 (3@ In + ah“1t>
112 + U0C + C°  17GA ="
14+ ' — .
304 4+ 1600 + 13C°° 150Ekp e i
— = 5 4 = ({’.h - = at .Lh
12 400 + 8 1°GAnat
m' BN
By C(,Lt
Fh = 2 (35)
304 + 160C + 130 150Eky, ( o1 s
3 + e = 84.° I T 3~'\~'7’a-"'
T2 & UEp & 0°. 1SGhearc N© 1. g
1+ T s
304 + 1600 + 13C° 150k 2 2
T ) <%t In + atht'>
112 + 4oc + ¢ 1°GAgan®
%2 + 18C (at >
Bl B =¥ (36)
1t 112 + 400 + C3 \ap B b
5 a
112 + 400 + 02 ‘a4
-24 4+ 6C (32 > I e
P d b e Wy & (38)
G 112 + 400 + 02 \ap © i
) Tl ) /a X
P £ -24 + 60 __h__ T o > < (39)
i 112 + 400 + 03 \ag 't ® : '

The average twist per unit length in the end bays
between . x'= 41/5 and ~x = 1 1g giveni by-

Sl S Tl T (40)

Substituting from equation (21) gives
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iy s ¥
g, = CIRER S (}SMtla - ths + 2atslls> + L
150lapEly GAtan

Substituting for My ‘and: -.s, their values as :given by
equations (15) and (7), respectively, yields

e < | £t
= 13ayFy - 13a.F
CH! i - . k- i
P008 a1y + ay It)
k. F
+ 9apPy, - 9ayPy, + BapPs, - SatPgh> § e 6 (42)

Similarly, the average twist per unit length in the second

bay between x = 31/6 and x = 41/5 is, from equation
(24),
i 12
2 = ; 3lath - Slach * 25ahP1t
300E<at21h + ah31t>
g et Plt
~ 25a4P,, + 9apP,, - 9atP > R (43)
t 5oy h¥fayg bray B Ghyas

and the average twist per unit length in the center bay
between x = 21/5 and x = 31/6 1is, from equation (26),

-‘2

300E @tglh + ah21t>

B =

. <S7ath -~ 87a4Pp + BlapPy,

Ft + Pl‘t‘,'+ Pet

= 31atP1h+ lSatht—-lgatP2h>+ kg (42)

G'A't ah
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COMPARISON BETWIEN TEEORY AND EXBERIMENT

The side & of the box (fig. 12) was taken as the
cover plate and included the stringers; the side h was
taken as the shear weébd” and included the corner posts.
Brom fizure 1 o

1l

at 12 inches
apb = & 1inches
L = 95 dinches
Iy = 46.0 inches4

64.3 inches®

-t
=g
]

Ay = 1.290 inches?

2.94 inchesz

.
=2
it

ay®ly + ap”Iy = 10,410 inches®

The shear constant kt was determined on the basis

that all the cover plate was effective in transmitting
shear and that the stringer.areas conttributed nothing to
the shear resistance:

Boman. L

B . 5 TR

kt =

The shear constant kp was determined on the basis

that those parts of the shear web and the 4—1nch rein-
forcing plate lying between the cover plates (less than
5 in. from the center line) were effective in transmit-
ting shear and that the rest of the corner post area
contributed nothing to the shear resistance:

2.94 )
= > = .845
" 0% % 10 % 2 X 0.25 % 1,688 L
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The elastic properties are, from table I:

E =10.6 x 10° pounds per square inch
w = 0,32 = Poigson's ratio
B 6 .
G = —————— = 4,01 x 10  pounds per square inch
SN TS :

The computed constants are

¢ - 15O

2 2.\
e L In + an It/

~ 150Eky
L?GahaAt

(atelh.*'-

150Ek

h 2] +
ZzGatgAh <at‘1h

k x
= TS SRR W

Lap®Ay  ayAn/

ah21t> =« 5058
ahalt> = 1.99

The forces at .the ends and at the bulkheads .are,

from equations (34) to (39),

Fy = 0,02080 T pounds
F, = 0.03300 T pounds
Fyp, = 0.01582 T pounds
Plh‘: ;0.00GSO T pounds
Fay = 0.00408 T pounds
Psp = -0.00170 T pounds

It ds interesting to note the rapid"décrease in the
force applied by the bulkheads in passing from the ends

toward the center of the box.
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The average twists per unit -length between bulkheads
are, from eguations (42) to (44).

10661= 0.00105 T radian per inch (end bay between x::%%-and x=1)

10°6, = 0.0016% T radian per inch (second bay between x;:%% and x:=5l)
3058~ 0.00179 T radian per inch (center bay vetween x==§l and x==%%)

2 F
2

These twists are compared with tlie measured twigsts in fig-
ure 6. The theory gives a consistent increase 'in twist
per unit length in passing from the ends toward the cen-
ter, while the measurements show about 10 percent less
twist for the center bay than for the two adjacent bays.
(See also fig, #.) ' : '

The average shearing force per unit depth of center-
bay shear web is

B + Py +Ps i AR
JBTTIT B 0,03300 -0,00660~ 0,00170 e i
Bay X " 2x5 = 0. 7 T pounds per inc

Since the forces resisting bending are mostly in the cor-
ner posts, the shearing force should be nearly constant,
except at the corner posts, and the shear stress may be
obtained by dividing the shearing force pef inch Dby the
thickness of the wall. On this basis, the stress at the
center of the 0.075-inch shear web is '

0

(]

8z

[a%]

%g—i = 0,0329 7 poundsg per ‘sguare. inch

(@]
C

and for the stress at the inner side of the 0.25-inch re-
inforcing plate

= 0.0076 T pounds per square inch
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Thegse stresses are compared with the measured stresses in
figure 8. The theoretical values agree closely with the
measured values. : : :

The strain ‘due to bending in the upper corner post
‘09f the t side or the lower .corner post of the h . side

(flz, 12) 1s
2. e 3=
- <d Iy a1 (d §/b>
ax® /¢ TR Iy

From equations (8), (15), (11), and (14) with x = %%
this expression reduces to

atayl Pet+_atP

ah
- anFy + atFp - nhP1t+-atP1h—

1 21,
h>= 11.71 T x 1071°
2 3

=1
bE <at Int ap° It

9 §
Gall, with x = %ﬁf‘ by use of equations (12), (15), (7),

(11), and (14) the expression meduces to

17ayapnl

) L1
— apFi = atFp+ anPi, - atPiy, + anPa, - 24Pz >: ~ 4.30T10
1908 {2y Iy + ah21t> ; LR h % 5

These theoretical values are shown in figures 9 and
10, Theoretical valués for the strains in. the stringers,
"derived on the assumption that the strasin due to bending
‘varies linearly across the sides of the box, are also
given in figures 9 and 10. The theoretical and observed
values are in agreement.

The buckling load of the cover plate was computed
from values for the critical buckling stress givenm in ref-
erence ‘9. The cover plate was divided by the stringers
and bulkheads into panels having a width to length ratio
of '1'% = 0.21, The thickness of the plate was 0.026 inch
and the width 4 ‘inches. If it 1s assumed that bhe string-
ers give simple support, the critical buckling stress is
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Tayp (simple support) = 2260 pounds per‘sauare'inch

If it is assumed that the stringers give clamped support
and . that the.ratio of critical loads.for.clamped and sim-
ply supported plates having a width to length ratio of
0.21 is the same as the ratio for infinitely lang plates,

8498

Ter (clamped) 5 25

2260 = 3790 pounds per sauare inch

The shearing stress at the center of the cover plate
(t side) is ;

kg

2.063 o
ool =0 B, a S8 YOO 02080+ 0, + 0.,0040
i (my + By, + B3, )= 2283 <o». 2050+ 0,01652+ 0.00408 )T

= 0,0651 T pounds per gsauare inch

The critical forques are-therefore

T (simple support) = EQ%SEI = 34,700 inch-pounds
T (clamped) = aé%ggf = 58,200 inch-pounds

The measured value of the eritical torque was 40,800
inch-pounds, a value between the theoretical values corre-
sponding to clamped and simple support at.the stringers.

CONCLUSIONS

The measured twist in the monocogue box between bulk-
heads 1 and 2 and between bulkheads 3 and 4 was consistent-
ly higher -than the measured twist at fhe center of the box
between bulkheads 2 and 3., .The reinforcement .at.the .ends
of the box, substantial though it seems,.was unable to..
transfer the torque uniformly from the end plates to the
sheet as well as to the stringers and corner posts.
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The shear stress in the shear web was independent of
the position between bulkheads within the error of meas-
urement. The ratio of measured shearing stress in the
shear web and in the corner post was inversely propor-
tlonal to the wall thickness at the points of measurement,

The measured longitudinal strains were very small,
the largest being less than 0,00004 corresponding to a
stress of only 425 pounde per square inch; this value was
about one-sixth the maximum measured shearlng stress.

: ‘Bucklinz was observed in the cover plates near the
center section of the box at a torque of 40,800 inch-
pounds., This buckling caused only a slight decrease in
the stiffnegss of the box for higher moments.

Comparison of the measured twists with Bredt's theory
indicates that the box was twisted 20 to 50 percent less
than this theory would indicate, Comparison of the meas-
ured ghearing stress with Bredt's theory indicates that
his theory gives values about 18 percent less than the
measured values.

Using an analysis of the torgion in a monocoque box
with bulkheads and corner. posts derived by treating the
box as an assembly of four beams with wide webs joined at
the edges and .subjected to transverse forces at the bulk-
heads, a check of the measured twist within 10 nercent
was Obtained. This analysis also gave theoretical values
of the shearing stresses and longitudinal stresses which
agreed closely with the measured values,

The observed buckling load of the cover sheet was .
between the computed values for simple support and clamped
support at the edges.

National Bureau of St a
Washington, D, C., Ap
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TABLE I.- MECHANICAL PROPERTIES OF MATERIAL

Young's modulus Yield strength Tensile Elongation
Sample offset = 0.2 percent strength in 2 in.
(1b/sq in.) (1b/sq in.) (1v/sq in.) | (percent)
Tension Compression | Tension | Compression

Corner angle 10.4 % 10°| 10.8 x 10° 48,000 42,000 61,600 21
Stringer 2 10.4 10.8 48,300 40,700 63,110 25
Stringer 1 10.4 1058 48,700 40,500 63,100 25
0.075-1in.
shear web 10:5 107 53,700 44,000 70,020 20
(Longitudinal)
0.026-in. top
and bottom 10.5 10.8 57 4100 46,800 73,500 18
plating
(longitudinal)
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5 Figure 1l.- Details of monocoque-box specimen. Ll
4x6 xI steel angle A1l dimensions in inches., o




Figure 2.- Over-all view of monocoque box (end plate removed).
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Figure 4.- Monocoque box mounted for torsion test with strain

attached.

gages

and twist gages
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