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CHAPTER |
GENERAL

1.0. Purpose and Use of Bulletin

1.00. IxtropucrioN. This bulletin has been
prepared for use in the design of both military and
commercial aircraft, and contains material which

. 18 acceptable to the U. S. Air Force, Navy Bureau

of Aeronautics, and the Civil Aeronautics Admin-
istration. It should, of course, be understood that
methods and procedures other than those outlined
herein are also acceptable, provided they are prop-
erly substantiated and approved by theappropriate
agency. The applicability and interpretation of
the provisions of this bulletin as contract or cer-
tification requirements will in each case be defined
by the procuring or certificating agency.

1.01. Score oF BuLLErix. The technical ma-
terial in this bulletin is contained in chapters 2,
3, and 4, and pertains to three related phases of
the structural design of wood aircraft.

Chapter 2 presents information on the strength
and elastic properties of structural elements con-
structed of wood and plywood. This information
supersedes that contained in the June 1944 edition
of ANC-18, “Design of Wood Aircraft Strue-
tures.”

Chapter 3 contains suggested methods of struc-
tural analysis for the design of various aircraft
components. Although these methods are in
many cases the same as those used for metal struc-
tures, special considerations have been introduced
which take into account the orthotropic properties
of wood.

Chapter 4 presents recommendations on the
detail structural design of wood aireraft and con-
tains some examples of how various manufacturers
have treated the solution of specific detail design

problems.

1.02. AckNOWLEDGMENT. The Panel on Sand-
wich Construction of the Subcommittee on Air-
Force-Navy-Civil Aircraft Design Criteria and the
Forest Products Laboratory express their apprecia-

tion to aircraft manufacturers and others for the
valuable assistance given in connection with
various parts of this bulletin.

1.1. Nomenelature

This section presents the definitions of standard
structural symbols which are used in the bulletin.
In addition, sections 1.10 and 1.11 are presented
to clarify the differentiation between the defini-
tions for strength and elastic properties of plywood
elements and those for like properties of plywood
panels. These sections also outline the use of
table 2-13.

1.10. DEFINITIONS FOR PLrYwooDp ELEMENTS—
Beams, Prisms, anp CoLvvns 1N COMPRESSION,
Strirs IN TENsioN. A plywood element is any
rectangular piece of plywood that is supported,
loaded, or restrained on two opposite edges only.
In defining the various strength and elastic prop-
erty terms for plywood elements the face grain
direction has been used as a reference; for exam-
ple, the subscript w denotes a direction parallel
to (with) the face grain, while the subscript =
denotes a direction perpendicular to (across) the
face grain. This is illustrated by figure 1-1.
The strength and elastic properties given in table
2-13 of the bulletin are for plywood elements.

1.11 DgFINITIONS FOR PLywoop PaneErLs. A
plvwood panel is any rectangular piece of piywood
that is supported, loaded, or restrained on more
than two edges. In defining the various strength
and related property terms for plywood panels, the

FACE GRAIN
DIRECTION

q,z,,,frc.-fﬁom\—- L £ &, ETCFROM
TABLE 2~ 13 TABLE 2-13

Figure 1-1. Plywood element (supported, loaded, or restrained
on two opposile edges only).
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side of length a rather than the face grain direc-
tion has been used as the reference. For any
panel having tension or compression loads (either
alone or accompanied by shear) the side of length
ais the loaded side. For panels having only shear
loads (with no tension or compression), the side
a may be taken as either side (sec. 2.715). For
panels having normal loads, side a is the shorter
side. The subscripts ¢ and I denote & direction
parallel to the side of length e, and thesubscripts
b and 2 denote a direction perpendicular to the
side of length @. This is illustrated by figure 1-2.

Lt s sttt v s d s LIS S LS

T_.' et

fr} .

L -
TIITEY

e 7
£, L ETC—CA‘lI'VI'tﬂfJ’T/;;g /t £y, £, ETC—CANNOT BE
EVA!. VATED UNTIL FACE EVﬂLUﬂTED UNTIL FACE
GRAIN DIRECTION IS KNOWN GRAIN DIRECTION {5 KNOWHN

Figure 1-2. Plywood panel (supporied, loaded, or resirained
on more than fwo edges).

Since, in panels, the directions in which E,, E,,
E,, E,, etc., are to be measured arerelated to the
directions of the sides of lengths a and b, it is
necessary to relate these directions to the face
grain direction before the terms can be evaluated
from table 2-13. It may be stated, therefore,
that: '
(1) When the face grain direction of a ply-
wood panel is parallel to the side of

length a, the values of E,, E,, E,, E,

etc., may be taken from the columns for

1.12. STANDARD STRUCTURAL SymBoLs For CBAPTER 2.

Ew, Ez, Efw, E_r._-;, et.c.,
table 2-13. This

respectively, in
is illustrated by

figure 1-3.
| - b I
L Ll gd //‘
T o=
=is
- [l B
=S

. 7, 7
£,.E ETC~VALUES F!?O;:& /{ £ £ FTC-VALUES FROM
COLUMNS FOR £, £, FTC, COLUMNS FOR E, £, ETC,
RESPECTIVELY, INTABLE REJPECT/VEU’ //Y TABLE
2~13 2-13

Figure 1-8. Plywood panel (face grain direclion parallel io
stde of lengih a).

(2} When the face grain direction of a ply-
wood panel is perpendicular to the side
of length a, the values of E,, E,, E,, E,,
etc., may be taken from the columns for
E., E,, E., E., etc., respectively, in
table 2-13. This is illustrated by figure
1-4.

1 & !
|—-/// IIIIIII IS IIIIIIAINAS /1
FACE GRAIN
= DIRECTION =

ey : P

a

VAl IS PSSP

£,.£, ETC—VALUES FROM £, £, ETC—VALUES FRoM

COLUMNS FDf?f £, £7C, COLUMAS £, Ef”,fTC.,

RESPECTIVELY, /ﬁ TABI_E RESPECTIVELY, IN TABLE
2-43 =13

Figure 1-4. Plywood panel {face grain direction perpendicu-

lar to side of length a ,

In general, symbols that are used only

in the section where they are defined are not included in this nomenclature.

A —aren of cross section, square inches (total).

A;  —area of plies with grain direction parallel
to the direction of applied stress.

Ap  —area of plies with grain direction per-

pendicular to the direction of applied
stress (surfaces of plies parallel to plane
of glue joint tangential to the annual
growth rings, as for rotary-eut or flat-
sliced veneer, flat-sawn lumber).

a —the length of the loaded side of a plywood
panel for compression or tension loads,
and the length of either side for shear
loads (sec. 2.715); subscript denoting
parallel to side of length ¢ for plywood
panels.
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—aren of plies with grain direction per-
pendicular to the direction of applied
stress (surfaces of plies parallel to
plane of glue ioint radial to the annual
growth rings, as for quarter-sliced
veneer, yuarter-sawn lumber).

——circumference.

-—diameter.

—depending on direction of stiffeners,
E. 2 E.t
—1-2—)\! or 1—2):} -

—same as D, except that the stiffener is
considered to be an extra ply of the
plywood.

—same as D), but these are effective values
applicable to the stiffened panel as a
whole.

—depending on direction of stiffeners,
E.tt E.f
Tox, °F Ton,

—same as D, except that the stiffener is
considered to be an extra ply of the
plvwood.

—same as IJ; but these are effective values
applicable to the stiffened panel as a
whole.

Gruat®
12

—same as D, except that the stiffener is
considered to be an extra ply of the
plywood.

—same as Dy; but these are effective values
applicable to the stiffened panel as a
whole.

—the length of the unloaded side of a ply-
wood panel for compression or tension
loads, and the length of either side for
shear loads (sec. 2.713); subscript de-
noting parallel to side of length & for
plywood panels; subscript denoting
“bending’’ for solid wood.

—subscript denoting “‘bearing.

—end-fixity coefficient for colummns; sub-
script denoting ‘‘compression’; dis-
tance from neutral axis to extreme
fiber.

—distance from neutral axis to the extreme
fiber having grain direction parallel to
the applied stress (plywood).

—subscript denoting ‘“‘critical.”

—depth or height.

Ly
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—modulus of elasticity of wood in the
direction parallel to the grain, as de-
termined from a static bending test.
(This value is listed in table 2—4.)

—modulus of elasticity of wood in the
direction radial to the annual growth
Tings.

—modulus of elasticity of wood in the
direction tangential to the annual
growth rings.

—modulus of elasticity of wood in the
direction parallel to the grain, as de-
termined from a compression test
(value not listed in- table 2-3, but ap-
proximately equal to 1.1 Ej).

—effective modulus of elasticity of ply-
wood in tension or compression meas-
ured parallel to the side of length a of
plywood panels.

—eflective modulus of elasticity of ply-
wood in tension or compression meas-
ured perpendicular to the side of
length @ of plywood panels.

—FE, or E, as required.

—effective modulus of elasticity of ply-
wood in tension or compression meas-
ured parallel to (with) the grain direc-
tion of the face plies.

—effective modulus of elasticity of plywood
in' tension or compression measured
perpendicular to (across) the grain di-
rection of the face plies.

—effective modulus of elasticity of plywood
in flexure (bending) measured parailel
to (with) the grain direction of the face
plies.

—effective modulus of elasticity of plywood
in flexure (bending) measured per-
pendicular to (across) the grain direc-
tion of the face plies.

—same as Ky, except that outermost ply
on tension side is neglected (not to be
used in deflection formulas.)

€r

€p

€L

€LR

Erp

—unit strain (tension or compression) in
the L direction.

~—unit strain (tension or compression) ip
the B direction.

—unit strain (tension or compression) in
the T direction.

—unit strain (shear); the change in angle
between lines originally drawn in the
L and T directions.

—unit strain (shear); the change in angle
between lines originally drawn in the
L and R directions.

—unit strain (shear); the change in angle
between lines originally drawn in the
T and R directions.
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E,

E,

Fbrp

FbrT

bru

FCCT

'FcpT

Fcpw

Fcp:

—FE, of a stiffener. -

—effective modulus of elasticity of plywood
in flexure (bending) measured parallel
to the side of length e of plywood
panels, or parallel to the axis of ply-
wood cylinders.

—-effective modulus of elasticity of plywood
in flexure (bending) measured per-
pendicular to the side of length a of
plywood panels.

—allowable stress; stress determined from
test.

—allowable bending stress..

—modulus of rupture in bending for solid
wood parallel to grain.

—fiber stress at proportional limit in bend-
ing for solid wood parallel to grain.

—-bearing stress at proportional limit par-
allel to the grain for solid wood.

—allowable ultimate bearing stress per-
pendicular to grain for solid wood
(either radial or tangential to the
annual growth rings).

—allowable ultimate bearing stress parallel
to grain.

—allowable compressive stress.

—ecritical compressive stress for the buck-
ling of rectangular plywood panels.

—stress at proportional limit in com-
" pression parallel to grain for solid
wood.

-~ stress at proportional limit in com-
pression perpendicular to grain for
solid wood (either radial or tangential
to the annual growth rings).

—stress at proportional limit in compression
for plywood having the face grain di-
rection parallel to (with) the applied
stress.

—-stress .at proportional limit in compres-
sion for plywood having the face grain
direction perpendicular to {across) the
applied stress.

Io

Ior

fe

ch

—internal (or calculated) stress; subscript
denoting “flexure” (bending) for ply-
wood.

—internal (or calculated) primary bending
‘stress.

—-internal (or calculated) bearing stress.

~anternal (or calculated) compressive
stress. '

—internal {or calculated) compressive stress
in a longitudinal ply; i. e., any ply
with its grain direction parallel to the
apphed stress.
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—stress at proportional limit in compres-
sion for ply wood having the face grain
direction at an angle ¢ to the applied
stress.

—ultimate compressive stress parallel to
the grain for solid wood.

—compressive strength perpendicular to
grain for solid wood (either radial or
tangential to the annual growth rings)
(sec. 2.1000).

—-ultimate compressive stress for plywood

having the face grain direction parallel
to (with) the applied stress. )

—ultimate compressive stress for plywood
having the face grain direction per-
pendicular to (across) the applie
stress.

—-ultimate compressive stress for plvwood
having the face grain direction at an
angle 6 to the applied stress.

—allowable shearing stress.

—critical shear stress for the buckling of
rectangular plywood panels.

-—modulus of rupture in torsion.

—ultimate shear stress parallel to grain for
solid wood.

—ultimate shear stress for plywood,
wherein ¢ designates the angle between
the face grain direction and the shear
stress in a plywood element so loaded
in shear that the face grain is stressed
in compression.

—ultimate shear stress for plywood,
wherein 6 designates the angle between
the face grain direction and the shear
stress 1n a plywood element so loaded
in shear that the face grain is stressed
in tension. _

—ultimate shear stress for plywood ele-
ments for the case where the face
grain 1s at 0° and 90° to the shear
stress.

—allowable tension stress.

—aultimate tensile stress parallel to grain
for solid wood.

—tensile strength perpendicular to grain
for solid wood (either radial or tan-
gential to the annual growth rnngs). -

Is

I
S

—internal (or calculated) shearing stress.

—internal (or calculated) tensile stress.

—internal (or calculated) tensile stress in a
longitudinal ply (any ply with its grain
direction parallel to the applied stress).
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—ultimate tensile stress for plywood having
the face grain direction parallel to
(with) the applied stress.

~ultimate tensile stress for plywood having
the face grain direction perpendicular
to (across) the applied stress.

—ultimate tensile stress for plywood hav-
ing the face grain direction at an angle
f to the applied stress.

—mean modulus of rigidity taken as ¥g of
E..

—modulus of rigidity associated with shear
deformations in the LT plane resulting
from shear stresses in the LR and BT
planes. '

—modulus of rigidity associated with shear
deformations in the LR plane resulting
from shear stresses in the LT and RT
planes.

—modulus of rigidity associated with shear
deformations in the TR plane resulting
from shear stresses in the LT and LR
planes.

—a constant, generally theoretical.

—moment of inertia.

—polar moment of inertia.

—torsion constant (J, for round tubes).

—a constant, generally empirical.

—Jlength; span; subscript denoting the
direction parallel to the grain.

=# where ¢ is the end-fixity coefficient.
vC
—applied bending moment.

—applied load (total, not unit load).

—static moment of a cross section.
—subscript denoting the direction radial
to the annual growth rings and per-
pendicular to the grain direction.
—shear force.

—applied torsional moment, torque; sub-
script denoting the direction tangential
to the annual growth rings and per-
pendicular to the grain direction.

a

T

2

psi

te

—Ilength of side of panel and equal to @ or
b as is required.

—height or depth.

—subscript denoting “3* ply.”’

—stiffness factor  EI/P
—stiffness factor
Efwl-‘f:w+2)‘fow:
VEwEy,
—not used, to avoid confusion with the
numeral 1.

—number of half waves.

—number of plies, number of stiffeners.

—subscript denoting ‘“polar’’; subscript de-
noting ‘‘proportional limit”; load per
unit area.

—pounds per square inch.

—shear flow, pounds per inch.

—radius; adjusted ratio length to width

e

—distance ¢ to ¢ of adjacent stiffeners;
subscript denoting ‘‘shear’.
—thickness; subscript denoting ‘“‘tension’.

—thickness of central ply.
—thickness of face ply.
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-—section modulus, I/e
—polar section modulus, I, /c.

HLr

—subscript denoting “ultimate”,

—deflection of plywood panels; load per
linear inch; subscript denoting parallel
to face grain of plywood.

—subscript denoting perpendicular to face
grain of plywood.

—distance from the neutral axis to any
given fiber.

—distance between center of panel and
neutral axis of panel stiffener combina-
tion.

-—the angle between side of length & and the
face grain direction as used in the de-
termination of buckling ecriteria for
panels (sec. 2.71). '

—deflection.

—ausually the acute angle in degrees be-
tween the face grain direction and the
direction of the applied stress; angle of
twist in radians in a length (Z).

—Poisson’s ratio of contraction along the
direction T to extension along the di-
rection L due to a normal tensile stress
on the rr plane; similarly, urp, uar.
Hre, prr, 80d prr.

—radius of gyration.

—usually the acute angle in degrees between
the face grain direction and the axis of
extension. :
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CHAPTER 2
STRENGTH OF WOOD AND PLYWOOD ELEMENTS

2.0. Physical Characteristics and Factors Af-
fecting the Strength of Wood

2.00. A~xisoTroPY OF Woobp. Wood, unlike
most other commonly used structural materials,
is not isotropic. It is a complex structural
material, consisting essentially of fibers of cellulose
cemented together by lignin. It is the shape, size,
and arrangement of these fibers, together with their
physical and chemical composition that govern the
strength of wood, and account for the large dif-
ference in properties along and across the grain
(ref. 2-20).

The fibers are long and hollow tubes tapering
toward the ends, which are closed. Besides these
vertical fibers, which are oriented with their
longer dimension lengthwise of the tree and com-
prise the principal part of what is called wood, all
species, except palms and yuccas, contain hori-
zontal strips of cells known as rays, which are
oriented radially and are an important part of
the tree's food transfer and storage system.
Among different species the rays differ widely in
their size and prevalence.

From the strength standpoint, this arrangement
of fibers results in an anisotropic structure, that
accounts for three Young’s moduli differing by
as much as 150 to 1, three shear moduli differing
by as much as 20 to 1, six Poisson’s ratios differing
by as much as 40 to 1, and other properties
differing by various amounts. Not all of these
wood properties have, as yet, been thoroughly
evaluated. '

Figure 2-1 shows a diagrammatic sketch of the
cellular structure of wood. Each year’s growth is
represented by one annual ring. The portion of
the growth occurring in the spring consists of
relatively thin-walled fibers, while that occurring
during the later portion of the growing season
consists of fibers having somewhat heavier walls.
Thus, there is, for most woods, a definite line of

demarcation between the growth occurring in
successive years. The relation between the cel-
lular structure of the wood and the three principal
axes-—longitudinal (L), tangential (T), and radial
(R}—is indicated on the sketch. Figure 2-2
shows the relation between these axes and (@) the
log, (b) a flat-sawn board or rotary-cut veneer, and
(¢) an edge-grain board or quarter-sliced veneer.

2.01. DENSITY OR APPARENT SPECIFIC GRAVITY.
The substance of which wood 1s composed is
actually heavier than water, its specific gravity

- being nearly the same for all species and averaging

about 1.5. Since a -certain proportion of the
volume of wood 1s occupied by cell cavities, the
apparent specific gravity of the wood of most
species is less than unity.

Relations between various strength properties
and specific gravity have been developed (table
2-1) and are useful in estimating the strength
of a piece of wood of known specific gravity.
Considerable variability from these general rela-
tions is found, so that while they cannot be
expected to give exact strength values, they do
give good estimates of strength. Minimum per-
missible specific gravity values are listed in
section 2.10. _

The exponential values shown in table 2-1 apply
to variation within a species. That is, they are to
be used in determining the relation between the
strength properties of pieces of the same species
but of different specific gravity. “For expressing
the relation between the average strength proper-
ties of different species, the exponential values are
somewhat lower. Such values are shown in table
14 of U. S. Department of Agriculture Technical
Bulletin 479 (ref. 2-37).

2.02. Morsture ConTENT. Wood 1n the natural
state in the living tree has considerable water
associated with it. After being converted to
lumber or other usable form, or during conversion,

9
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wood is commonly dried so that most of the water
1s removed.

The water is associated with the wood in two
ways, either absorbed in the cell walls, or as free
water in the cell cavities. During drying, the
free water in the cell cavities is removed first, then
that absorbed in the cell walls. The point at
which all the water has beenremoved from the cell
cavities while the cell walls remain saturated is
known as the fiber-saturation point. For most
species the moisture content at fiber saturation
1s from 22 to 30 percent of the weight of the dry
wood.

Lowering the moisture content to the fiber-
saturation point results in no changes in dimension
or in strength properties. Lowering the moisture
content below the fiber-saturation point, however,
results in shrinkage and an increase in strength
properties.

Wood s a hygroscoplc material, continually giv-
ing off or taking on moisture in accordance with the
relative humidity and temperature to which it is
exposed. Thus, while the strength of a piece of
wood may be increased to a relatively high value
by drying to a low moisture content, some of that
increase may be lost if, in use, it is exposed to
atmospheric conditions that tend to increase the
moisture content. While paint and other coatings
may be employed to retard the rate of absorption
of moisture by wood, they do not change its hygro-
scopic properties, thus a piece of wood may be
expected to come to the same moisture content
under the same exposure conditions whether
painted or unpainted. The time required will
vary, depending upon whether or not it is coated.
It is desirable, therefore, to design a structure on
the basis of the strength corresponding to the con-
ditions of use.

Moisture content is generally expressed as a
percentage of the dry weight~of the wood. The
percentage variation of wood strength properties
for 1 percent change in moisture content is given
in table 2-2. Since this variation is an exponential
function (ref. 2-85), it is necessary that strength
adjustments based on the percentage changes
given in the table be made successively for each 1
percent change in moisture content until the total
change has been covered. Figure 2-3 is a chart
by means of which the ratio between the adjusted
strength and the original strength may be deter-
mined approximately if the proper correction
factor is obtained from table 2-2 and the differ-
ence i moisture content for which correction is

desired is known. For positive correction factors
in table 2-2, the original strength is multiplied by
the strength ratio factor determined from figure
2-3 for adjustments involving decrease in moisture
content, and divided by the strength ratio factor
for those involving increase in moisture content.
For negative factors in table 2-2, the original
strength is divided by the strength ratio factor for
adjustments involving decrease in moisture, and
multiplied for adjustments involving increase in
moisture.

Table 2-1. Varigtion of wood strength properties with

specific gravity !

E_(,g_)"
Sr"_ gr
S =strength at specific gravity g

§’==strength at specific gravity ¢’ (usually average
values from column (2) of tables 2-6 and

2-7)

Statie bending: n
Fiber stress at proportional Hmit_________.___ 1. 50
Modulus of rupture. - . ___ .. ___________... 1. 50
Modulus of elastieity. .. . .- 1.25
Work to maximum load.____ . . _____.__.._ 2,00
Total work- . 2.25

Impact bending:

Fiber stress at proportional limit____________ 1. 50
Modulus of elastieity. . ... .. .. oo o.. 1. 25
Height of drop_ o oo oo . 2,00

Compression parallel to grain:

Fiber stress at proportional limit________.___.. 1. 25
Mazimum erushing strength._________.__.___ 1. 25
Modulus of elastieity. ... PR 1. 25

Compression perpendicular to grain:

Fiber stress at proportional limit_.__ .. ...... 2. 50

Hardness—end, radial, tangential . _______._...._ 2,50

1 Values in this tabie =pply only to variations within a species. See section

2.01.

2.03. SarinkaGe. Reduction of moisture con-
tent below the fiber-saturation point results in a
change in dimension of the wood. Shrinkage mn
the longitudinal direction is generally negligible,
but in the other two directions it 1s considerable.
In general, radial shrinkage is less than tangential,
the ratio between the two varying with the species.

A ‘quarter-sawed board will, therefore, shrink
less in width but more in thickness than a flat-
sawed board. The smaller the ratio of radial to
tangential shrinkage, the more advantage 1s to be
gained through minimizimg shrinkage in width by

11
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using a quarter-sawed board. The smaller the
difference between radial and tangential shrinkage,
the less, ordinarily, is the tendency to check in
drying and to cup with changes in moisture con-
tent.
In general, woods of high specific gravity shrink

12

STRENGTH RATIO

and swell more for a given change in moisture
content than do woods of low specific gravity.
2.04. TempERAaTURE. The strength- of wood is
greatly influenced by its temperature, but the
magnitude of the effect depends upon the moisture
content of the wood and the time of exposure.
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Figure 2-8. Strength ratio char! for use in making strength-moisiure adjusiments.
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Table 2-£. Percenlage increase in wood sirenglh properties for 1 percent decrease tn moisiure contenf !

Static bending Compres-
T sion paral- | Compres- | Shearing
Speci Fiber s o 1o | Shinrnln | son per | suengh | Bepgage
at propor- Modulus | Modulus .| maximum crushing pto grain tTlgﬂmi.n ©
tionai limit of rupture ) of elasticicy joad 2 strength
M L@ @) : ) (5) 1 ® W ® ®
i
Hardwoods: ® i
Ash,black_______ . ______ . ______ 8.9 6. 4 3.6 1.8 8 3 6. 8 5.1 41
Ash, commercial white. __ _ ... __.____ ! 4.1 3.5 1. 4 4 4.7 4.8 2.9 2.4
Basswood, American. - .. _______. : 6. 8 4.8 2.9 2.6 6.5 6. 6 4.2 4.2
Beech, American____... .. .. ._.____.__ 6.0 4.7 1.8 2.0 6.2 53 3.8 3.6
Birch, sweet. . ______. I : 6. 4 5.0 2.3 1.2 7.1 7.2 5.0 3.6
Bireh, vellow__ .. ___.____ : 6.0 4 8 2.0 1.7 6.1 56 3.6 3.3
Cherry, black . ... .. ____ ; 6. 6 3.6 11 1.0 6.0 5.5 3.5 3.1
Cottonwood oo ' 58 4.1 2.5 1 6. 6 5.7 2.6 1.8
Elm, T0CK_ oo oo oo L47 3.8 2.1 —.3 5.3 6.1 3.5 2.8
Hickory (true hickories).____.___._ ... 4.9 4.8 2.8 —. 7 59 6. 6 39 ..____.
Khaya {““African mahogany”)_ ... ..., 3.2 2.5 1.6 —. 6 3.2 3.0 .4 3.1
Mahogany. - eoio.. ‘ 2.6 1.3 .8 —2.9 2.5 3.9 |ooooo-. 1.0
Maple, sugar__ __ .. 5 2 4.4 1.4 1.9 5.7 7.1 3.9 3.4
Ouak, commercial white and red__.___. 4.6 4.4 2.4 1.7 59 4.4 3.5 1.8
Sweetgum. . oo, 6.7 4.7 2.2 1. 5 6.1 5 4 3.5 2.4
Walnut, black_________ ... ___ ' 58 3.7 1. 4 —2.6 4 8 6.3 1.0 1.0
Yellow-poplar. .. _____________ 5.0 46 2.7 1.9 6.7 4.8 3.3 2.4
Softwoods (conifers): ? ;
Baldevpress___ . _____.... et 4.6 4.0 1.6 1.8 49 3.1 1.7 2.3
Douglas-fir. . _ .. ____. ) 4.5 3.7 1.8 1.9 5.5 5.0 1.7 2.9
Fir, noble__ ... aaooo- . 5.1 4.7 1. ¢ 32 6.1 5.5 2.3 3.1
Hemlock, western. .. _______________. ‘ 4.7 3.4 1.4 .7 5.0 3.7 2.5 2.0
Incense cedar, California_____________ ! 3.4 2.1 1.8 —1.4 4.3 4.0 .4 L5
Pine, eastern white________. .. ______. ! 5.6 4.8 2.0 2.1 5.7 5 6 22 2.2
Pine, red_ oo oo ‘ 80 5.7 2.2 4.7 7.5 7.2 3.9 4.5
Pine, SUgAY. .. ooeooo oo . i 4. 4 3.9 2.1 .1 5.4 4.4 3.7 1.9
Pine, western white. _______.________ 5.3 5.1 2.2 4.8 6.5 5 2 2.5 1.5
Redcedar, western. o _.______. 4.3 3.4 1.6 1.3 51 51 1.6 2.3
Spruce, red and Sitka_ __.._______.___ 4.7 3.9 1.7 2.0 5 3 4.3 2.6 2.4
Spruce, white. . ... ____....__ 5. 8 4 8 1.9 2.1 6.3 a7 3.7 3.3
White-cedar, northern__ .. _________._. | 5 4 3.6 1.8 —1.5 5.9 2.3 2.8 3.0
White-cedar, Port Orford_______._... ' 5.7 5.2 1.6 1.7 6. 2 6.7 2.2 2.8

1 Corrections to the strengtb properties should be made snecessively for each 1 percent change in moisture content until the total cbange has been covered.
For each 1 percent decrease in moisture content, the strength is multiplied hy (14 P), where P is the percentage correction factor shown in the table, expressed
as s decimal, For each 1 percent increase in moisture content, the strength is divided by (14+F).

2 Negative values indicate s decrease in work to maximum joad for a decrease in moisture content.

3 For tension values see section 2.5411.

Although considerable literature exists relating to
permanent strength reductions resulting from pro-
longed or cyclic exposure to temperature extremes
(ref. 2—46, 2-57, 2-84) few investigations have
been made with respect to transient or reversible
effects resultine from differences in temperature
(ref. 9-2, 2-26, 2-28, 2-36, 2-38, 2-73, 2-76,
2-81).

Broadly, it would appear from data now avail-
able that prolonged exposure to temperatures

IS

above about 150° F. may result in a permanent
loss of strength, and that within the range 0° F.
to 150° F. the reduction in static strength proper-
ties (excluding modulus of elasticity) with increase
in temperature for wood at about 12 percent
moisture content, will approximate one-half per-
cent per degree Fahrenheit. The effect on impact
properties is variable and cannot be generalized.
Some data on the mechanical properties of wood
of different moisture contents over the tempera-

13



—

r— r—

..

r o

| SR SRR S S S

IS SR S

| O

ture range of —328° I. to $+392° F. are given in
NACA Technical Memorandum No. 984, refer-
ence 2-37,

2.05. Faticur ProrerTIES. The fatigue char-

-acteristics of wood have been explored to only a

limited extent (ref. 2-38, 2-39, 2—41). Tests of
the Forest Products Laboratory indicate that wood
is less sensitive to rapidly repeated loads tlian are
the more crystalline siructural materials, re-
sulting in a higher endurance limit in proportion
to the ultimate strength. Tension parallel-to-
grain and glue joint shear tests of Douglas-fir and
white oak, and tension perpendicular-to-grain
tests of Douglas-fir showed an endurance load for

30 million cycles of about 40 percent of standard

test strength for both solid wood and scarf-
jointed specimens when the minimum repeated
load was 10 percent of the maximum repeated
load for each cycle. These tests were conducted
at about 12 percent moisture content, at a tem-
perature of 75° F.

Tests of small cantilever bending specimens of
solid wood and plywood, subjected to fully re-
versed stresses under the same temperature-
humidity conditions as above, indicate an endur-
ance load of about 30 percent of the modulus of

rupture of standard static tests after 30 million

cycles of repeated stress.

Very little data are available on the effects of
notches, bolt holes, or connectors in fatigue. Some
data on the effect of notches on fatigue properties
of rotating beam specimens are given in reference
2-87.

2.06. Prastic ProrErTIES. Though it is known
that wood, iIn common with other materials of con-
struction, exhibits plastic as well as elastic proper-
ties, quantitative evaluations of the plastic char-
acteristics of wood are limited in scope (ref. 2—-34).
Thus, while recognizing that when load is applied
to a wood structural member the immediate or
elastic deformation subsequently will be increased
by plastic yield or creep, there is, at present, no
accurate means of evaluating the rate of progress
of such plastic yield, nor of predicting the time at
which failure may be expected to occur.

Preliminary investigations at the Forest Prod-
ucts Laboratory (ref. 2-66, 2-86) involve creep
tests with stresses up to 3,000 pounds per square
inch in tension and compression, up to 400 pounds
per square inch in shear, and at stress levels ap-
proaching the short-time ultimate strength in
bending. They indicate creep characteristics very

14

much alike in these strength properties at the lower
stress levels. There is reason to believe that ereep
properties differ between tension and compression
as stress values approach the short-time ultimate
strength in compression, but the difference has not
been fully explored. From these considerations,
supported by a few test results, it is believed that
joints and fastenings have similar creep properties
insofar as their strength is controlled by the
strength of the wood.

It is evident from the studies thus far completed
that creep under constant load is quite rapid at
first, and continues for long periods at a decreasing
rate, depending upon the ratio of the applied load
to that which would cause immediate failure. No
critical point in time has been found at which the
rate of creep suddenly changes or at which all creep
ceases. Neither has there been found a stress
threshold below which no creep takes place.

The studies in bending and compression have
indicated that with stresses at, or less than, 60 per-
cent of the strength in a standard laboratory test,
the ratio of creep to initial strain is approximately
constant. Since strain in this range is propor-
tional to stress, it may be said that creep is pro-
portional to stress. Both in compression and
bending, creep at 5 minutes is generally less than
2 percent, and at 1 hour is about 4 percent of the
initial strain or deflection. Where stresses in
bending exceed 60 percent of laboratory test
strength, creep percentages are higher than the
above values.

It 1s known that temperature and moisture
changes influence plastic properties, but the extent
of such effects is not known.

When load is removed from wood, the elastic
strain is recovered immediately, There is, in
addition, a recovery of a portion of the plastic
strain, relatively rapid at first, and continuing

more and more slowly for considerable periods of

time. Little is known of the nature and extent
of recovery, or of permanent set characteristics,
hysteresis, or damping capacity (see sec. 2.093).

In bending, successive repetitions of the same
load separated by periods of recovery cause
successively increased deformations which finally
lead to failure. From data now available it
appears that the sum of the periods under inter-
mittent load, until failure occurs, is somewhat
greater than the duration to failure under constant
load at the same stress level,

2.07. Impract ProprERTIES. The rate at which
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" load is applied to a wood member, as well as the

time during which it acts, has an important effect
on its ability to carry load (secs. 2.06 and 2.10).

Under extremely rapid loading conditions, such
as are obtained in impact tests where failure may
occur in a fraction of a second, 2 wood member
would be expected to withstand a force much
greater than in a standard test. Xxact relation-
ships of failing stresses under static and impact
loadings are not well known as, in impact tests,
measurement is generally made of the absorbed
energy rather than the stress imposed.

A beam subjected to impact loading in the
standard drop hammer impact bending test (ref.
2-57) may deflect about twice -as much before
failure as under static test conditions. The stress
required to produce failure under such impact
conditions is, therefore, correspondingly, about
twice as great as for static conditions.

The shock resistance of wood may be measured
by & single-blow impact test such as the ““tough-
ness”’ test described in USDA Tech. Bul. 479
(ref, 2-57) where average toughness values for
common species are listed, together with minimum
acceptance requirements for a number of aircraft
woods.

Recent data of the Forest Products Laboratory
(ref. 2-10, 2-14) show that the toughness of wood
is considerably influenced by its moisture content.
Above the fiber-saturation point, approximately
30 percent moisture content, toughness is appar-
ently independent of changes in moisture. For
drier material the toughness, in general, decreases
slowly from the green value to a minimum at
about 12 to 18 percent moisture content, and then
increases substantially with further decrease in
moisture. These conclusions are in general agree-
ment with extensive toughness and Izod tests by
the Australian Forest Products Laboratory (ref.
2-35) but it has been found that results vary
greatly among species, and no adequate general
formula can be devised to represent toughness-
moisture relations for all species.

2.08. Errecr or Liquips. Some liquids, when
absorbed by wood, adversely affect the strength
properties, others do not. In general, nonpolar,
nonswelling liguids that do not react with wood
chemically do not affect the strength (ref. 2-19).
For example, saturated, straight-chain hydro-
carbon oils, such as gasoline, kerosene, and most
lubricating oils, and aromatic hydrocarbons, such
as benzene and toluene, have no significant effect

on the strength of wood and they do not raise
the grain. :

Turpentine, mineral paint thinners, and linseed
oil will by analogy cause practically no effect upon
the strength properties nor will cleaning fluids
such as carbon tetrachloride.

Low mwolecular-weight, simple alcohols such as
methyl (wood alcohol), ethyl (grain alcohol), and
propyl alcohol and polyhydric alcohols such as
ethylene glycol (antifreeze) and glycerine swell
wood appreciably and cause & comnsiderable loss
in strength properties, varying from half to
almost the full strength loss caused by water.
In general, the crushing strength is decreased
somewhat less than it would be if swollen to the
same extent in water (ref. 2-19, 2-60).

Lacquer solvents, such as acetone, methyl and
ethy]l acetates, and ethylene glycol monoethyl
ether will reduce the strength about half as much
as water. ‘

Low molecular-weight organic acids, such as
acetic acid, will reduce the strength about three-
fourths as much as water. The high molecular-
weight fatty acids will have a much smaller but
positive effect.
~ These various liquids reduce the strength of
wood only while they remain in the wood. Vola-
tile liquids, hence, have only a short, temporary
effect upon the strength. Low volatility liquids
like glycerine will reduce the strength over con-
siderable periods of time. These are apparently
the only liquids with which the aircraft industry
need be concerned. Some hydrauhc fluids con-
taining glycerine or ethylene glycol have an
experimentally demonstrated . detrimental effect
upon the strength of wood {ref. 2-11).

Another group of liquids, strong mineral acids
and bases, have a permanent effect upon the
strength of woods as a result of chemical de-
gradation of the wood. This degradation varies
with species. The only comprehensive data
available on the subject are given in the tables 2-3
and 2-4.

2.09. MisceLLaNEOUS PEYSICAL PROPERTIES.

2.091. Coeffictent of ezpansion. The isotropic
nature of wood results in differing coefficients of
thermal expansion {«) along its radial, tangential,
and fiber axes. This anisotropy, modified by the
treatments involved, remains a basic property
of all the derived structura] produets of wood, in
which the fiber arrangement is not destroyed.

The thermal expansion of wood is so small as to

15
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Table 2-3. Delerioration due lo four weeks soaking tn acids and bases at room lemperature measured by the modulus of rupiure
relative to that for maiched wealer-soaked specimens. Concentralions, 2 io 10 percent (ref. 2-86}

i
Species Hydrochloric acid Sulfuric acid Nitric acid : Sodium hydroxide Ahn‘:ldrl;gr:ialcr‘n

i i R

|
Lareh_ e eaa 11.09-0. 81 1.11-1. 00 1. 07-0. 95 0. 96-0. 52 ; 1. 06-0. 92
Pine. .. e 1. 08~ . 84 1. 13-0. 84 1. 07- .93 | . 96— .51 | 1. 00— . 79
SPIUCE - o e e 1. 00— . 82 1. 02— .94 .98 .96 ' 93— . 44 ‘ .98 .75
Beeeh - - - et e . 96— . 55 .97- . 87 .83 .71 . 59— .31 | .67~ . 43
Oak_ ool 93— .52 .97- .82 .83 .65 | .58~ .29 | . 85— . 36
Basswood - _ .o ____ . 88— . 48 ] . 87- .81 . 76— . 57 . . 55— .21 . 61— .33

! Values grealer than itnity due to the fact that acid is more slowly ahsorbed by the wood than water.

Table 2-.. Loss in breaking load in percenl due lo soaking in acids al room temperature relative lo matched water-soaked
spectmens (ref. 2-1)

Hwvdrachioric acid Sulfuric acid Acetic acid
82 days 82 davs 135 davs
Species
5 percent 15 percent 10 percent 20 percent 30 percent i 80 percent
concentration i concentration concentration concentration concentration E concentration
Percent Percent : Pereent Pereent Percent Percent
TN U 1 50 ¢ 17 31 43 39
08K . i 54 76 48 40 39 26
Pine_ _ . o-- 18 46 11 16 20 0
be unimportant in ordinary usage, for example, R ‘f
. . . Average !
a 1 percent increase in moisture content swells Bpecies specific | _son | awir | alxiet
] o gravity ! 4 : .

vellow birch as much as does an 80° C. thermal B
expansion. Only meager data are available on . !
th Fcients of thermal expansion of wood d Yellow Birch..__.. 0. 66 38,3 30.7 3. 36

e coellicie . &l expansio an Sugar Maple. . _.__ .68 ! 353| -26.8 3. 82
wood-base materials, and investigators are not in  Yeliow-poplar. . ___ 43 29. 7 27. 8 317
close agreement in their values although there is  Cottonwood.___ .. .43 32. 6 23. 2 2. 89
general agreement that the expansion across the  Balsa._._._...... 217 3241 F16.3 |
orain is much greater than that along the grain Douglas-fir?..____. - 51 42.7 27. 9 3.16
(ref. 2-20) . Sitka spruce___._.__ .42 32. 3 23. 8 3.15
\rel. ==asb). ) , White fir_________ . 40 32. 6 21. 8 3.34

A comprehensive study of the thermal expansion Redwood . ... .. 42 | - 351 23. 6 4 28
of wood and wood-base products has been com- :

pleted recently at the Forest Products Laboratory,
and the results have been published (ref. 2-82).
In this work the variation of the coefficients of
linear thermal expansion with specific gravity was
determined on a series of solid, oven-dry specimens
of 9 different species of untreated wood. The
effects of radial compression, resin-treating, and
cross-banding on the values of the coefficients
were determined on birch laminates. The values
of the coefficients for papreg and hydrolyzed-wood
plastic were also determined. '

The average coefficients of linear thermal
expansion (a) per © C. of nine species of solid
wood (ref. 2-82) from +50 to —50° C. for the
avernge specific gravity of the species are given
in the following tabulation:

16

t Average specific gravity {(based on weirht and volume when oven dry)
taken from tables of properties in U. 5. D. A. Tech. Bull. No. 479 (ref
2-57) or for specimens included in this study.

: Specific gravity average of values for two specimens tested,

3¢ measured from 450 to 0° C. only.

The coeflicients of linear thermal expansion in
the tangential (a,) and radial directions (a,) may
be calculated for specific gravities other than those
tabulated by use of the following equation:

G

=g,
o

(2:1)
where

a==coeflicient of linear thermal expansion
(o, or &,) at specific gravity @
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a,~=coefficient of linear thermal expansion
(e, oT ) Hsted

G, =specific gravity listed

G=specific gravity desired

The coefficient of linear thermal cxpansion
parallel to the grain («f) is independent of specific
gravity, and is unaffected by radial or tangential
compression.

The dependency of the coefficient of linear
thermal expansion on resin content in a solid piece
is expressed by:

_Ewaw(l - n?) +Erarnr

e E(l—n,)+Em, (2:2)

where

a.==coeflicient of linear thermal expansion («)
of the wood-resin system

apy=—=0f wood alone

a,—of resin alone.

E—=modulus of elasticity (subscripts have the
same meaning as for «)

n,==fraction of solid cross-section of sample
consisting of resin

General formulas were developed at the Forest
Products Laboratory that permit calculation of
the coefficients of linear thermal expansion of wood
laminates in any grain direction of the specimen,
from the original and final specific gravities, the
percentage by weight of resin and glue present, the
percentage of cross-banding, and the slope of grain
relative to any three axes of reference. Solution
of the formulas, however, should be attempted
only after reference to the original publication
(ref. 2-82).

2.092. Thermal conductivity. The thermal eon-
ductivity of wood is dependent on a number of
factors of varying degrees of importance. Some of
the more significant variables affecting the rate
of hest flow in wood are the following: density and
moisture content of the wood; direction of heat
flow with respect to the grain; kind, quantity, and
distribution of extractives or chemical substances;
relative density and proportion of springwood and
summerwood; defects, like checks, knots, and
cross-grain structure.

The Forest Products Laboratory has made
careful determinations of the thermal conductiv-
ity of wood at various moisture contents. These
tests, which covered 32 species, have furnished
sufficient data on the relationship between con-
ductivity, specific gravity, and moisture content
to make it possible to compute the approximate

thermal conductivity for any wood for which the
specific gravity is known and for which the mois-
ture content can be determined or assumed.
Such conductivities have many practical applica-
tions, such as in estimating the thermal resistance
or insulating value of various woods; thermal
resistance being the reciprocal or inverse value
of conductivity.

It is common engineering practice to express
heat conductivity, represented by K, as the
amount of heat in British thermal units that will
pass in 1 hour through 1 square foot of the material
1 inch thick per degree Fahrenheit temperature
difference between the faces,

Although it is not practicable (ref. 2-43) to
compute the exact conductivity of wood of given
density and moisture content because of the num-
ber of variables involved, the following equations
permit calculation of conductivity closely enough
for practical purposes:

For wood having a moisture content under
40 percent:

K=—S5(1.39--0.028M)+0.165 (2:3)

For wood having a moisture content of 40
percent or more:

K=S8(1.39+0.0383) +0.165 (2:4) -

Where

K =conductivity

S=specific gravity based on volume at
current moisture and weight when
oven-dry

M=moisture content

Conductivities of wood aireraft parts will ordi-
narily be computed by means of equation (2:3)
using 15 percent for the moisture content of air-
craft to be used in the continental United States
and 20 percent for the moisture content of air-
craft to be used under tropical conditions (sec.
2.10). The use of species average values of
specific gravity may be considered sufficiently
correct for most purposes.

Experiments on Douglas-fir plywood with
veneer X-inch or more in thickness (ref. 245)
indicate that the thin film of glue between the
wood surfaces has no important effect on con-
ductivity, as would be expected, because of the
very slight thickness of the glue coating in com-
parison with the total thickness.

17
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Tests (ref. 2-45) indicate there is a small in-
crease in conductivity with increase in tempera-
ture difference but, for temperature conditions
normally encountered, the variation in conduc-
tivity is not significant.

2.093. Ignition temperature. Limited data are
available concerning minimum temperatures re-
quired to produce charring or ignition of wood.
Results obtained by different investigators for
ignition temperatures show wide discrepancies.
The different values reported may be due to the
specific test conditions associated with the
methods employed, and also to the different inter-
pretations among investigators as to what con-
stitutes ignition temperature (ref. 2-4). As-
suming conditions favorable to the completion
of the ignition process, the ignition temperature
has been defined (ref. 2-4) as the temperature in
the combustible at which the rate of heat de-
veloped by the reactions inducing ignition just
exceeds the rate at which heat is dissipated by all
causes, under the given conditions.

It is thus obvious that, unlike flarnmable liquids,
which have reasonably definite ignition tempera-
tures, the ignition temperature of wood, even if a
standard interpretation of the phenomenon were
determined upon, would vary widely depending
upon the size, density, moisture content, and type,
distribution, and quantity of extractives present
in the specimen under test, and upon the time and
rate of heating, the amount of air available, and
the rate of air flow.

The importance of the time factor has been em-
phasized by the Forest Products Laboratory (ref.
2-49) but no specific tests have been made relating
ignition temperatures to long exposures at the
lower ranges of elevated temperature. The Un-
derwriters’ Laboratories (ref. 2-80) have cited an
example of 1gnition occurring after long-continued
exposure (about 15 yrs.) to a temperature of ap-
proximately 190° F.

2,094, Electrical properties. The resistance that
wood offers to the passage of direct current depends
primarily upon the moisture content of the wood
(ref. 2-72). In the green state the resistivity of
wood 1s relatively low and increases slowly with
decrease in moisture until the fiber-saturation point
1s reached at about 30 percent moisture content,
and all free water has been removed. The change
of resistivity within the green range is about 50-
fold. When wood is dried below the fiber-satura-
tion point, however, its resistivity increases
rapidly, about & million-fold from the fiber-satura-

18

tion point to the oven dry condition. The log-
arithm of resistivity is approximately inversely
proportional to moisture content. At values of
moisture content approaching zero the resistivity
becomes very great, of the order of 10" ohm-centi-
meters (ref. 2-83), and dry wood is a very good
electrical insulator. In conditions of use, however,
wood will not remain dry, but will absorh moisture
until it reaches a condition of equilibrium corre-
sponding with the ambient atmosphere. The
resistivity of wood at a typical moisture content of
9.3 percent is 10! ohm-centimeters.

When alternating voltage is applied to wood the
effects depend upon both moisture content and
frequency. At frequencies up to a few hundred
cycles per second the behavior of wood is prac-
tically the same as for direct currents. At much
higher frequencies, from a million cycles per second
upward, the electrical properties of wood are
essentially its properties when acting as a dielectric
matertal. In this role it is interposed between
two metallic plates or sheets to form a condenser.
Wood 1s an imperfect dielectric and, therefore,
some of the electrical energy required to charge
the condenser will be lost to the wood where it
appears as heat.

Losses in the wood depend principally upon its
moisture content and the frequency of the applied
voltage, and the losses increase with both moisture
content, especially above about 10 percent, and
frequency. Wood is a very poor insulator or di-
electric at high frequencies. The alternating cur-
rent electrical properties of wood are concerned
principally with high-frequency dielectric heating
for gluing purposes (ref. 2-5, 2-74).

2.095. Damping cepacily. Damping capacity
may be defined as the ability of a solid to convert
mechanical energy of vibration into internal
energy. This causes vibrations to die out. Pub-
lished information on the subject (ref. 2-33) is
mainly concerned with metals, and only occasional
references are made to wood. :

The damping capacity of timber has been in-
vestigated by Greenhill (ref. 2-29). His investi-
gations indicate that “if a truly elastic material is
subjected to & cycle of stress, the stress-strain
curve will be a straight line. If however, the ma-
terlal undergoes reversible plastic deformation
during the cycle, the stress-strain curve will be a
hysteresis loop. The area enclosed by this loop
represents the amount of energy expended during
each complete stress cycle. Specimens subjected
to cycles of stress below the fatigue limit can dis-
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sipate an unlimited quantity of energy as heat
without any damage.

“When & solid is subjected to a periodic force,
the damping capacity prevents the amplitude of
vibration from becoming infinite when the fre-
quency of the applied force approaches a natural

tion are great or small according to the material
of which the blades are made. It is stated by
experts that the endurance of the blades de-
pends far more on the damping capacity of the
material than on its fatigue strength.”

Damping capacity has been expressed numer-

frequency of the solid. Damping capacity is of
considerable importance in certain branches of
engineering and, consistent with other prop-
erties, it is generally agreed that materials of
high damping capacity are superior to those of
low damping capacity. Take, for example, the
Under certain circum-
stances these are subject to resonant vibrations,
the amplitude of which depends essentially on
the damping properties of the materials of con-
The same thing applies with special
force to the blades of aeroplane propellers which
are liable to vibrate violently at certain critical
speeds of rotation. The amplitudes of vibra-

wings of aeroplanes.

struction.

ically in various

of this factor.

or AW/2W.

ways.

Table 2-5. Damping capacity—Ilogarithmic decrements (8) for internal friction in solids

Greenhill and Kimball
(ref. 2-29, 2-33) have used logarithmic decrement
(8), and Ximball has summarized various formulas
used by different investigators for determination
Briefly, if AW is the energy dis-
sipated per cycle of vibration, and W the maxi-
mum energy of the cycle, the ratio AW/W, called
the ‘“specific energy loss” or the “damping ca-
pacity,” gives a measure of the damping charac-
teristics of the material.
ment & is equal to one-half the damping capacity,

The logarithmic decre-

Values of the logarithmic decrement & for wood
and a few other materials are given in table 2-5.

. Stress- Loga-
Investigator Material Method percent of | rithmie
maximum | decrement
Forest Products Laboratory____.__ Wood-—Parallel laminated birch_._._..._. ...| Compression____ 84 | 0.002
_____ o TN PRSP « [« JNU 88 . 012
_____ Ao o e oo e e edO e 93 . 063
_____ do o itiiiiemeee—V Flexure | ___ . 073
Do o eea- Staypak—TYellow bireh___________________._ Compression. . __ 86 . 0013
_____ dO e eeeedO e 29 . 0465
_____ do. . i dO 92 . 1435
_____ do. - e eiteeieeeeeeot Flexure_ .. . 128
Do - Compreg—Yellow birch, high-immpact type..__| Compression.. .. 83 L1738
_____ 5 L P RO RN PRSP » |+ DU R9 . 232
..... do. o eeeiieeeee_ | Flexure_ | _____ . 238
Do e Compreg—TYellow birch, low-impact type_____ Compression. __ _ 74 . 045
..... do e icmcmmmmmm]ee——dO L B7 . 157
_____ Ao emcmmmmmmmme|mmmmedO L 90 172
_____ dO et Flexure . | . 108
Do .- Compreg—Maple_____ . cmecanan- Compression____ 89 . 0002
_____ s [ S RERUDPIPRIS JPEPIUEY s {+ NN 94 . 149
_____ do e 93 . 218
_____ A0 e e e e e e Plexure. L. . 121
_____ A0 e meeedOa . 239
Greenhill {Ref. 2-29) __ _ ________ Wood—Sitka Spruee._ - oo ea - Flexure_ . ______ e . 035
_____ 0 e e ieeeeeeeeeeeeee— ToTsion . oL . 0521
Kimball and Lovell._ __________. Wood—Maple . _ _ e~ Revolving defi. |________ . 021
(Ref. 2-33). rods.
Nickelsteel . . . e aale———- o Ls JRRIRIRNUN PO . 0023
Mild steel - - e e e dooo o . 0049
AU ot e e e e i e em e e mmm e memm | doo . |oooa.. . 0034
Niekel . oo e | e do. . __|-___.___. . 0032
Celluloid . - - o o et dow e . 0450
A Gemant_____________..___ux Wood. e Flexure________|-__.____ . 027
W. Jackson (Ref, 2~-33) - ___--__ Nickel steel - .. o e do__ o ______ . 0017
(07701 o3 SO Nyap do_ . ____|.__.__. . 0032
19
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Data other than those from Greenhill and the
Forest Products Laboratory are from a compila-
tion included in reference 2-33.

Greenhill (ref. 2-29) found that the effect of
increasing the moisture content of wood is to in-
crease its damping capacity, the relation being
practically linear within the range of 8 to19
percent moisture content examined.

Upon removal of stress, full recovery of strain
does not take place in most materials even though
the stress imposed may be less than that corre-
sponding to the apparent elastic limit of the ma-
terial. Tests at the Forest Products Laboratory
bave shown that, with a compression load applied
repeatedly to a specimen of papreg, the set or
permanent deformation was increased, but the
amount of set added for each load cycle diminished.
A straight-line relationship was found when sc-
cumulative permanent set was plotted on an
arithmetical scale against the number of load
cycles plotted on a logarithmic scale. It was
found that the higher the load, the greater was
the permanent set after the first and all succeeding
load cycles. :

2.1. Basic Strength and Elastic Properties of
Wood

2.10. Desieyn Varves, TaBLEs 2-6 aND 2-7.
Strength properties of various species for use in
calculating the strength of aircraft elements are
presented in tables 2-6 and 2-7. Their applica-
bility to the purpose is considered to have been
substantiated by experience. The assumptions
{see footnotes to tables 2-6 and 2-7) made in
deriving the values in tables 2-6 and 2-7 from the
results of standard tests (sec. 2.12) have been
reexamined in the light of recent data with respect
to the distribution of strength values in wood for
aircraft construction and the moisture content of
airplane parts, together with data relating to
““‘duration of stress” in order to clarify the basis
of design (ref. 2-12, 2-13).

The values in table 2-6 are based on a moisture
content of 15 percent and are considered applicable
for design of structural parts of aircraft that are
to be used in the continental United States.
Values in table 2-7 are based on & moisture con-
tent of 20 percent and should be used for design
of structural parts of aircraft to be used under
tropical conditions where high relative humidity,
approximately 90 percent or over, is prevalent

20

for long periods of time, or more or less con-
tinuously,

When tests of physical properties are made on
additional species or on specially selected wood
the results may be made comparable to those in
tables 2-6 and 2-7 by adjusting them to 15 or 20
percent moisture content. respectively, in accord-
ance with table 2-2, together with the appropriate
use of the factors described in the footnotes to
tables 2—6 and 2-7.

For notes on acceptable procedures for static
tests and the correction of test results, see sections
2.12 and 3.01.

2.100. Supplemental notes.

2.1000. Compression perpendicular to
Wood does not exhibit a definite ultimate strength
in compression perpendicular to the grain, par-
ticularly when the load is applied over only a part
of the surface, as it is by fittings. Bevond the
proportional limit the load continues to increase
slowly until the deformation becomes several

times as great as at the proportional limit and the ~

crushing is so severe as to damage the wood
seriously In other properties. A “probability”
factor was applied to average values of stress at
proportional limit to take account of variability,
and the result was increased by 50 percent to get
design values comparable to those for bending,
compression parallel to grain, and shear as shown
In tables 2—-6 and 2-7.

2.1001. Compression parallel to grain. Avail-
able data indicate that the proportional limit
for hardwoods is about 75 percent and for soft-
woods about 80 percent of the maximum crushing
strength. Accordingly, design values for fiber

stress at proportional limit were obtained by multi-

plying maximum crushing-strength values by a
factor of 0.75 for hardwoods and 0.80 for soft-
woods, and adjusting for a difference in the factors
for the “rate and duration of load.”

2.11. Nores oN TEHE UsE oF VALUEs 1~ TaBLES
26 aND 2-7. .

2.110. Relation of design values in {ables 9-6 and
2-7 to slope of grain. The values given in tables
2—6 and 2-7 apply for grain slopes as steep as the
following: '

{a) For compression parallel to grain—1 in 12.
(b) For bending and for tension parallel to
grain—1I in 15.

When material is used in which the steepest
grain slope is steeper than the above limits, the
design values of tables 2-6 and 2-7 must be
reduced according to the percentages in table 2-8.

grain.
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2.111. Tenston parallel to grain. Relatively few
data are available on the tensile strength of various
species parallel to grain. In the absence of suffi-
cient tensile-test data upon which to base tension
design values, the values used in design for modu-
lus of rupture are used also for tension. While it is
recognized that this is somewhat conservative, the
pronounced effect of stress concentration, slope of
grain (table 2-8) and other factors upon tensile
strength makes the use of conservative values
desirable.

Pending further investigation of the effects of
stress concentration at bolt holes, it is recom-
mended that the stress in the area remaining to
resist tension at the critical section through a
bolt hole not exceed two-thirds the modulus of
rupture in static bending when cross-banded rein-
forcing plates are used; otherwise one-half the
modulus of rupture shall not be exceeded.

2.112. Tension perpendicular to grain. Values
of strength of various species in tension perpen-
dicular to grain have been included for use as a
guide in estimating the adequacy of glued joints
subjected to such stresses. For example, the
joints between the upper wing skin and wing
framework are subjected to temsile stresses per-
pendicular to the grain by reason of the lift forces
exerted on the upper skin surface.

Caution must be exercised In the use of these
values, since little experience is available to serve
as a guide in relating these design values to the
average property. Considering the variability of
this property, however, the possible discontinuity
or lack of uniformity of glue joints, and the proba-
ble concentration of stress along the edges of such
joints, the average test values for each species
have been multiplied by a factor of 0.5 to obtain
the values given in tables 2-6 and 2-7.

Table 2-8. Reduction in wood sirength for various grain
slopes

Corresponding design vaiue, percent of value in table 2-6

i Static bending Compres- :
Maximom | sion ,11;325111%?
slope of ‘ i parallel to grain
grain in the Fiber ! to grain
member | girassat Mod;ﬂus M;)dlu.lus
{ propor- o oLeas | sMaximum | Modulus
E tllilz):llnliat] rupture ticity crushing of
i strength rupture
| | ,s 1
lin 15.__ 100 - 100 ! 100 . _______ 100
lin12___ 98 | 88 97 100 85
1in10._.: 87 78 91 ' 98 75
lin 8..__| 78 67 84 94 60
i
i

2.12. Staxparp TesT PROCEDURES.

2.120. Static bending. In the static-bending
test, the resistance of a beam to slowly applied
loads is measured. The beam is 2 by 2 inches in
cross section and 30 inches long and is supported
on roller bearings which rest on knife edges 28
inches apart. Load is applied at the center of the
length through a hard maple block 3'¥s inches
wide, having a compound curvature. The curva-
ture has a radius of 3 inches over the centra] 2%
inches of arc, and is joined by an arc of 2-inch
radius on each side. The standard placement is
with the annual rings of the specimen horizontal
and the loading block bearing on the side of the
piece nearest the pith. A constant rate of deflec-
tion (0.1 inch per minute) is maintained until the
specimen fails. Load and deflection are read
simultaneously at suitable intervals.

Figure 24 (a) shows a static-bending test set-up,
and typical load-deflection curves for Sitka spruce
and yellow birch.

Data on a number of properties are obtained
from this test. These are discussed as follows:

2.1200. Modulus of elasticity (Ep). The modulus
of elasticity is determined from the slope of the
straight line portion of the graph, the steeper the
line, the higher being the modulus. Modulus of
elasticity is computed by

g, Bl P,T

4868, 46,bd°
The standard static bending test is made under
such conditions that shear deformations are
responsible for approximately 10 percent of the
deflection. Values of £ from tests made under
such conditions and calculated by the formula
shown do not, therefore, represent the true
modulus of elasticity of the material, but an
“apparent” modulus of elasticity.

The use of these values of apparent modulus of
elasticity in the usual formulas will give the de-
flection of simple beams of ordinary length with
but little error. For I- and box beams, where

. more exact computations are desired, and formulas

are used that take into account the effect of shear
deformations, a “true”’ value of the modulus of
elasticity is necessary and may be had by adding
10 percent to the values in tables 2—6 and 2-7.
2.1201. Fiber stress at proportional limit (F,,).
The plotted points from which the early portions
of the curves of figure 24 (a) were drawn lie
approximately on a straight line, showing that the
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deflection 1s proportional to the load. As the
test progresses however, this proportionality
between load and decflection ceases to exist. The
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Figure 2-4. Standard test methods and typical load-de/lec-
lion eurves
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point at which this occurs is known as the pro-
portional limit. The corresponding stress in the
extreme fibers of the beam is known as “fiber
stress at proportional limit.” TFiber stress at
proportional limit is computed by

P,L 1.5P, L
Fyp==2 %=—%§;’— (2:6)

2.1202. Modulus of rupture (Fy.). Modulus of
rupture 1s computed by the same formula as was
used I computing fiber stress at proportional
limit, except that maximum load is used in place
of load at proportional limit. Since the formula
used is based upon an assumption of linear varia-
tion of stress across the cross section of the beam,
modulus of rupture is not truly a stress existing
at tune of rupture, but is useful in finding the
load-carrying capacity of a beam.

2.1208. Work to mazimum load. The energy
absorbed by the specimen up to the maximum
load is represented by the area under the load-
deflection curve from the origin to a vertical line
through the abscissa representing the maximum
deflection at which the maximum load is sustained.
It is expressed, in tables 2-6 and 2-7, in inch-
pounds per cubic inch of specimen. Work to
maximum load is computed by

__area under curve to Py,

Work to Po., = e

(2:7)

2.121. Compression parallel to grain. In the
compression-parallel-to-grain test, a 2- by 2- by
8-inch block is compressed in the direction of its
length at a constant rate (0.024 inch per minute).
The load is applied through a spherical bearing
block, preferably of the suspended self-aligning
type, to insure uniform distribution stress. On
some of the specimens, the load and the deforma-
tion in a 6-inch central gage length are read simul-
taneously until the proportional limit is passed.
The test is discontinued when the maximum load
is passed and the failure appears.

Figure 2—4 (b) shows a test set-up, and typical
load-deflection curves for Sitka spruce and yellow
birch. Data on a number of properties are ob-
tained from this test. These are discussed as
follows:

2.1210. Modulus of elasticity (E,.). The modu-
lus of elasticity is determined from the slope of
the straight-line portion of the graph, the steeper
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the line the higher the modulus.
elasticity is computed by

The modulus of

Py,

L —
¢ ABL

E

(2:8)

The value of the modulus of elasticity so de-
termined corresponds to the ‘‘true’” wvalue of
modulus of elasticity discussed under static bend-
ing. Values of the modulus of elasticity from
compression-parallel-to-grain tests are not pub-
lished but may be approximated by adding 10
percent to the apparent values shown under static
bending in table 2-6.

A multiplying factor of 1.1 has. been inserted
in various formulas throughout this bulletin to
convert E; values, as shown in tables 2-6 and
2-7 to E., values required in formulas involving
direct stress.

2.1211, Fiber stress at proportional bimit (F.,).
The plotted points from which early portions of
the curves of figure 2—4 (b) were drawn lie approx-
imately on & straight line, showing that the
deformation within the gage length is proportional
to the load. The point at which this propor-
tionality ceases to exist is known as the pro-

-portional limit and the stress corresponding to

the load at proportional limit is the fiber stress
at proportional limit. It is calculated by

P
Fc,,=—;1—’i (2:9)
2.1212. Mazximum crushing strength (Fe.). The

maximum crushing strength is computed by the
same formula as used in computing fiber stress
at proportional limit except that maximum load
is used in place of load at proportional limit.

2.122. Compression perpendicular to grain. The
specimen for the compression-perpendicular-to-
grain test is 2 by 2 inches in cross section and
6 inches long. Pressure is applied through a
steel plate 2 inches wide placed across the center
of the specimen and at right angles to its length.
Hence, the plate covers one-third of the surface.
The standard placement of the specimen is with
the growth rings vertical. The standard rate of
descent of the movable head 1s 0.024 inch per
minute. Simultaneous readings of load and
compression are taken until the test is discontinued
at 0.1-inch compression.

Figure 2—4 (c) shows a test set-up, and typical
load-deflection curves for Sitka spruce and yellow
birch.

939770°—51—HA

The principal properbj' determined is the stress
at proportional limit (F,,r) which is calculated by

Load at proportional limit
Width of plate’ X width of specimen

FcpT= (2:10)

Tests indicate that the stress at proportional
limit when the growth rings are placed horizontal
does not differ greatly from that when the growth
rings are vertical. For design purposes, therefore,
the values of strength In compression perpendi-
cular to grain as given in tables 2-6 and 2-7 may
be used regardless of ring placement.

2.123. Shear parallel to grawn (Fy,). The shear-
parallel-to-grain test is made by applying force
to a 2- by 2-inch lip projecting % inch from a
block 2% inches long. The block is placed in a
special tool having a plate that is seated on the
lip and moved downward at a rate of 0.015 inch
per minute. The specimen is supported at the
base so that a }-inch offset exists between the
outer edge of the support and the inner edge of
the loading plate.

The shear tool has an adjustable seat in the
plate to insure uniform lateral distribution of the
load. Specimens are so cut that a radial surface
of failure is obtained in some and a tangential
surface of failure in others.:

The property obtained from the test is the
maximum shearing strength parallel to grain.
It is computed by

(2:11)

The value of F,, as found when the surface of
failure is in a tangential plane does not differ
greatly from that found when the surface of failure
is in a radial plane, and the two values have been
combined to give the values shown in column 14
of tables 2-6 and 2-7. ‘

2.124. Hardness. Hardness is measured by the
load required to embed a 0.444-inch ball to one-
half its diameter in the wood. (The diameter of
the ball is such that its projected area is one
square centimeter.) The rate of penetration of
the ball is 0.25 inch per minute. Two penetra-
tions are made on each end, two on a radial, and
two on a tangential surface of the specimen. A
gpecial tool makes it easy to determine when the
proper penetration of the ball has been reached.
The accompanying load i1s recorded as the hard-
ness value.

Values of radial and tangential hardness as

29
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determined by the standard test have been aver-
aged to give the values of side hardness in tables
2-6 and 2-7.

2.125. Tension perpendicular to grain (F,ur).
The tension-perpendicular-to-grain test is made
to determine the resistance of wood across the
grain to slowly applied tensile loads. The test
specimen is 2 by 2 inches in cross section, and
2% inches in overall length, with a length at
midheight of 1 inch. The load is applied with
special grips, the rate of movement of the movable
head of the testing machine being 0.25 inch per
minute. Some specimens are cut to give a radial
and others to give a tangential surface of failure.

The only property obtained from this test is the
maximum tensile strength perpendicular to grain.

It is calculated from the forniula

Praz,

FWT:T (212)

Tests indicate that the plane of failure being
tangential or radial makes little difference in the
strength in tension perpendicular to grain. Re-
sults from both tyvpes of specimens have, therefore,
been combined to give the values shown in tables
2-6 and 2-7.

2.13. EvasTic ProrerTiES NoOT INCLUDED IN
TaBLEs 2-6 aAND 2-7. Certain elastic properties
useful in design are not included in tables 2—6 and
2-7. The data in tables 2-6 and 2-7 are, In
general, based on large numbers of tests, while the
data on the additional elastic properties are based
on relatively few tests. Available data on these
properties are included in table 2-9.

2.130. Moduli of elasticity perpendicular to grain
(Er, Er). The modulus of elasticity of wood
perpendicular to the grain is designated as Er when
the direction is tangential to the annual growth
rings, and Ey when the direction is radial to the
annual growth rings. Tests have been made to
evaluate these elastic properties for only a few

The ratios P, and Ee vary

£, E,

greatly among species and are considerably affected
by differences in specific gravity and moisture
content. For species not listed in the table, a

rough approximation of the values for Er and Eg

may be made by assuming values of E, and Ee
EL EL

species (table 2-9).

as 0.05 and 0.10, respectively. Values of E; are
given in tables 2-6 and 2-7.
2.131. Mﬂdul/b Of r%gldlt'y {GLT: GLR: GRT)- The

modulus of elasticity in shear, or the modulus of

rigidity as it is called, must be associated with
shear deformation in one of the three mutually
perpendicular planes defined by the L, T, and R
directions, and with shear stresses in the other two.
The symbol for modulus of rigidity has subscripts
denoting the plane of deformation. Thus the
modulus of rigidity Gpr refers to shear deforma-
tions in the LT plane resulting from shear stresses
in the LR and RT planes. Values of these moduli
for a few species are given in table 2-9. The
ratios of Gpr, G, and Gy to By vary among species
and appear to be considerably affected by differ-
ences in specific gravity and moisture content.
For species not listed in the table, it is recom-

mended the approximate ratios gﬂ:0.0G, Grn_
E, T EL
0.075, and %’53=0.018 be used in evaluating the
L

various moduli of rigidity. The two letters of the

'subscript may be interchanged without changing

the meaning of 4.

2.132. Potisson’s rattos (u). The Poisson’s ratio
relating to the contraction in the 7' direction under
a tensile stress acting in the L direction, and thus
normal to the BT plane, is designated as puyr; pra,
LrTy HRL, Arr, a0nd pr have similar significance, the
first letter of the subscript in each relating to the
direction of stress and the second to the direction
of the lateral deformation.

Thus, the two letters of the subscript may not
be interchanged without changing the meaning.
The Poisson’s ratios appear to be independent of
specific gravity but are variously affected by dif-
ferences in moisture content. Information on
Poisson’s ratios for wood is meager and values for
only a few species are given in table 2-9.

2.14. STrEss-STrAIN RELATIONS. For most
practical purposes wood can be considered to be an
orthotropic material having orthotropic axes L, T,
and R (see sec. 2.00). If the directions of the
applied stresses are parallel to a plane containing
two of these axes, the methods described in sec-
tions 2.56 to 2.5602, inclusive, can be applied.
The general equations for stresses:applied in any
direction can be obtained from reference 2-53.

2.15. StrENGTH UNDER MULTIAXIAL STRESS.
If the directions of the applied stresses are parallel
to a plane containing two of the orthotropic axes,
the methods described in section 2.610 to 2.613,
inclusive, for plywood can be applied. The ulti-
mate shear stress associated with relative shear
displacements of the L and R axes and the L and
T axes are each equal to the ultimate shear stress
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associated with the 7 and R axes are each equal to
the compressive strength perpendicular to the
grain (Foy) and the ultimate tensile stress asso-
ciated with these axes are each equal to the tensile
strength perpendicular to the grain (Fr).

parallel to the grain (F,,). The ultimate shear
stress assoclated with relative shear displacements
of the Z and 7 axes is for hardwoods approximate-
Iy one-half and for coniferous woods one-third of
F,, (ref. 248). The ultimate compressive stress

The general equation defining the condition of failure for stresses applied in any direction is similar
to equation (2:51} except that its left hand member contains six terms instead of three. If the ultimate
stresses are given the values indicated in the preceding paragraph this equation can be written in the

following form: BN (SN fa N, e+ (e (B Tt
) HE) +HE)+ (FuF -

2:13)

in which 7z, fr, and f; are the three internal direct stresses in the directions of the axes L. T, and R,

¥

respectively, and fir, i, and fgr are the three internal shear stresses associated with shear displacements
of the L and T axes, the L and R axes, and the R and 7T axes, respectively. Also Fy, Fr, and Fy are the

~ three ultimate stresses associated with the directions of the L, T, and R axes, respectively, and may be

tensile or compressive; thus Fy is tensile if f; is tensile and compressive if Jo s compressive and similarly
for Fr and Fr. Thus Fy is equal to F,, or F,,; Fr is equal to Feyr or Fyr; and Fy is equal to Flup or
Fiur. The value of K is 2 for hardwoods and 3 for coniferous woods.

Equation (2:13) can be handled in the manner
described in section 2.613 and in reference 2-67

plastic as well as elastic properties (see sec. 2.06
on creep) and, therefore, stress concentrations in

using the transformation equatiops for three di-
mensions given in reference 2-53.

The methods described in this section have not
been verified by test but Their verification for
plywood indicates that they probably will vield
reasonable values. Also equation 2:44 has been
compared with results of tests on solid wood in
which the specimens were constrained by the
testing equipment and good agreement was found,
however, shear stress associated with relative
shear displacements of the R and 7 axes was not
involved in these tests.

2.16. Stress CoNCENTRATIONS. Wood has

tension, compression, or shear are greatly relieved
with the passage of time. In compression and
shear, creep is very rapid for stresses near the
ultimate value and, therefore, values of stress
concentration calculated by means of the mathe-
matical theory of elasticity are rarely attained.
Creep at high stress in tension, however, is not
nearly so rapid and calculated values of stress
concentration may be approximately correct if
the load is suddenly applied. This fact should
be given careful consideration in the design of
wood and plywood tension members, and stress
concentrations should be avoided.

2.161. Stress concentrations around a hole in a tension or compression member. Figure 2-5 shows a
panel of wood pierced by an elliptical hole which is small compared to the size of the panel. Axes Yy

and z are orthotropic axes of the wood as well as axes of the ellipse.
plied as shown in the figure, tensile stress concentrations occur at the ends of axis a.

stress at these points is given by equation (2:14):

When a tensile stress (f,) is ap-
The value of the

1] Ey EV
r=1.(% \/@;—hﬁz VE+1)

(2:14)

In which f; denotes the value of the applied stress, subscript ¢ denotes the orthotropic axis which is
parallel to the stress, and subscript z denotes the other orthotropic axis which lies in the plane of the
panel. These subscripts may represent the L, 7, or R directions depending upon the directions of the
grain and annual rings in the panel. Equation (2:14) applies also to a compressive stress.
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The shear stress on the periphery of the ellipse associated with relative sheﬁr displacements of axes

y and z is given by equation (2:15):

js =:fa

E, E, E, .
% -\/E:z cos’ 9—‘[\/“(;;“—2#;;:-}-2 -\/;-I-g:l sin? 6

z

2 2
%) % cog? B+[§" —-Q,uw] sin? #+cos? ¢ (?2) sint 6
z vz

sin # cos 6 (2:15)

By use of equation (2:15) the shear stress can be plotted against # and its maximum value found. For
a plane sawed Sitka spruce panel pierced by a circular hole (a=0) a maximum value of 0.71 f, was

found at #=78° (see ref. 2-69).

Equations (2:14) and (2:15) can be used for
plywood if the subscripts y and z are replaced. by
the subscripts b and a, respectively.

2.162. Stress concentration due to a hole which is
not small compared to the size of the member.
Stress concentrations in isotropic materials around
holes that are not small compared to the size of
the members pierced by them have been deter-

mined by photoelastic methods and are well -

known. It is impossible to use such methods in
connection with wood, however, an estimate of
the stress concentrations can be obtained by use
of equation (2:14).

For an isotropic material
reduces to equation (2:16)

equation (2:14)

f=f.(23+1) (2:16)

An approximate corrective factor for use with the

stress concentrations obtained for isotropic mate-
rials to obtamn those for wood, or plywood, can be
obtained by dividing values obtained by equation
(2:14) by those obtained by equation (2:16). Of
course such corrections do not apply to the shear
stresses such as those obtained by equation (2:15).

2.2. Columns

2.20. Primary FarLure, The allowable stresses
for solid wood columns are given by the follow-
Ing formulas:

Long columns

7105

o
(5), 3

5E,
F.,
Short columns (ref. 2-97)

(2:17)

r 4 ..
F,=F,, [1—%({%)]psi (2:18)

34

where
LI
E=(3),

These formulas are reproduced graphicaliy in
figure 2-6 for solid wood struts of a number of
species. :

2.21. Locar BuckrLing aNp TwisTiNg FAILURE.
The formulas given in section 2.20 do not apply
when columns with thin outstanding flanges or low
torsional rigidity are subject to local buckling or
twisting failure. For such cases, the allowable
stresses are given by the following formulas:

Local buckling (torsionally rigid columns)

2
F.=0.07E, ('gt',') psi (when %>6> (2:19)
Twisting failure (torsionally weak columns)
A, b
F.=0.044 E, (E) psi (when ?>5> (2:20)

When the width-thickness ratio (b/f) of the
outstanding flange is less than the values noted,
the column formulas of section 2.20 should be
used. Failure due to local buckling or twisting
can occur only when the critical stress for these
types of failure is less than the stress required to
cause primary failure. For unconventional
shapes, tests should be conducted to determine
suitable column curves (ref. 2-79).

2.22. LateraL BuckriNg. When subjected to

" axial compressive loads, beams will act as columns

tending to fail through lateral buckling. The
usual column formulas (2:17 and 2:18) will
apply except that when two beams are intercon-
nected by ribs so that they will deflect together
(laterally), the total end load carried by both
beams will be the sum of the critical end loads
for the individual beams.

- The column lengths will usually be the length
of a drag bay in & conventional wing. A restraint
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coefficient of 1.0 will be applicable unless the con-
struction 1s such that additional restraint is
afforded by the leading edge or similar parts.
Certain rules for such conditions will be found in
the requirements of the certificating or procuring
agencies,

2.3. Beams

2.30. Form Facrors. When other than solid
rectangular cross ssctions are used for beams
(i-beams or box beams), the static-banding
strength properties given in table 2-6 must be
multiplied by a “form factor’” fer design purposes.
This form factor is the ratio of either the fiber
stress at proportional limit or the modulus of
rupture (in bending) of the particular section to
the same property of a standard 2-inch square
specimen of that material. The proportional limit
form factor (¥F,) is given by the formula:

FF,=0.5840.42 (K #4—%} (2:21)

and the modulus of rupture form factor (FF,) by
the formula:

FF,=0.504+0.50 (K b_Tb+%> (2:22)

where

b’ =total web thickness

b =total flange width (including any web(s))

K =constant obtained from figure 2-7 ‘

Formulas 2:21 and 2:22 cannot be used to de-
termine the form factors of sections in which the
top and bottom edges of the beam are not per-
pendicular to the vertical axis of the beam. In
such cases, it is first necessary to convert the
section to an equivalent section whose height
equals the mean height of the original section, and
whose width and flange areas equal those of the
original section, as shown in figure 2-7. The
fact that the two beams of each pair shown in
figure '2-7 developed practically the same maxi-
mum load in test demonstrates the validity of
this conversion (ref. 2-56 and 2-62).

Tests' have indicated that the modulus of
rupture which can be developed by a beam of
rectangular cross section decreases with the height.
Sufficient data are not available to permit exact
evaluation of the reduction as the height increases,
but where deep beams of rectangular cross sec-
tion are to be used, thought should be given to the
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reduction of the value for modulus of rupture
given in tables 2-6 and 2-7.

2.31. TorstoxaL InsTaBILITY. It is possible
for deep thin beams to fail through torsional
mstability at loads less than those indicated by
the usual beam formula. Reference 2-63 gives
formulas for calculating the strength of such beams
for'various conditions of end restraint. However,
in view of the difficulty of accurately evaluating
the modulus of rigidity and end fixity, it is always
advisable to conduct static tests of a typical
specimen. This will apply to cases in which the
ratio of the moment of inertia about the horizontal
axis to the moment of inertia about the vertical
axis exceeds approximately 25 (ref. 2-62 and
2-63).

2.32. CoMBINED LOADINGS.

2.320. General. Because of the variation of the
strength properties of wood with the direction of
loading with respect to the grain, no general rules
for combined loadings can be presented, other than
those for combined bending and compression
given In section 2.321, and those for combined
bending and tension given in section 2.329.
When unusual loading combinations exist, static
tests should be conducted to determine the de-
sired information,

2.321. Bending and compression. When sub-
jected to combined bending and compression, the
allowable stress for spruce, Western hemlock, and
noble fir beams at 15 percent moisture content
can be determined from figure 2-8 and that for
Douglas-fir beams from figure 2-9. The charts
are based on a method of analysis developed by the
Forest Products Laboratory (ref. 2-63 and 2-78).

The curves of figures 2-8 and 2-9 are based on
the use of a fourth-power parabola for columns of
intermediate length. Obn these figures the hori-
zontal family of curves indicates the proportional
limit under combined bending and compression;
the vertical family, the effzct of various slenderness
ratios on bending. The allowable stress, I,
under combined load is found as follows:

(1) For the cross section of a given beam, find
the proportional limnit in bending and the
modulus of rupture from the ratios of
compression-flange thickness to total
depth and of web thickness to total
width, locating such points as 4 and B.

(2) Project points A and B to the central line,
obtaining such points as C'and D.
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(3) Locate a point, such as E, indicating the
proportional limit of the given section
under combined bending and compres-
sion. This point will be at the inter-
section of the curve of the “horizontal”
family through € and the curve of the
slenderness ratio corresponding to the
distance between points of inflection.

(4) Draw line ED.

(5) Locate point F on line ED, with an
abscissa equal to the computed ratio of
bending to total stress. The ordinate of
F represents the desired value of the
allowable stress. ' )

The following rules should be observed in the
use of figures 2-8 and 2-9:

(1} The length to be used in computing the
slenderness ratio, L/p should be deter-
mined as follows:

(@) If thers are no points of inflection
between supports, L should be taken
as the distance between supports.

(6) If there are two points of inflection
between supports, L should be taken
as the distance between these points of
inflection when calculating the allow-
able strength of any section included
therein,

(c) When calculating the allowable strength
of a section between a point of inflec-
tion and an intermediate support of a
continuous beam, L should be taken
as the distance between the points of
inflection adjacent to the support on
either side.

(d) When investigating a section adjacent
to an end support, L should be taken
as twice the distance between the
support and the adjacent point of
inflection, except that it need not
exceed the distance between supports.

(2) In computing the value of p for use in
determining the slenderness ratio, L/p,
filler blocks should be neglected and, in
the case of tapered spars, the average
value should be used.

(3) In computing the modulus of rupture and
the proportional limit in bending, the
properites of the section under investiga-
tion should be used. Filler blocks may be
included in the section for this purpose.
When computing the form factor of box

40

spars the total thicknesses of both webs
should be used.

2.322. Bending and tension. When tensile
axial loads exist, the maximum computed stress
on the tension flange should not exceed the modulus
of rupture of & solid beam in pure bending. Unless
the tensile load is relatively large, the compression
flange should also be checked, using the modulus
of rupture corrected for form factor,

2.33. SuEar WEBs. See section 2.73.

2.34. Bzawm Secrion Errrciency. In order to
obtain the maximum bending efficiency of either
I or box beams, the unequal flange dimensions
can be determined by first designing a symmetrical
beam of equal flanges. The amount of material
to be transferred from the tension side to the
compression side, keeping the total cross-sectional
area, height, and width constant, is given by the
following equation (ref. 2-62):

I=Abh2— VAR —4 AT bhuwD

2wDbh (2:23)

where

A=total area of the cross section

b=total width

h=total depth

w=width of flange

D=clear distance between flanges

I;=moment of inertiz of the symmetrical
section

z=thickness to be taken from tension flange
and added to compression flange

In using this equation, the following procedure
1s to be followed:

(a) Determine the section modulus required.

(b) Determine the sizes of flanges of equal
size to give the required section modulus.

(c) Using equation (2:23), compute the thick-
ness of material to be transferred from
the tension flange to the compression
flange. The procedure thus far will
result in a section modulus greater than
required. To obtain a beam of the
required section modulus, either (d) or
(¢) may be followed.

(d) Calculate the ratio of depth of tension
flange to compression flange and design
a section having flanges with this ratio
and the required section modulus, or

(e) Carry out steps (a), (8), and (c) starting
with a symmetrical section having a
section modulus less than that required
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until an unsymmetrical section having
the required section modulus is obtained.
{f) Beams designed according to the foregoing
procedure should always be checked for
adequacy of glue area between webs and
tension flange. This consideration may
govern the thickness of the tension flange.

2.4. Torsion

2.40. Gexerar. The torsional deformation of
wood 1s related to the three moduli of rigidity,
Grr, Grr, and Gzr. When a member is twisted
about an axis parallel to the grain, Giy is not
involved; when twisted about an‘axis radial to the
grain direction, Grr is not involved; when twisted
about an axis tangential to the grain direction,

Gpr is not involved. No general relationship has

been found for the reclative magnitudes of G,
GLT; ﬁ.nd GRT (table 2“‘9)

2.41. TorstoxaL ProperTiEs. The “mean mo-
dulus of rigidity” (@) taken as 1/16 of E,, may
be safely used in the standard formulas for com-
puting the torsional rigidities and internal shear
stresses of solid wood members twisted about an
axis parallel to the grain direction. Torsion
formulas for a number of simple sections are given
in table 2-10. For solid-wood members the
allowable ultimate torsional shear stress (F,,) may
be taken as the allowable shear stress parallel to
the grain (column 14 in tables 2-6 and 2-7)
multiplied by 1.18: that is, F,,=1.18 F,,. The
allowable torsional shear stress at the proportional
limit may be taken as two-thirds of F,,, The
torsional strength and rigidity of box beams having
plywood webs are given in section 2.75.

Table 2-10. Formulas for torsion on symmetrical sections

Section . Angle of twist in radians | Maximum shear stress
Circle. .. ___ . ________ | 0=giql;'? | I'E-JlrﬁD? .
Cireular tube__________________. 3=@Tf€ {,z%
Ellipstla L e 6=%§%j—b_-"b) f,=% at ends of short diameter
Square* ... 82%5%? (approx.) f.=gj3; (approx.)
Rectangle® . ___. 6&%‘ {approx.) f.=%gm at midpoint of long side

V2a=major axis: 2h=minor axis,
22z =side of square.
¥ 20 =long side, 2b=short side.

2.5. Basic Strength and Elastic Properties of
Plywood

2.50. GexeraL. Plywood is usually made with
an odd number of sheets or plies of veneer with
the grain direction of adjacent plies at right angles.
Depending upon the method by which the veneer
18 cut, it 1s known as rotary-cut, sliced, or sawed
veneer. Generally, the construction is symmetri-
cal; that is, plies of the same species, thickness,
and grain direction are placed in pairs at equal
distances from the central ply. Lack of symmetry
results in twisting and warping of the finished
panel. The disparity between the properties of
wood in directions parallel to and across the grain
is reduced by reason of the arrangement of the

material in plywood. By placing some of the
material with its strong direction (parallel to
grain) at right angles to the remainder, the
strengths in the two directions become more or
less equalized. Since shrinkage of wood in the
longitudinal direction is practically negligible, the
transverse shrinkage of each ply i§ restrained by
the adjacent plies. Thus, the shrinking and
swelling of plywood for a given change in moisture
content is less than for solid wood.

The tendency of plywood to split is consider-
ably less than for solid wood as a result of the
cross-banded construction. While many woods
are cut into veneer, those species which have
been approved for use in aircraft plywood are
listed in table 2-11.
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2.51. AxavLysis oF PLrywoop StrExGTH ProOP-
ERTIES. The analysis of the strength and elastic
properties of plywood is complicated by the fact
that the elastic moduli of adjacent lavers are
different. This is illustrated in figure 2-10 for
bending of a three-ply panel. Assuming that
strain 1s proportional to distance from the neutral
axis, stresses on contiguous sides of a glue joint
will be different by reason of the difference in the
modulus of elasticity in adjacent layers. This
results in a distribution of stress across the cross
section as shown in figure 2-10 (¢). Similar
irregular stress distribution will be obtained for
plywood subjected to other types of loading.

From this it may be seen that the strength and
elastic properties of plywood are dependent not
only upon the strength of the material and the
dumensions of the member, as for a solid piece,
but also upon the number of plies, their relative
thickness, and the species used in the individual
plies. In addition, plywood may be used with the
direction of the face plies at angles other than 0°
or 90° to the direction of principal stress and, in
special cases, the grain direction of adjacent plies
may be oriented at angles other than 90°.

In general, plywood for aircraft use has the
gram direction (the longitudinal direction) of
adjacent plies at right angles. The strength and
elastic properties of the plywood are dependent
upon the properties of solid wood along and across
the grain as illustrated in figure 2-11.

Considerable information (tables 2-6 and 2-7)
on the properties of wood parallel to the grain is

available, but the data on properties across the
grain are less complete. Sufficient data are avail-
able, however, so that the elastic properties of
wood in the two directions can be related with
reasonable accuracy to the plywood properties.
On this basis formulas are given which will enable
the designer, knowing the number, relative thick-
ness and species of plies, to compute the properties
of plywood from the data given in tables 2-6
and 2-7.

The formulas given are only for plywood having
the grain direction of adjacent plies at right angles
and are applicable only to certain directions of
stress. The limitations on the angle between the
face grain and the direction of principal stress have
been noted in each section. The formulas are
intended for use only in these cases, and the
interpolation must not be used to obtain values
for intermediate angles unless specific information
on these angles is given. Computed values of
certain of the strength and elastic properties for
many of the commonly used species and construe-
tions of plywood are given in section 2.54, based
on strength of wood at 15 percent moisture con-
tent (table 2—-6).

2.52. Basic Formuras. For purposes of dis-
cussion, plywood structural shapes may be con-
veniently separated into two groups: (a) elements
acting as prisms, columns, and beams, and (b)
panels. The fundamental difference between these
two groups is that, in group (a) the plywood is
supported or restrained only on two opposite
edges, while in group (b) the plywood is supported

Table 2-11, Veneer species for aireraft plywood

Group 1 ‘
(high density) 1 ? |

Qroup I
(medium density) 2

l K¢l ronp III
(low density) 3

American beeeh._ ______________ ! Birch (Alaska and Paper) . oo ' Basswood.

Birch (sweet and vellow) _______ ' Khaya species (so-called ‘‘African ma- | Yellow-poplar.
. *  hogany™). :
Maple ¢hard) - - e J Southern magnolia. _ _________._______ Port Orford White-cedar.

Mahogany (from tropical America),

Mapie (soft)___________.
Sweetgum . ... ________.
Water tupelo. ______._._
Black walnut___________
Douglas-fir (quarter-sliced)
American elm {(guarter-sliced)___________
Syecamore. _.___________

______________ | Western hemlock (quarter-sliced),
were-va--—---- Redwood (quarter-sliced).

Spruce (red, Sitka, and:white) (quarter-
[ sliced).

_______________ Ponderosa pine (quarter-sliced).

______________ i Sugar pine.

| Noble fir {quarter-sliced).

1 Where hardness, resistance to abrasion, and high strength of fastening are desired, Group I woods should be used for face stock.

¢ Where finish is desired, or where the plywood is to be steamed and bent into a form in which it is to remain, species of Group 1 and 1Y should be used,

* Group L1I species are used principally for core stock and cross-banding. Howerver, where high bending strength or freedom from buckling at minimam
weighnt is desired, plywood made entirely from species of Group II1 is recommended.
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or restrained on more than two edges. It is
essential that this fundamental difference between
the two groups be kept in mind during the appli-
cation of the formulas® given here and in later
sections (ref. 2-25, 2-43, and 2-54).
(1) The effective moduli of elasticity of ply-
wood in tension or compression are:
E,—measured parallel to side a for
panels (sec. 2.712, 2.713)
Ey—measured perpendicular to side a
for panels (sec. 2.712, 2.713}
E,—measured parallel to (with) the
face grain
E.—measured perpendicular to (across)
the face grain, and are deter-
mined as

i

N

E;‘t:’

i=1

(2:24)

I
e-c.l;.a

[

where _
{=total thickness of plywood
t;=thickness of % ply
E,=modulus of elasticity of ©* ply measured
in the same direction as the pertinent
desired K (as E,, E,, E,, or E,). The
value of E; is equal to E; (1.1 E
irom tables 2-6 and 2-7), or E,, or
Ez, (table 2-9) as applicable.
(2) The effective moduli of elasticity of ply-
wood in bending are:
Ei—measured parallel to side a for

panels
Ey—measured perpendicular to side a
for panels ,
E,,—measured parallel to (with) the
face grain

E,.—measured perpendicular to {across)
the face grain, and are deter-
mined as

1 feql

Jo=3 20 B

i=1

(2:25)

where

E—as defined under (1)

I =moment of inertia of the total cross
section about the centerline, measured
in the same direction as the pertinent
desired £ (namecly, E), By, E,,, or E,.).

! When computing the various moduli of elasticity for plywood of balanced

construction and all plies of the same species, the following relationship will
be found helpfal:

Ei+Er=E.+Ey=E+E:=E.+E:=FEr.+Er:

If the veneers are quarter-sliced rather than rotary-cat, the term Er should .

be replaced by Ex.
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I; =moment of inertia of the i ply about
the neutral axis of the same total
cross section. For svmmetrically con-
structed plywood, the ncutral axis to
be used in determining 7; will be the
centerline of the cross section. For
unsymmetrical plywood constructions,
the neutral axis is usually not the
centerline of the geometrical section.
In this case the distance from this
neutral axis to the extreme compression
fiber is given by the equation:

c=i (2:26)

where

¢; =distance from the extreme compression

fiber to the center of the i*® ply.

(3) In calculating the bending strength (not
stiffness) of plywood strips in bending
having the face grain direction perpen-
dicular to the span, a modulus E’,,, simi-
lar to E). is to be used. For plywood
made of five or more plies, the use of E,,
for E’,. in strength calculations will result
in but relativelysmall error. The value of
E’,. may be calculated in the same man-
ner as that used in calculating E,, except
that the effect of the outer ply on the
tension side is neglected. The location
of the neutral axes used in calculating
Ey; and E’), will be different. The value
of E’,, may also be calculated from the
following formula:.

2 2

(2 27)

where

' th, .
, 1|LE. (t—2t) +ty

2| IR,

=distance from neutral axis to extreme
fiber of the outermost longitudinal ply.
Er pertains to the species of the face
ply.
{4) The modulus of rigidity (modulus of
elasticity in shear) of solid wood involves
the shear moduli Gyy, Gz, and Gas.
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As mentioned in section 2.131, little informa-~
tion is available on this elastic property,
and a ‘“‘mean’” modulus of rgidity 18 or-
dinarily used for wood. Similarly for
plywood, a value of modulus of nigidity
based on the “mean’ modulus of rigidity
for solid wood may be used.
plywood (all plies the same species)
having the facegrain paralle]l or perpen-
dicular to the direction of principal
shearing stress, the modulus of rigidity
may be taken the same as for solid wood.
The theoretical treatment of the elastic prop-
erties of plywood involves the moduli of
rigidity Gy and G.. ~They are deter-

For

mined as:
G.,,,=% S Gt 2:28)
=1
waz ‘1[§ Gi Iz (2:29)

where the summations are taken over all
plies in o section perpendicular to either
the ¢ or b directions using the modulus of
rigidity in each ply in the wx plane.

When the plywood is made of a single species
of wood,

Grpr=Gr=Grr for rotarv-cut veneer.
G = Guz=Grr for quarter-sliced veneer.

(5) Poisson’s ration {u). Although there is
very little information available on the
values of Poisson’s ratios for plywood, a
brief summary of their significance is
given.

The effective Poisson’s ratio of plywood in
tension or compression (no flexure)
the ratio of the contraction along the z
direction to extension along the w direc-
tion due to tensile stress actiug in the w
direction and thus normal to the zf
plane, or

AN} (2:30)

where
(E;);=modulus of elasticity of the ¢* ply in
the z direction.
=DPoisson’s ratio of contraction along
the z direction to extension in the w

(J'-‘ u:z) i=

direction due to a tensile stress act-
ing the w direction and thus normal
to the xt plane of the i*ply.

Similarly
n

i
1 (2:31)

f'(Ew)i(Uzw)i

_M

I‘tﬂ f

If all plies are of the same species of rotary-cut
velneer

K= EL.U-TL/E:
Hzw= ELP'TL/EW

If all plies are of the same species of quarter-
sliced veneer

Huz=— ELMRL/E;-
sz:-ELMRL/Ew

These formulas give close approximations of the
apparent PoisSon’s ratios in these two directions
when the stress is simple tension or compression.
For more accurate formulas than (2:30) and (2:31)
see reference 2-65. For Poisson’s ratio at an
angle to the grain see section 2.56.

The Poisson’s ratios assoclated with flexure are

S LD ()

IE,, 2 (2:32)

H rwz ™=

Hrzw™= (233)

IE_(WEI(E P‘zw)

i=1

These equations yield values identical to those of
equations (2:30) and 2:31) if all plies of the ply-
wood are of the same species of wood.

2.53. APPROXIMATE METHODS FOR CALCULAT-
IN¢ PLywoop Srtrencras. Table 2-12 gives
some approximate methods of calculating the
various strength properties of plywood. These
simplified methods will be found very useful in
obtaining estimates on the strength of plywood,
but cannot be relied upon to give results that are
comparable to those obtained with the more
accurate methods previously given,

2.54 MoisTURE-STRENGTH RELATIONS FOR PLy-
WOOD.

2.540 General. The design values given in the
plywood strength-property tables 2-13 and 2-14
were calculated from the strength properties of
solid wood as given in table 2—-6 based on a moist-
ure content of 15 percent; and are applicable for
design of aircraft to be used in the continental
United States, For design of aircraft to be used
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Table 2-12. Approzrimate methods for calculating the strength and stiffness of plywood 1

Direction of stress with respect to Portion of cross-sectional area to be con-

Allowables expressed in proportion of

I
Property direction of face grain | sidered strength values given in iable 24
| F
.| Farallel (F,,,) or perpen- |
Ultimate tensile____.___.__i{ dienlar (F,.). . ________ ' Parallel plies? only. . ________ Modulus of rupture.
+45° ... ~ Full cross-sectional area. . . ___ Orne-fourth modulus of rup-

i‘
.(Parallel (F,.,.) or perpen- * Parallel plies? onlv. _________
dicular (F_ ..}

Ultimate compressive____ . _ ,

+ 45° (Feuu®) .-

Parallel or perpendienlar Full cross-sectional area__ . __
(}" FIDJ') -

+45° ... Fult cross-sectional area______

Parallel, perpendicular, or

+ 45°

Joints between ribs, spars, etc.,
and continuous stressed plv-

. ! wood coverings: joints be-

tween webs (plvwood} and

flanges of 1 and box-beams:
loints between ribs, spars,
etc.,, and stressed plywood

i panels when plywood ter-

| minates at joint—use shear
area over support.

Bending moment M=KjfI/c'
where /==moment of inertia
computed on basis of par-
alle] plies only; ¢’ =distance
from neutral axis to outer
fiber of outermost piy hav-
ing its grain in direction of
span; K=1.50 for three-piy
plywood having grain of
outer plies perpendicular to
span. K=0.83 for all other
plywood.

Load in bending_ _________ Parallel or perpendicular__ _

Deflection in bending___... - Parallel or perpendicular_.. _

! by the usual formulas, tak-
ing as the moment of inertia
that of the parallel plies
plus 1/20 that of the per-
pendicular plies. (When
face plies are parallel, the
calculation may be simpli-
fied, with but little error,
by taking the moment of
inertia as that of the par-
ailel plies onlv),

Deformation in tension or | Paraliel or perpendicular._ _ _| Parallel plies? only________.. !
compression, I ' |
Bearing at right angles to _____________________.__.. Loaded area. _______________

plane of plywood.

Deflection may be calculated |

ture.

Maximum crushing strength
or fiber stress at propor-
tional iimit, as required.

One third maximum crush-
ing strength or one-third
fiber stress at propor-
tional limit, as required. .

1.18 times the shearing-

. strength parallel to grain,

2.35 times the shearing
strength parailel to grain

One-third the shearing
strength parallel to grain
for the weakest species,

Modulus of rupture or fiber
stress at proportional limit
as required.

Modulus of elasticity.

Modulus of elasticity,

Compression perpendicular
to grain,

! These simplified strength caleulations are to be used only as & rough guide in preliminary design work, and are not acceptable for final design when the

resiiis obtained differ considerably from those obtained by the more accurate methods given in this bulletin.
2 By “‘paralicl plies” is meant those plies whose grain direetion is parallel to the direction of principal stress,
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in tropical conditions, for which 20 percent mois-
ture content is recommended, the design values for
plywood may Dbe calculated from basic strength
properties of wood at 20 percent moisture content
as given in table 2-7, or approximate adjustments
may be made as indicated in the following sections.

Adjustment factors by which strength properties
of solid wood may be corrected for moisture con-
tent are shown in table 2-2. For plywood,
moisture corrections are dependent on many
variable factors, such as grain direction, combi-
nations of species, and relative thicknesses of
plies in each direction, so that any rational method
of correction is quite laborious. An approximate
method for making moisture corrections to ply-
wood is given in the succeeding sections.

2.541. Approximate methods for making moisture
corrections for plywood strength properties. A
limited number of compression, bending, and shear
tests of spruce and Douglas-fir plywood of a few
constructions at moisture content values ranging
approximately from 6 to 15 percent has indicated
that use of the following simplified methods of
correcting plywood strength properties will be
satisfactory (ref. 2-10 and 2-14).

2.5410. Motsture corrections for plywood com-
pressive strength (0° or 90° to face grain direction).
Moisture adjustments to the compressive strength
of plywood, either parallel or perpendicular to the
face grain direction, may be made by direct use of
the correction constants given in column (6) of
table 2-2.

When more than one species is used in the ply-
wood, the correction constant should be taken
for that species havings its grain direction parallel
to the applied load.

When plies of two species have their grain
direction parallel to the applied load, the plywood
correction constant should be determined by
taking the mean value of the correction con-
stants for the two species based on the relative
areas of the longitudinal plies of each.

2 5411. Moisture correction for plywood tensile
strength (0° or 90° to face grain direction). Data
on the effect of moisture on the tensile strength
of plywood are lacking. Limited data indicate
that the effect on the tensile strength of wood
is about one-third as great as on modulus
of rupture. The suggested procedure for adjust-
ing the tensile strangih of plywood is to follow
that for compressive strength as given in the
preceding section, using one-third of the correction

factors given for modulus of rupture in column 3
of table 2-2.

2.5412. Moisture corrections for plywood shear
strength  (0° or 90° fo face grain direction).
Moisture adjustments to the shear strength of
plywood, either parallel or perpendicular to the
face grain direction, Fy.:, may be made by direct
use of empirical correction constants equal to
those given in column (8) of table 2-2 for shear.
The use of such moisture adjustment to the shear
strength of plywood is not applicable when a
moisture content of less than 7 percent is involved.

When more than one species is used, the correc-
tion constant should be determined on the basis
of the relative areas of each species, considering all
plies.

2.5413. Moisture corrections for plywood com-
pressive strength (any angle to face grain direction).
The compression strength of plywood at any
moisture content, and at any angle to the face
grain direction, may be found by use of equation
2:51 after first correcting the compression terms
F... and F,. in accordance with section 2.5410,

2.5414. Moisture corrections for plywood tensile
strength (any angle to face grain direction). The
tension strength of plywood at any moisture
content, and at any angle to the face grain direc-
tion, may be found by use of equation 2:53 after
first correcting the tension terms Fl., and F...
in accordance with section 2.5411, and the shear
term F,,; In accordance with section 2.5412.

2.5415. Moisture corrections for plywood shear
strength (any angle to face grain direction). The
shear strength of plywood at any moisture
content, and at any angle to the face grain
direction, may be found by use of equations 2:55
or 2:56 after first correcting the various terms in
these equations by the methods outlined in the
foregoing sections.

2.55. SpeciFic GRAVITY-STRENGTH RELATIONS
FOR PLYwooDp. As in solid wood, the strength
and elastic properties of plywood inecrease with
an increase in specific gravity. The magnitude
of this strength incrsase, however, cannot be
determined by the same convenient exponential
equation given in table 2-1.

Specification AN~P-69a, Plywood and Veneer,

Aircraft Flat Panel, controls the minimum specific

gravity of the individual veneers used in the
manufacture of the plywood, consequently assur-
ing a minimum final specific gravity of the ply-
wood. The “weight per square foot” column in
table 2-13 for various plywood constructions has
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been based on the average specific gravity values
for wood listed in table 2-6

The strength properties for a piece of plywood
are merely the composite strengths of each indi-
vidual veneer in the direction being considered.
Therefore. to make a rational specific gravity
correction to plywood strength test data, it is first
necessary to determine the specific gravity of each
individual veneer and then correct its strength
properties to correspond to the average specific
gravity value given in table 2—-6 for that species.
To do this, of course, 1s impractical and the prob-
lem is further complicated by the effect of glue
Impregnation,

When substantiating the strength of a plywood
structure, or when establishing design values from
static tests, the weight per square foot of the
plywood used in the specimens should be near the
values given in table 2-13 to minimize the effect
of high or low specific gravity values (ref. 2-22).

2.56. StrEss-STRAIN RELaTIONS FOR Woob
aND PLywoop. When stresses are applied to wood

sm 6 cost@d 1

BB Y\t E

or plywood in a direction at an angle to the grain,
the resulting strains are quite different from those
obtained in isotropic materials. The general
equations (ref. 2-52 and 2-53) relating the strains
to the stresses shown in figure 2-12 are:

612(511](1‘;‘ a12f2+al3fsl2
Co=0s fi+ Qo fot @s3 frrz
Cop=1=az 1+ Gaz_fa'f‘ G33f312

(2:34)

in which the stresses and strains are referred to
orthogonal axes 1 and 2.

Jfi and e, are stress and strain in the direction of
axis 1.

f- and e, are stress and strain in the direction of
axis 2

faz and ey. are shear stress and shear strain
associated with the directions of axes 1 and 2,
and in which:

sin* g | cos' B
a‘ll E + E

K)
l:—Gl— - “E.”’:l sin® @ cos® §
r w

'P”’] sin? 8 cos? 6

yz=14 [E + —{— ZEP,:’] sin? § cos® 6+ G,_., [cos? 6—sin? ]2

—_ . — h__l_ i 1 T2 <2 Hug o g 4
agl—alg—l:Ew-l—E: Gw::l sin’ 4 cos G—Fw [sin® 6+ cos* 6]

2 g

K)
sin # cos® e—[Gwz__E:—ﬁ:l sin® @ cos @

. 2 .
sin® @ cos 9—[51:——3:—E;] sin @ cos® f

where 6 is measured positively from the direction of the face grain of the plywood to the direction of

axis 1, as shown in figure 2-12.
The inverses of equations (2:26) are:

f1=61131+ b e+ blseuz

f2= bose; -+ bages+ b3z

(2:35)

fs12=-” bae,+ baoes+ base.ﬂz

in which

6112% [E, cos* 84 E; sin* 6+(2 E u,0, -+ 42X Gyy) sin? § cos? 4]

bnz% [E; cos' 0+ E\, sin® 64+ (2 Eypzn+ 47 Gy) sin? § cos? §]

1
633=X (Ew+ E:

—2 Eypz) sin® 8 cos? 8- G, (cos® §—sin® §)*
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621=612=’)1: (Ee+ E,—4XGy,) sin® 8 cos® 8+ Epp,, (cos' +sin? )] A

1 . .
by = bmmi [(Ei— Eppze—27Gy;) sin® 8 cos 80— (E,— Ko p.,— 20G ) sin 6 cos®f]

1 . .
sgzbga;—i (Er— Eypze—20Gy) sin 8 c08® 80— (E,— E p— 27 Gy) sin® 6 cos 6

A=1— pyrplzy
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Figure 2-18. General stress distribution in plywood.
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If the stresses are known, equations (2:34)
completely define the strains. For example, if the
plywood 1s subjected only to a tensile stress f
applied at an angle 8 to the direction of the face

grain, then f.=f,.=0 and equations (2:34)
reduce to:

er=an fi

€2=an f

€s12= 03 f1

If the strains are knowm, equations (2:35)
completely define the stresses in a like manner.

The usual transformation equations for stresses
q

and strains apply. The transformation from the
arbitrary coordinate system 1, 2 to that of I, Il is
given by

fr=1fcos’ 8+ 1, sin’8+ 27, sin @ cos b

fr=1f sin* - f, cos* §—2f,,, sin # cos §
Serir=—fisinfcosd+ f;stb cosd+ f;1; (cos’8—sin?6)
(2:36)

2
Z

and

er=¢; cos®f-4+¢e, s5in*§+¢,, sin & cos

grp=¢e, SIN*f-+r¢, cOs* f—e,a Sin # cos b
e.r r= 2¢,8infcosf+ 2¢,51n8cos0 + e,,.(cos’8—sin’f)
(2:37)

where # is measured positively from the 01 axis
to the 07 axis, as shown in figure 2-13.

Very often the linear strains in three arbitrary
directions are known rather than those given in
equations (2:34) and {2:35). The required strains
can be found by use of the first of equations (2:37)
for each of the directions shown in figure 2-14.

The following equations result:

€q £, . cos’#, cos?é,
sin®g; sin*g, '|sin®é4; sin?ég,

Cor2™ cosf; cosé,
sin 6, sin 6
e; _ £4 e I:cos 8; _cos 84]
g, 0 6, cosf; sind, cos 'Ism 8; sin 8,
sin §; sin 8,
cosf, cosé,

B (2:38)

o

Figure 2-13.

2

Azes for transformmation equations.

/

Figure 8-14. Arbitrary directions in which linear strains are known.
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Figure 2—16. Sirain circle resulling from equation (2:41).
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and if
f,=45° and 8,=90°,

€ap=2€3—e,—e,, e;=¢

2.560. Mohr's stress-and-strain circles. M ohr's
stress-and-strain circles are a means of showing,
graphically, the relation of stress or strain in one
direction to the stress or strain in any other
direction and are an aid in the visualization and
evaluation of these relations. Reference 2-65
treats extensively the general problem of the use
of Mohr’s cireles in connection with wood and
plywood. Omnly a limited general treatment is
presented herein.

2.5600. Obtaining strains from . given stresses.
Assume a stress distribution in a piece of plywood
as shown upon the outer square in figure 2-12
(direction of arrows indicates positive direction).
The stress circle can be drawn by use of the follow-
ing equations as shown- in figure 2-13, and the
stresses parallel and perpendicular to the face
grain direction can be determined. -

C=5(/i+1) (2:30)

R=1i—CP+{fen)?

The strains parallel and perpendicular to the
face grain direction can be found by use of the
equations

(2:40)

shown in figure 2-17.

__f_u' -f: — ‘fr .fw __fvru.‘
€w= EW—E'UIW 8:_—EI—:_-E Harz €ozee = Gu-z
{(2:41)

where u,; and p,, are given by equations (2:30)
and (2:31), respectively.

The strain circle can then be drawn, by the
following equations, as shown in figure 2-16 and
the strains in any direction can be determined.

c=3 eute) (2:42)

. o)

2.5601. Obtaining stresses from given strains.
The foregoing process can be reversed if strains
are given and stresses required. For this purpose
strains are usually measured in the three directions
The strain circle can be
drawn, by use of the following equations, as shown
in figure 2-18, and the strains parallel and perpen-
dicular to the face grain can be found.

(2:43)

C=% (€1 4eq)

T:J% (31“‘33)2+% (ea—e3)* (2:44)

The stresses parallel and perpendicular to the face grain direction can be obtained from the following

equations: _
Erterlirg f
=

fw =Ew 1— (nuu'z.u:w)

The stress circle can then be drawn, by the use
of the following equations, as shown in figure 2-19,
and the stress at any angle to the face grain direc-
tion may be found:

1
C=5 Uw+fr) (246)
R='\v'l(fw—0)2+(‘fsm)2 (247)
2.5602. Erperimental stress-strain data. Figures

2-20, 2-21, and 2—-22 present stress-strain curves of
five-ply yellow-poplar plywood subjected to ten-
sion, compression, and shear, respectively, at var-

E: ﬁ_‘r Corllyer
1 (P’-arz.“rw)

fs¥w = Gu:ze sTw (2 4 5)

ious angles to the face grain. These figures are
reproduced from reference 2-67.

2.57. StrEss CONCENTRATIONS,
2--16-2.1611)

(See sections

2.6. Plywood Structural Elements

The following formulas for strength of plywood
elements are applicable only when elastic instability
(buckling) is not involved, except in the case of
column formulas. For cases involving buckling,
see section 2.71.

2.60. ELEME~NTS §=(0° or 90°).
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2.600. Elements in compression (8=0° or 80°).
When a plywood prism is subjected to & direct
compression load, the relation between the inter-
nal stress (f.) in any longitudinal ply and the
average P/A stress is given by the following
equations: {(Ref. 2-43) o '

Face grain parallel to applied load

; _E. Ao
PlA= =" for (2:48)
Face grain perpendicular to applied load
P/A=fu=% Jez (2:49)
L

60

The allowable stresses at the proportional limit
Fepe and F,,. or the allowable ultimate stresses
F,. and F.. are obtained from these equa-
tions, respectively, when the stress at the propor-
tional limit F., or the ultimate crushing stress
F,, from tables 2-6 or 2-7, whichever is required,
is substituted for f.;. When more than one
species 1s used in the longitudinal plies, the species
having the lowest ratio of F,,/E, and F,,/E; must
be used in determining the correct allowables.
For certain species and plywood constructions,
the compression allowables for the 15 percent
moisture content condition may be obtained from
table 2-13.
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Figure 2-19. Siress circle resuiting from equations (2:45)

2.601. Elements in tension (6=0° or 90°). The
allowable ultimate tensile stress for & pivwood
strip (de&gnated as Fi.., when the face grain
direction is parallel to the applied load, and F...
when the face grain is perpendicular to the applied
load) is equal to the sum of the strengths of the
longitudinal plies divided by the total area of the
cross section. The strength of any longitudinal
ply is equal to its area multiplied by the modulus
of rupture for the species of that ply as given in
column 8 of tables 2-6 and 2-7. For certain
species and plywood constructions, the tension
allowables may be obtained from table 2-13.

2.602. Elements in shear (8=0° or 0=90°).
The allowable ultimate stress of plywood elements
subjected to shear is given by the empirical for-
mula: (Ref. 2-88)

i=n

Foo—55"2"14 i}: Frute  (2:50)
t 161 71=

in which the factor 2— ! shall not be assigned values

greater than 35 and in which i, is the thickness of
the ith ply and F.,; is the shear strength of wood
of the i ply obtained from tables 2-6 or 2-7.
For certain species and plywood constructions the
shear allowables for the 15 percent moisture
content condition may be obtained from table
2-13.
2.61. ELemME~NTs (f=ANY ANGLE).

9%9770°—351 6

2.610. Elements in compression (f=any angle).
Based upon the results of compression tests of a
few species and constructions of plywood, the
ultimate compressive stress of narrow elements
may be given by:

Fcuﬂ.:
‘J cos2€:| sm"’ﬂ] +|:smﬁcost9]
. Fcuw Fﬂu:

(2:

and the ultimate compressive stress of wide ele-
ments, by:

Fruo=~ Fruw® C08*6+ Foo” sin*d+4F,,,° sin’® 9 co ﬁ”t?
(2:

v

where
g=angle between the face grain and the

direction of the applied load.

F.,.=-ultimate compressive strength of the
plywood parallel to the face grain;
from formula (2:48}).

F..,=ultimate compressive strength of the
plywood perpendicular to the face
grain; from formula (2:49).

F...=ultimate shear strength of the plywood
when the face grain direction is
parallel and perpendicular to the
shear stresses, from section 2.602.
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2.611. Elements in tension (§=any angle). The
ultimate tensile strength of narrow elements is
given by the formula:

™ —‘J[cos"’ﬁ]z smEGJ l:smﬁ 0059]2
F;uw Flu.t st:

(2:53)

and the tensile strength of wide elements, by

Frus=1 Fu..” cos* 6+ F\..7 sin*6+4 F,,, sin’f cos?6
(2:54)
where

Foand F,,=ultimate tensile strength of
plxwood parallel and per-
pendicular to the face grain
direction, respectively, from

section 2.601.

2.612. Elements in shear (f=any angle). The
ultimate shear strength of plywood in this case is
given by equations (2:55) and (2:56). 'When shear
tends to place the face grain in tension, equation
(2:55) should be used. When shear tends to place
the face grain in compression, equation (2:56)
should be used.

When face grain is in tension

i 1 cos? 26 (2:55)
V() 5ne 20455

When face grain is in compression

F, - (2:56)

b
cos? 28
\/(Fcuw +Fruz ) Sln 28+ FS‘EI

For the special case of the face grain at 45° to the
side of the panel, equations (2:55) and (2:56)
reduce to

Foys= R (2:57)
fuw
\/ +(FM)
(2:58)

slac
Fius
\/1 +(Fcuw>

2.613. Elements in combined compression (or
tension) and shear (6=any angle). The condition
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for failure of plywood elements subjected to com-
bined stresses in the plane of the plywood is given
by the following equation. Formulas (2:33) to
(2:58) are special cases of this gencral equation.

_fw : _f FUT
) +(5)+ (k) -
where
Ju/Fe=ratio of the internal tension or com-
pression stress, parallel to the
face grain, to the allowable ten-
slon OI compression stress in the
same direction.
fz/F;=ratio of the internal tension or com-
pression stress; perpendicular to
the face grain, to the allowable
tension or compression stress in
the same direction.
Jswz/Frez=ratio of the internal shear stress,
parallel and perpendicular to the
face grain, to the allowable shear
stress In the same direction.

In the use of equation (2:59), it is necessary
first to resolve the internal stresses into directions
that are parallel and perpendicular to the face
grain direction by use of the following transfor-
mation equations:

(2:59)

=f; cos? 8+ f, sin®*6— 2., sin 6 cos §
j;,;:j] Sin2 9+f2 COS2 6+ 2f512 Sin fcosé

Foer=(fi—12) sin 6 cos 6+ £,,» (cos? 6—sin® §)

(2:60)

in which the symbols have the meanings indicated
in figure 2-12 and 6 is measured positively from
the direction of the face grain to the direction of
axis 1.

In order to clarifv the use which can be made of
the combined loading equation (2:59), the com-
plete derivation of equation (2:53) is given. It is
desired to find the allowable tensile stress of a
plywood element which is loaded as shownm in
figure 2-23.

Thus in equation (2:60) fo=fiw, fo=Ffz, fi=F
and f,=f;.=0; and the equations reduce to:

f;w=jr 0052 6
Fe=1 sin?g

Fswz=7F sin 8 cosf
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Figure 2-23.

Substituting these terms in the combmed loadlncr

equation
z SUT ¢
e T+re] +e] =

the following is obtained:
I:f, cos® jr_l_[j,;in' ] +|:f, sin f cos 6’]2
Dividing through by f, and setting its value equal

to the allowable tensile stress, F .8, gives equation
(2:53), or
sin?

F wl=
\/"cos’ B:I :I [sm 8 cos 0]
LFIHU Ftuz st:
Equations (2:51), (2:55), and (2:56) may be
derived in exactly the same manner.

Equation (2:38) is derived in a similar manner
in which f, and f,. are not equated to zero but
are allowed to assume values which make f, a
maximum. Equation (2:37) also may be derived
in this.manner.

These equations were taken from reference 2-67.

2.614. Elements +n bending. The apparent
moduli of elasticity {E, and E.) of plywood
beams in bending are given by the general formulas
in section 2.5. Whben all of the plies are of equal
thickness and one species, these general formula,s
reduce to the following forms:

For rotary-cut veneer,

(2:53)

three-ply; FE o= EL ET—l—HG) (2:61)
E, = E"' (1+°6 Er
E, )
five-ply; E;,D:—l—,;g (‘76 == +99 (2:62)

Orientation of plywood element for derivation of formula (£:33).

E,=

1‘70
seven-ply;
En=vrz (99 +244)
Er ]
E.— 343(99+-44‘E (2:63)
nine-ply;
,w=_09(244 Z—|—485>
E.=—— (244-{-48" L (2:64)
Iz -29 E -l

For quarter-sliced veneer, Kr/Ey should be re-
placed by Eg/Ey (sec. 2.13).

The bending stress in the extreme fiber of the
outermost longitudinal ply is given by the follow-
ing formulas:

Face grain parallel to span

\IC EL o=
f=118 == g2 (2:65)
Face gmin' perpendicular to span
Me’
£,=0.91 IC o L (for 3-ply) (2:66)
fy=1.11 f‘? o (rm other) (2:67)

where

¢’ =distance from neutral axis to extreme

fiber of outermost longitudinal ply.
E’=same as E, except that outermost ply

in tension is neglected. X, may be
used in place of £, in formula (2:67)
with only slight error.

E, is taken for the species of the outermost
longitudinal ply.
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The allowable bending stress at proportional
lmit (F,,) and the modulus of rupture in bending
(Fou) are given in tables 2-6 and 2-7. (Ref. 2-25)

2.6140. Deflections. The deflection of plywood
beams with face grain parallel or perpendicular to
the span may be obtained by using E,, or E,, in
the ordinary beam formulas. E’,, is used only for
determining strengths in bending and not the
deflection. Kor plywood beams with face grain
at an angle 6 to the direction of the span, the
effective modulus of elasticity to be used in the
deflection formula is given by the equation:

E:{- [E,. cos® 6+ E,, sin* 8-+
7
(2 Epppryee+ 47,Gryz) sin? 0 cos? 8] (2:68)

in which A,=1— 4 itz
when

(1) The loading is constant across the width
of the beam at any point in its span.

(2) The beam width is sufficient to cause the
-deflection to be constant across tbe beam
at any point in the span.

(3) The beam is held so that it cannot leave
the supports.

There are no methods available by which the

when the grain direction of the face plies is other
than parallel or penpendicular to the span.

2.615. Elements as columns. The allowable
stresses for plywood columns are given by the
followiing formulas:

Long columns

_0.8572F,, o R
F, = TR (face grain parallel to length)
(2:69)
Fc=g-(§£,7/r—;ﬁ?” (face grain perpendicular to length)
2:70)
’ P i S
(L /P)cr—3-0€)<\ Ecuw
or 3.55 f_‘_:}, respectively
Short columns
FoN4

where

K:(L’/P)cr
Fou=F..: whenfacegrain is parallel to length
= F,.. when face grain is perpendicular to

strength of plywood beams may be calculated length
&0
5.0
4.0 \\ _
3:\5 \\ TN
\ ///\ T K=l
3.0 \\ g — K=08
\\\___—-A AN T T K=06
20 */E - T K02
1005* o8 L2 &6 2.0 24 2.8 3.2 3.6 4.0

r

Figure 2-25. Ploi of equation (2:74).
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9.7. Flat Rectangular Plywood Panels

2.71. Brekring CRITERIA.

2.711. General. When buckling occurs in ply-
wood panels at loads less than the required design
loads, the resulting redistribution of stresses must
be considered in the analysis of the structure.
The buckling criteria in this section are based on
mathematical analyses and are confirmed by ex-
periments for stresses below the proportional limit.
Visible buckling may occur at lower stresses than
those indicated by these criteria, due to the imper-
fections and eccentric loadings which usually exist
in structures. Experiments have indicated, how-
ever, that the redistribution of stresses due to
buckling corresponds more closely to the degree of
buckling indicated by these theoretical criteria
than it does to visible buckling. These criteria
can, therefore, be used in various parameters for
plotting test results or design allowables against
the degree of buckling, and to compute the degree
of buckling in a structure. This is done in sections
2.72 and 2.760. '

Since the mathematical analyses are based on
the assumption of elastic behavior, these criteria
cannot be directly applied when the stresses are
above proportional limit. The behavior at such
stresses has been investigated experimentally for
some cases, as described in sections 2.72and 2.760.
Because of the low modulus of elasticity of wood
across the grain it is difficult to approach clamped-
edge conditions.

2.712. Compression (8=0° or 50°). The ecriti-
cal buckling stress of flat rectangular plywood
panels subjected to uniform compressive stress 1s
given by the following formula (ref. 2-55).

E B 1\?
Fccrzﬂcl_{t_g (E) (272)
in which H, depends upon the edge conditions of
the panel and other considerations in the following
cases. ’

Case I. All edges simply supported.

| H=% [(%>2+(—?->2+ zk] (2:73)

7.0
/
6.0 \_// P P —— {A‘ K= 10
J A N-—.—-/\"-——-:—'/ N=08
IQ 50 \/ A\\\--_.-/ —— K=086
0 (\ \\\,_____ | K =04
\ / \\*-——/A\“-—-—/ =02
£.0 \Jl “~ . / — oy
- K =0
3'00.5 08 10 12 /4 L6 |8 20 22 24 26
r

Figure 2-24.

Plot of equation (2:73)
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Figure 2-26. Plol of equation (2:75).
in which —|- + 101:)
_ij#fzm+2)\fafwz o
- VEE, For three half—waves (2:75)
e ! ’)0
E,

m=the number of half-wave lengths in the
shape of the buckled panel defined by
the inequality,

Vm (m—1) <r<v'm (m ¥ 1)

Case II." Loaded edges simply supported. Re-
meining edges clamped.

=g [(5) +15 (2)+]
%\m<r< LR o —— V3

Case III. Two loaded edges clamped. Re-
maming edges simply supported.

For one half-wave
Hc——— (3r2+ +8k)

- For two half-waves

68

For four half-waves
2

= 2, 383 )
Ho=gr (r +5 84k
The value of H, that is least for the particular
panel involved, should be used.

Case IV, All edges clamped.
For one half-wave

F T (a2 3 L on
H~% (31- +54 21,3)

For two half-waves
ch—-—(lﬁ

180
For three half-waves

2 -
Hf:i% (2r2+?_—21+10k)

123

For four half-waves

HC—EF
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Figure 2-27.

The value of H, that is least for the particular
panel involved, should be used.

2.713. Shear (8=0°0r 90°). The critical buck-
ling stress of flat rectangular plywood panels sub-
jected to uniform shear stress is given by the fol-
lowing formula (ref. "—50)

Ei5n y

in which values of H, are obtained from figure 2-28
for panels having simply supported edges and from
figure 2-29 for clamped edges. The symbols a
and b are assigned to the dimensions of the panel

1 'E,
in such a way that —-3 z

For=H, (2:77)

) 1s less than or

equal to unity.

2.714. Combined compression and shear (3=0°
or 90°). The critical buckling stresses of flat rec-
tangular panels subjected to combined compres-
sion and shear may be obtained by use of the fol-

r

Plot of equation {2:78}.

lowing interaction formula (ref. 2-50)

(72) +5e=
in which the ratio of f,., to f... is given by the
particular problem to be solved. This equation
is accurate only for isotropic plates, but is not
greatly in error for plywood if 8=0° or 90°.

2.715. Compresston, shear, and combined com-
pression and shear (B=any angle). When the di-
rection of the face grain of the plywood makes an
angle other than 0° or 90° with the edge of the
plywood, accurate methods of calculation are ex-
tremely complicated, and, therefore, an approxi-
mate method is resorted to. The curves of
figures 2-30 to 241, inclusive, apply accurately
only to Douglas-fir plywood, but their use is ex-
tended approximately to other species by the
method deseribed. Curves for the cases in which
B==0° or 90° are included for the sake of comyg
pleteness.

(2:78)
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By this method the critical buckling stress of FromEK,[E,.+E,] ( t ): (2:80)
flat rectangular plywood panels subjected to a
either uniform compression or uniform shear  Where

stresses 1s given by the following general formulas. K. and K, are factors depending on the type of
loading, the dimensions of the panel, the edge-

fixity conditions, and Poisson’s ratio. K, and
K, are determined by the following methods.

K
1.0

Fo=EIE.+E(L) @79
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Figure 2-28. Curves for caleulating the buckling shear stress in orthotropic rectangular plates, with simply supporied edges
whose azes of elastic symmeiry are parallel to the edges. (Taken from paper by E. Seydel, Zeitschrift fur Flugtechnik
und Luftschiffahrt 24, 78—-83, 1833.)
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Figure 2-29. Curves for calculating the buckling shear stress in orthotropic rectangular plates, with clamped edges, whose azes

of elastic symmetry are parallel to the edges,

{ Taken from repori by R. C. T. Smith “The Buckling of Plywood Plates

tn Shear,”’ Report SM. 51 of the Council for Scientific and Industrial Research, Division of Aeroncutics Commonwealth

of Australia.)

Let @ be the width of a rectangular panel of
infinite length of which a portion of finite length
b is being considered.

The mathematical treatment of buckling con-
stants presented in this section has been based on
the assumption that the compression load 1is
always placed on the edge having dimension a.
In a panel loaded only in shear a dimension of
either edge may be taken as a, and the panel

shall be considered as a 8==0° case when the face
grain is perpendicular to the edge having dimen-
sion ¢ and as a 8=90° case when the face grain
is parallel to the edge having dimension @ (fig.
2-49),

One method of obtaining K or K. is by the use
of ficures 2-30 to 2-36 as explained in section
2.7151. Approximate values of K, or K, suitable
for ordinary purposes may be obiained by cor-
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Five-ply construction,
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recting K, o values or K, values in table 2-14
for panel size by means of figure 2-37. In using
these figures b’/a is first obtained from table 2-14
and b/b’ computed. For a more exact determi-
nation of K, or K, or to determine these buckling
constants for a plywood construction different
from those specified in AN-NN-P-511b or
ficures 2-30 to 2-36, qa]culate E';,,.ETfh in ac-
cordance with section 2.52, read K; o or K, » and
b’je from figures 2-38 to 2—41 and correct for
panel size by means of figure 2-37.

2.7151. Combined compression (or tenswn) and
shear. The analytical method of determining the
critical buckling stresses for rectangular panels
subjected to combined loadings is quite compli-
cated, and only the graphical solutions for a few
tvpes of plywood construction are given in figures
2-30 to 2-36.

When the plywood construction being used 1s
not the same as any of those illustrated, its
buckling constants may be obtained by a straight
line interpolation (or extrapolation), on the basis

B2

of -——E—{‘—'L—: of the buckling constants for two
EptEp

plywood constructions whose values of the ratio

.
Efw+Ef:
under consideration. The values of these ratios
for the plywood constructions considered in
ficures 2-30 to 2-36 may be calculated with
sufficient accuracy by assuming E»=0.05 K.

These figures apply to panels of infinite length
and values of the buckling constants from the
curves must be. corrected for actual panel length.
Values of the shear constant K, and the com-
pression constant K.« are indicated on the ver-
tical and horizontal axes, respectively. The
points at which the curve crosses these axes give
the values of K, » or K. at which buckling will
just occur in a panel of infinite length in either
pure shear or pure compression. The particular
combination of stresses represented by each of
the four quadrants is shown by the small stress
sketches. Buckling will occur under these com-
bined stresses whenever the location of a point
K,w, K., lies on or outside the curve.

are fairly close to that of the plywood
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" Nine-ply construction.
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Table 2-14. DBuckling constants for plywood !

- THREE-PLY
Shear Compression
L
) Face 0°
grain 0° 90° . 0 and an° 15°
“t angle Face grain in Face grain in 90° :
L tension compression
Nomi-
S e | R ¥/ (K)w vfa (K b'la (K)a b'fa b'fe Hw t'fs (Kdew | e
L’ ness
(1 (2) (3) (4) {5) (6) M) 8) 8] (10} (11} (12) (13) (1)
N Inch
0. 035 0.60 . 2.13 2.05° 0.601 0.57 0. 95 3. 50 1. 74 1. 88 0.71 0. 33 0. 86 0. 84
. 070 .80 ¢ 1.79 2,11 . 68 ; .78 1. 06 3. 34 .72 1. 62 . 82 . 62 1. 03 .91
- .100 .75 1.85 2. 10 . 66 .73 1. 03 3. 38 1. 72 1. 67 . 80 . 60 1. 03 .90
. 125 .88 1.70 2. 13 .71 .87 1. 10 3.27 1.71 1. 55 . 87 .85 1. 17 .93
., 153 .94 | 1,65 2. 14 .72 .93 1. 12 3.22 1. 70 1. 50 .89 . 67 1. 23 .94
. 185 .95 ¢ 1.64 2.14 .73 .94 1.13 3.22: 1.70 1. 50 . 90 . 68 1. 24 .94
v | |
- FIVE-PLY
1 | | )
‘ 0. 160 1. 25 1. 42 2,13 0. 83 1. 29 1. 26 2.9 1. 66 1. 31 1.02 0.77 1. 49 0. 97
1= . 190 1. 35 1, 36 2,12 . 87 1. 41 1. 30 2,81 1. 64 1. 26 1. 04 . 80 1. 36 .98
. -225 1. 37 1. 35 2. 11 . 88 1. 43 1. 31 2.79% 1. 63 1. 25 1. 05 .81 1. 57 .98
. 250 1. 30 1. 38 2. 12 .85 1. 35 1. 28 2. 86 1, 64 1. 28 1. 04 .79 1. 533 . 98
L . 315 1. 29 1. 39 212 . 85 1. 34 1. 28 2. 87 1. 65 1.2 1.03 .78 1. 52 .98
. 375 1. 48 1. 28 2,08 .92 1. 57 1. 36 2. 66 1. 60 1. 19 1. 08 . B4 1. 64 .99
L SEVEN-PLY (all plies of equal thickness)
Any 1.40 : 1.32 2. 10 0. 89 1. 46 1. 32 2.75 | 1.62 1. 23 1. 06 0. 82 1. 59 0. 99
L | | ? |
- NINE-PLY {all plies of equal thickness)
Any 1. 52 i 1. 26 2.06 0. 94 1. 63 1. 37 260 I1.39 1.17 1. 09 i 0. 86 + L 66 0. 99
: | 1 | | ‘
r
b ELEVEN-PLY ({(ail plies of equal thickness)
3 ' | |
L Any 159, 1L 22 2.03 0. 96 1. 72 1. 40 2,52 ’ 1. 58 114 1. 10 0. 88 i 1. 70 F 0. 99
\
j

! The buckling constants listed in this table correspond only to the plywood thicknesses and constructions listed in table 2-13 that ebrrespond to Army-
Navy specificatiop AN-NN-P-511b (Plywood and Veneer; Aircraft Flat Panel), The values in this table were computed as follows: For each construction

r

given in table 2-13 a value of E%— was computed from eolumns 5 and 6 of table 2-13. T hese values for each thickness were averaged and the average values
Jw f=

were used in entering figures 2-38, 2-39, 2-40, and 2-41 from which the values of this table were obtained. For a more exaet determination of these buckling
» comstants or to determine the buckling constants of 2 plywood construction different from those specified in AN-NN-P-511b, see section 2.7,

&

l'!“ The curve marked &’/a is the ratio of half the  the correction factors for panels of finite length

p—

. wave length (d") of a buckle in an infinitely long  to be applied t(? K .
panel to its width (¢). This ratio is to be used in The curves in figures 2-30 to 2-36 marked v
conjunction with figures 2-37 to 2—41 in obtaining  give the slope of the papel wrinkles with respect
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to the 0-X axis indicated on the stress sketches.
The procedure in the use ot these figures is as
follows:

(1) From the analvsis the shear stress (fs)
and the compression (f.) or tension stress
(=fc) acting on a particular plywood
pane] will have been calculated.

(2) Determine the ratio Js/f. and, on the ficure
giving the same plywood construction
and angle 8, draw a line through the
origin having a slope (positive or nega-
tive) equal to this ratio. When the ply-
wood construction is not the same as that
given in the figures, this procedure for
determining the buckling constant will
have to be run through on the two most
similar constructions and an interpola
tion of the results made on the basis of

En
E,ru- + Ef:

(3) The point at which the constructed line
crosses the curve gives the critical buck-
ling constants K,, and X, at which an
nfinitely long panel will just buckle
when subjected to the same ratio of shear
to compression that exists on the panel
In question.

(4) Read the value of b’/a for the point on
the b’/a curve which is obtained by pro-
Jecting horizontally from XK,. deter-
mined in step (3).

(5) From the panel dimensions compute &’
and b/b’.

(6) Figures 2-37 to 2—41 will give the ratio of
K,/K,. from which the value of K, can
be computed (K, is always taken as
positive). ,

(7) The critical buckling shear stress (F..)
may then be determined by equation
(2:80). This represents the maximum
allowable shear stress which the panel in
question can sustain without buckling
when subjected simultaneously to a com-
pressive stress equal to that given in
step (1).

2.72. STRENGTH AFTER BUCKLING.

2.721. General. Plywood panels may sustain
greater loads than those sufficient to cause buck-
ling. When buckling takes place the stresses

within the panel are redistributed, the maximum .

stresses occurring at the edges. The panel will
continue to accept load until these stresses reach

92

the ultimate value. The load at failure is obtained
from empirical curves in which the ratio of the
average stress at failure to the ultimate strength
of the plywood is plotted against the ratio of the
width of the panel to the width of a hypothetical
panel that will fail at its buckling load.

2.722. Compression (B=any angle). The ab-
scissa of figure 2—43 is obtained from the equation

) 9.
a’ﬂ—\ ﬁ‘CCT (H'Sl)

in which F,, is obtained from equation (2:51) or
(2:52) and F., from equation (2:77) or (2:79),
The ordinates give the ratio of the average
stress at which failure will occur to the ultimate
compressive strength (F..s) of the plywood.

2.723. Shear (8=0°, 45°, or 90°). The abscissa
of figure 2-44 is obtained from the equation

e_ [
5 O

a. (2:82)
in which F, is obtained from equation (2:50)
(2:57), or (2:38) and F,, from equation (2:77) or
{2:80). The ordinates gi ‘e the ratio of the aver-
age stress at which ailure will take place to the
wltimate shear stress (F) of the plywood.

2.73. ALLOWABLE SHEAR I8 PLywoop Weps.

2.730. General. Beams ure required to have a
high strength-weight ratio and, therefore, they
are generally designed so that they will fail in
shear at about the load which will cause bending
failures. A higher strength-weight ratio is usually
obtained if the beams fail in bending before shear
failure can occur.

Plywood when used as webs of beams is sub-
Jected to different stress conditions from those
when it is used in simple shear frames. It is es-
sential, therefore, that tests to determine the
strengths of shear webs be made upon specimen
beams designed with flanges only sufficiently
strong to hold the load at which shear failure is
expected. Plywood webs tested in heavy shear
frames with hinged corners will give shearstrengths
that are too high for direct application to beam
design.

In any case where buckling is obtained, the
stiffeners must have adequate strength to resist
the additional loads due to such buckling, and the
webs must be fastened to the flanges in such a
manner as to overcome the tendency of the buckles
in the web to project themselves into this fastening
and cause premature failure (ref. 2-23 and 2-42)
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2.731. Allowable shear stresses. The allowable
shear stresses of plvwood webs having the face
grain direction at 0°, 45° or 90° to the main beam
axis may be obtained from figure 2—45.

Values of the parameter-;1 are obtained from

[

equation (2:82) as explained in section 2.723.
Each curve of the family shown in the figure is
similar to the curve of figure 2—44. The allow-
able shear stress (F.) for the web can be obtained
in terms of F,/Fy from figure 2-45. (For aja,
values greater than 4.0, the @/b curves may be
cxtrapolated as straight lines to meet at a point
corresponding to afa,—10 and F,/F$=0.2.)

The direct use of figure 2-45 for any type of
beam having 45° shear webs has been verified by
numerous tests of I- and box-beams. A few ex-
ploratory tests of beams having 0° and 80° plywood
shear webs has indicated that the allowable ulti-
mate shear stresses obtained for these construc-
tions by using figure 2-45 are conservative.

Plywood shear webs of 45° are more efficient
than 0° or 90° webs.

The designer is cautioned that box beams may
fail at a load lower than that indicated by the
strength of the webs as shown in figure 2—45, be-
cause of inadequate glue areas of webs at stiffeners
or flanges. Such premature failures result from a
separation of the web from the flanges or stiffeners.

Figure 2-45 contains a parameter a/b in the form
of a family of curves. Thea/b=1 curve represents
a spacing between stiffeners just equal to the clear
depth between flanges. The curves below a/b=1
should be used for the design of shear webs of
beams whose stiffener spacing exceeds the clear
distance between flanges. The upper set of curves
should be used for the design of beams whose stiff-
ener spacing is less than the clear distance between
flanges.

2.732. Buckling of plywood shear webs. In con-
nection with shear web tests on various types of
beams, it was observed that for plywood webs in
the a/a, range of less than 1.2, buckling was of the
inelastic type that often caused visible damage
soon after buckling and sometimes just as the
buckles appeared for those webs designed to fail in
the neighborhood of Fu. No accurate criteria
can-be presented at this time, but the designer is
cautioned to avoid the use of webs that may be
damaged by buckling before the limit or yield
stress is reached. The buckling curve established
by these tests is shown in figure 2—45.

2.74. LaicuTENING HoLes. When the computed

96

shear stress for a full depth web of practical design
1s relatively low, as in some rib designs, the effici-
ency, or strength-weight ratio, may be increased
by the careful use of lightening holes and reinforce-
ments. General theoretical or empirical methods
for determining the strength of plywood webs with
lightening holes are not available, and tests should,
therefore, be made for specific cases (ref. 2-64).
2.75. TorsioNaL STRENGTH aND RIGIDITY OF
Box Spars. The maximum shear stresses in ply-
wood webs for most types of box spars subjected
to torsion may be calculated from the following

formula;

b s=-57t(?i:.—2_b’5 (2:83)
where
t=thickness of one web
b’=mean width of spar (total width minus
thickness of one web)
(’'=average of the outside and inside peri-
phery of the cross section.
The allowable ultimate stress in torsion of ply-
wood webs is determined as in section 2.723.

The torsional rigidity of box beams up to the

" proportional limit, or to the buckling stress (which-

ever is the lesser) is given by the formula:

TC'L

6240156’(0’— 262

(2:84)

2.76. PLywoop PaneLs UNpER NorMaL Lioabs.

2.760. General. When rectangular plywood
panels, which have the face grain direction par-
allel or perpendicular to the edges, are subjected
to normal loads, the deflections and in some cases
the stresses developed, are given by the following
approximate formulas. If the maximum panel
deflection exceeds about one-half its thickness, the
formulas for large deflections will give results
which are somewhat more accurate than those
given by the formulas for small deflections (ref.
2--51). '

2.761. Small deflections.

{a) Uniform -load—all edges simply sup-
ported.

4

w,=0.155 KI%
1

(2:85)
where _
w,==deflection at center of panel
p=Ioad per unit area
a=width of plate (short side)
K, =constant from figure 2—46 (a)
The maximum bending moment at the center

of the panel on a section perpendicular to side a
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may be obtained from figure 2-46 (b). The
maximum bending moment on a section perpen-
dicular to side » is given by the same curve,
provided a and &, and E} and E, are interchanged
in the abscissa, and @ is replaced by & in the
ordinate. The corresponding stresses can be cal-
culated from the formulas given in section 2.614.
() Uniform load—all edges clamped.

_ pa i
w,=0.031 K, EE (2:86)
where

K,=constant from figure 2—46 (a)

(¢) Concentrated load at center—all edges
simply supported.

1/4 Paz

w0=0..‘252K3 (% ETE (287)

where
K= constant from figure 2-46 (a).

2.762. Large deflections.
(e) Uniform load-—all edges simply sup-
ported. :
The relation between the load and
deflection is given by the formula:
3 13
p=K4ELw,,E—}—K5ELw,,3&I (2:88)

where

K, and K; are constants whose approximate

values are given in table 2~15.
E} is taken for the species of the face ply.
The maximum bending moment at the center

of the panel can be calculated from the following
approximate formula provided the length of the
panel exceeds its width by a moderate amount.

3
Mear =X, Eyw, 6—%2 (long narrow panels only)
{2:89)
where
A =constant from figure 246 (c).

Although the edge support conditions are
taken as simply supported, it is assumed that the
panel length and width remain unchanged after
the panel has been deflected. Therefore, in
addition to the bending stress, there will be a
direct tensile or membrane stress set up in the
plane of the plywood, and the total stress in any
ply will be the algebraic sum of the bending stress
and direct stress in that ply. The maximum
total stress will occur in the extreme fiber of the

-o8

outermost ply having its grain direction perpen-
dicular to the plane of the section upon which the
moment was taken; the bending stress being
calculated from formula (2:67) and the direct
stress from section 2.601 after first determining
the average direct stress across the section from
the formula:

2
Ffravy=2.55E, (%—") (long narrow panels only)
(2:90)

(6) Uniform load—all edges clamped.

The load-deflection relation, formuls (2:88), will
also apply to this case provided K, and K; from
table 2-15 are substituted for X, and K, respec-
tively. The maximum total stress may also be
determined as outlined in (a) above, provided
Xz from figure 2-46 (¢) is substituted for N oIn
formula (2:89).

Table -15. Values of constants in the approzimate deflection
Jormulas for plywoed panels under normal loads ?

Unifermload ll -« o0 0

\ edges simply |
s ~ edges clamped
Panel construction 2 supported

| . i
(bja) 1 Ki | K (bfay Ky | A

3 ply, 9=0° L0 (see (see © 1.0 (see {see

[6=90°)9=50°) 9=80°); #=90°}

1.5 1.7 59 2.0 3.4 6.0

2:0 By 4T >300 25 7.0

3.0 .5 L N S O

B=90° | 1.0 6.3 13.3 L0 33.3 7.9
..................... >20 320 2

5 ply, §=0° 1.0} {see (see 1.0 (see (see
Th=590°)] 6:=90°) 6=00°)|8=90%)

1.5, 24 6.5 2.0 8.3 8.2

>20 L5| 60]|>30. T.o 2.4

§=50° 1.0 6.2 123 10} 287 17.7

|>L8| 50| 100 >20! 25| 155
t

! The values given in this table are for spruce plywood, all plies of equal
thickness, hut they may also be considered appiicable to plywood of other
species and of the same constructions. For plywood made of more than
five plies or of unequal ply thiclness, the above tabje may be used as a rough
guide in arbitrarily selecting values of these constants.

26 is the angle between the face grain direction and side b of the pans],

2.77. StirFeNED FLAT PLYW0OD PaNELS.

2.771. The stiffness of a stiffener afized to a
plywood panel (ref. 2.71). When a stiffener is
affixed to a panel the neutral surface of the
panel moves toward the stiffener as illustrated in
figure 2-47. The amount of this movement
is given by the equation:

t+d

(2:91)




o

r— - -

=

r— - t— c7 7V r -

)

in which
a=VP+P—1

) l,b=§ \.EwE:(G_H'_'

c=1 if the edge of length b is simply sup-
ported

2 e

e=2 if the edge of length & is clamped
E.;=modulus of elasticity of the stiffener in
the direction of its length

The stiffness in the neighborhood of the stiffener
added to the plate by the presence of the stiffener
1s approximately:

th

(EIl);= [d2+3(t+d 2Z,) | +th E,Z,2  (2:92)

p [

e e et e e —— ity — —

i

2.772. A single stiffener bisecting a panel. If
the stiffener is sufficiently stiff it will substantially
divide the panel into two identical panels that
can be designed according to the methods of
sections 2.71 and 2.72. The mintmum stifiness
of the stiffener that will accomplish this purpose’
is defined in the following sections,

2.7721. Stiffened panel subjected 10 edgewise
compression, stiffener perpendicular to the direction
of the stress and parallel to side a (=0° or 90°)
(ref. 2—-30).

z‘

T3 L (Fcrm__Fcrp) (293)

(El)ser=177

in which (EI),. is the critical value of (EI), as
determined by equation (2:92); F.,, and F,,. are
the critical buckling stresses of the panel, con-
sidered to be unstiffened and adequately stiffened

1h \(//VEUTRAL SURFACE

L

Figure 2—47. Nomenclature for equations (2:91) and (2:92).
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respectively, obtained by means of the method of
section 2.712, Case 1.

2.7722. Stiffened panel subjected to edgewise com-
pression, stiffener perpendicular to the direction of
the stress (=44°). The stifiness in the neighbor-
hood of the stiffener added to the plate by the
stiffener is assunied to be the stifiness of the stiff-
ener alone
1
12

(El)y=—= E.h d* (2:94)

and the critical stiffness of the stiffener is approx-
imately

(EDvo—=t2 (som—oo) (2:95)
ser— 40 erm . crp o ;

in which

e=the dimension of the panel perpendicular
to the direction of the stress

b=the dimension of the panel parallel to the
direction of the stress

and m which the values of ¢, and o, are ob-
tained from the critical buckling stresses of the
panel, considered to be unstifiened and adequately
stiffened respectively, by means of figure 2-48 and
the method of section 2.715 for panels with edges
simply supported and having their face grain at
45° to their edges.

2.7723. Stiffened panel subjected to edgewise com-
pression, stiffener parallel to the direction of the
stress and to side b {8=0° or 90°).

tad’ 2dh E,
10(n+1)2 [Fcrm (1+ GztEb _Fcrr:l
(2:96)

(EI)scr=

in which (E[,, is the critical value of (EI), as
determined by equation (2:92); F,, and F,, are
the critical buckling stresses of the panel, con-
sidered to be unstiffened and adequately stiffened
respectively, obtained by the means of the method
of section 2.712, Case I, and n is the number of
half-waves that occur in the unstiffened panel. It
may be noted that the dimensions of the stiffener,
d and h, appear in equation (2:96) as well as In
equations {2:91) and (2:92) and, therefore, it is
necessary to estimate the values of these dimen-
sions and verify the estimate by use of equation
(2:96).

The compressive stress in the stiffener asso-
ciated with the critical stress of the panel is:

facr=% Fcrm (297)

The load carried by the panel and the stiffener
at the critical stress of the panel is:

P,—F,. at+% dh] (2:98)
b

The ultimate load of the stiffened panel cannot
be greater than the sum of the ultimate loads of
the two half panels according to section 2.722
plus the ultimate load of the stiffener considered
as o short column. The reduction of this sum in
terms of the ¢/a, of one of the half panels is given
by figure 2—49 (ref. 2-30).

2.7724. Stiffened panel subjected to edgewnse
compression, stiffener parallel to the direction of
the stress (8=45°). The stiffness in the neighbor-
hood of the stiffener added to the panel by the
stiffener 1s assumed to be the stiffness of the stif-

fener alone and is given by formula (2:94). The
critical stiffness of the stiffener is:
(ED)r=gz 00 (Fan—Fory)  (2:99)

in which (El)g. is the critical value of (EI), as
determined by equation (2:94); F.., and F,,, are
the critical buckling stresses of the panel, consid-
ered to be adequately stiffened and unstiffened.
respectively, obtained by means of the method of
section 2.715; and ¢ and b are the dimensions of
the panel perpendicular and parallel to the diree-
tion of the stress, respectively (ref. 2-70).

2.7725. Stiffened panel subjected to edgewise
shear. Stiffener parallel to edges (or ends) of punel
and pB=0° or 390°.

ERBLH
K,a

(EI)scr=8 (2100)

in which
(EI);.;=the critical value of (EI), as deter-
mined by equation (2:92)

L =length of stiffener

a =width of panel (independent of the
direction of the stiffener)

K is determined by means of figure 2—46

The critical stress of the stiffened panel is com-
puted by means of section 2.713 equation (2:77)
applied to one half of the panel as divided by the
stiffener, provided that (Z7), is equal to or greater
than (ET) .

2.773. A plywood panel stiffened with a mulii-
plicity of closely spaced stiffeners parallel to one of
its edges (8=0° or 90°). If the spacing of the
stiffeners is not too great the formulas for plywood

il : 101
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of section 2.71 can be applied to such panels. It
1s convenient to employ formulas for the load per

inch of length of the edge of the stiffened panel

rather than formulas for stress, thus
Pccr=Fccr L,

where ¢, is the effective thickness of the stiffened
panel, which it will not be necessary to compute.
The following nomenclature is convenient.

D.— E,of8 E,.f forstiffeners %%ralllel
= =Toy Tox or perpendicular
4 4 to the direction of
the face grain of
3 3
D.= Byt r Bt the panel?respec-
BTN 12X :
miics s tively.
Grpot®
De="5

Dyey Dy, and Dy, are computed similarly to the
above except that the stiffener is considered as an
extra ply of the plywood. The location of the
neutral axis 1s taken into account as described in
section 2.52,

Dye, Dy, and D, are effective values that apply
to the stiffened panel.

The subscripts w and z applied to D denote
directions parallel and perpendicular, respectively,
to the direction of the stiffeners, and subsecripts 1

- and 2 denote directions parallel and perpendicuiar,

respectively, to the direction of the stress for

panels subjected to compression and to the direc-

tion of side b for panels subjected to shear,
Equations (2:72) and (2:77) become

Pccr=12 c\D.ineD:e'a% (2~101)
Puy=12H, [DWiDo 5 (2:102)
in which
k...—..Dm #‘fzwe+ 2Dw¢e
~ Dy, D,
_...é "Dle>”4
_a D2e

2.7731. Determination of Dy, The stiffeners
being closely spaced, the usual engineering formula
that takes into account the location of the neutral
axis, can be employed.

nhd 3¢+4a)?
Dwg=Dw+l_23 E, [dz_i-ﬂths_i_ 1] (2103)
gEgt

in which
g= the width of the panel across the stiffen-
ers and 1s equal to a or & as required
n= the number of stiffeners
E;=modulus of elasticity of the stiffeners in
the direction of their length.

2.7732. Determination of D,,. Yhen a panel is
bent across the stiffeners, the variation of the stiff-
ness at the stiffeners and between the stiffeners,
and the presence of a sharp kink at the edges of the
stiffeners due to stress concentrations, are taken
into account.

D. 6 R\ D27 k[, D,
Dz,_ﬁ[l"_(l ‘E) ] [1"“ D:CJ"E [1‘ DJ”]

(2:104)
m which
s=distance center to center of two adjacent
stiffeners.

2.7733. Determination of Dyse.

Du:xe= {[g_nh]Dwz+n[h_ f(t+d)]Dmc}

(2:105)

LR

in which g is the width of the panel across the
stiffeners, n is the number of stiffeners, and ¢ is
determined from figures 2-50 and 2-51.

2.7734. Determination of prrpe.

_ '\/.U-fu‘: K rrw DweD::e
K frwe=— D
we

(2:1086)

in which the values of up,. and g, are taken from
equations (2:32) and (2:33) of section 2.52, as-
suming that the stiffener is an added ply of the
plywood.

2.774. Stiffened plywood panels subjected to bend-
ing in the direction of the stiffeners. The maximum

- bending stress in stiffened plywood panels can

be calculated from the following formula, when
the face grain direction is 0° or 90° to the direc-
tion of the span:

MELC’
Dy,

Jo= (2:107)

where:
¢’=distance from the neutral axis of the com-
posite section to the extreme longitudinal
fiber
E, is taken for the species of the outermost
longitudinal fiber.
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This maximum bending stress should not exceed
the modulus of rupture of the material in which
the maxtmum stress exists. If the stiffener is of
an I or box section, the modulus of rupture must
be corrected by a form factor as follows: When the
load is applied so that the outer flange of the
stiffener will fail in compression, the proper form
factor to use is that for a beam baving the same
flange dimensions as the outer flange of the stiffener,
and the samne web thickness as the stiffener, but
of o depth equal to 2z. If the load is applied
so that the panel will fail in compression, the
proper form factor to use is that of a beam having
flange dimensions equal to that of the effective
sheet plus the flange of the stiffener adjacent ‘to
the panel, and a web thickness equal to that of
the stiffener but a depth of 2(d+t—=z). In either
case no form factor need be used if the neutral
axis lies within the compression flange, where z

is the distance from the neutral axis to the stiffener

face away from the panel as shown in figure 2-52.
The effective width of the panel for stresses
below the proportional limit is:

dhE(t+-d—22Z,
a,= EztEbZ ) (2:108)
in which Z, is obtained from equation (2:91) and

b 1s in the direction of the stiffeners.
If the spacing of the stiffener (s in fig. 2-52) is

less than a,, the value of D), is obtained from -

equation (2:103) and

z,=L _itd (2:109)
2 ts Eb+1
ik E,

If this is not the case, then

lhd

E +tEb 3(t+d“2Zn)2

Dlﬂﬂ w+
(2:110)

in which Z, is obtained from equation (2:91), a.
from equation (2:108), and b is in the direction of
the stiffeners.

For stiffened panels having the face grain direc-
tion 45° to the length of the stiffeners, the plywood
is neglected in the computations and the stiffeners
designed to carry the total load.

2.775. Modes of faitlure in stiffened panels.
Modes of failure other than failure of the panel or
the stiffeners are not considered here.

A possible mode of failure, which has been In-
vestigated for only one particular type of con-

struction, is the premature separation of the ply-
wood panel from its stiffeners occurring when the
forces required to restrain the edges of the buckled
panels become too great for the strength of the
plywood or its attachment to the stiffeners.

Since no criteria suitable for general application
are available for predicting the critical modes of
failure, it is recommended that typical panels of
each particular type of construction be tested.

2.8. Curved Plywood Panels

2.81. STrRENGTH 1N COMPRESSION OR SHEAR; OR
ComeINED  CoMpREssioN (oR TiexNsroN) anp
Suear. When failure by buckling does not oceur,
the utimate strength of curved plywood panels
subjected to compression or shear, or combined
compression (or tension) and shear may be ob-
tained by the method given in section 2.613.
This method is applicable when the face grain
direction is at any angle.

2.82. Circvurar THIN-WaLLED Prywoop Cryri-

" INDERS.

2.821. Axial compression.

2.8211. Compression with face grain parallel or
perpendicular to the axis of the cylinder. The
theoretical buckling stress for a long cylnder (to
be modified for design as described later in the
section) is given by the formula:

Fov—K,[Ept E,] ; @:111)

where
E, is for the species of the face plies
t=thickness of plywood
r=radius of cylinder
K, is a buckling constant that is a function of

_ET-JE-I_EE and is determined from figure
2-53. In using figure 2-53, E) is the
flexural stiffness of the plywood in the
direction parallel to the longitudinal axis
of the cylinder. E| is equal to E,, when
the face grain is longitudinal and is equal
to E,, when the face grain is circum-
ferential. E, is the flexural stifiness of
the plywood in the circumferential direc-
tion. FE,+E;is equal to E,+E,..

Because of the steepness of the curve for X, at
the extreme right and left portions, it appears
advisable to avoid, when possible, the use of types

of plywood for which the ratio mlﬁ is small or

nearly equal to unity.
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For use in design, the theoretical buckling stress
must be modified as the proportional-limit stress
is approached. This is accomplished by the use
of figure 2-54. The proportional-limit stress used
with this chart is the compressive proportional
limit for the plywood in the direction of the cylin-
der axis and is determined from table 2—-13 or from
section 2.600. F,,=F,, when the face grain is
longitudinal. F.,=F,,, when the face grain is
circumferential.
abscissa with the ratio F... (theoretical)/F.,. The
design buckling stress, F,.,, is then obtained by
multiplying the ordinate by F,,.

Limited amounts of double curvature have
negligible effect on buckling loads. '

2.8212. Compression with 45° face grain. When
the face grain is at an angle of 45° to the cylinder

-aXis, the theoretical buckling stress may be taken

as the average of the theoretical buckling stresses
obtained by assuming the face grain direction to
be: (1) parallel to the cylinder axis, (2) circum-
ferential. In using figure 2-54, however, to obtain
the design buckling stress, the proportional-limit
value F,, should be that for the plywood at 45° to
the face grain. F,,,;, may be taken as 0.55 F s,
where F.,; is determined by section 2.610.

2.8213. Compression—effect of length. If the
cylinders are not long, an adjusted value by K,,
designated by K., should be used in formula
(2:111). Values of K,, can be determined from
ficure 2-355 in which L is the length of the cylinder,
and the subsecripts 1 and 2 apply to the axial and
circumferential directions respectively.

2.822. Bending. For bending, the design buck-
ling stress determined as for compression may be
increased 10 percent.

2.823. Torsion. The buckling stresses of thin
plywood cylinders can be computed by the formula

Fom K. (Eput Ep) ; (2:112)

in which the value of K. depends upon values of

£,

W, U, my and 4

1 Gt Gz

ng E{w+Efz
s
U==

g=angle between face grain and generator
of cylinder (fig. 2-58)

The chart is entered along the .

Values of K, for different values of W, U, and
f are given in figures 2-57, 2-58, and 2-59. The

nomenclature is illustrated in figure 2-36. (Ref.
2-93)
2.824. Combined torsion and bendin.g Cases

of combined loading can be -checked by the fol-
lowing interaction formula.

- 1/3 4/3
(Fi—‘—) +(?],r°—) —=1.0
ster ber
where:

fse=applied torsional shear stress
fr=applied bending stress
F.-=pure torsion design buckling stress
Fye,=pure bending design buclkling stress

2.83. CurvED PanELs.

2.831. Arxal compression. The buckling stress
is that of a complete cylinder, of which the curved
panel can be considered to be a part, of a length
equal to the axial dimension of the panel. It can
be obtained by use of formula (2:111) corrected
for length by the method of section 2.8213.

If the curved panel is very accurately made,
higher values may be obtained by test but cannot
be counted upon in design.

2.832. Shear. An approximation of the buck-
ling stress 1s obtained by adding the buckling stress
of the panel considered to be flat to that of the
cylinder of which the panel can be considered to
be a part. Thus the buckling stress is given ap-
proximately by (ref. 2-40)

. (EISEQ 1/4
Fscr'—Ha 3)\;’

(2:113)

t\? t
(E) +Kr(Efw_l." Ef: ';

{2:114)
or

Fscr=[E)‘w+ E_,fz] I:Ke %"—Kr %J (2 1 15)

in which formula (2:114) comes from (2:77) and
(2:112); formula - (2:115) comes from (2:80) and
(2:112).

2.84. LoNGITUDINALLY STIFFENED CYLINDERS.
A multiplicity of evenly spaced idéntical stiffeners
attached to the inner surface of the cylinders.

2.841. Stresses when buckling does not occur.
The strengths can be computed by use of sections
2.610 to 2.614.

2.8411. Axial compression (or tension). The
compressive stress in the plywood is:

S PE,
¢ phdE. 27t E,

(2:116)
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Figure 2-55. Curve showing length effect of cylinders subjected to axial compression.

and that in the stiffeners is

j—__ PE
T nhd E, 427t E,

in which P is the total load on the stiffened
cylinder, E, and E, apply to the plywood and the
stiffeners, respectively, in the direction of the axis
of the cylinder, r 1s the mean radius of the plywood
cylinder, 7 is the number of the stiffeners, 2 and

(2:117)

d are the cross-sectional dimensions of an indi-
vidual stiffener, and ¢ is the thickness of the

plywood.

2.8412, Shear stress due to torsion. The shear
stress in the plywood is:
2@, Tr
fom——m (2:118)
nh@, e + 7 Gop(rst—12)
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and that in the stiffener is:

2G.T
fom—— T (2:119)
nh G, 7:2+T1 + 7 Gop(rs* —r2*)
1

in which 7, is the radius of a cylinder tangent to
the inner surfaces of the stiffeners, r, and r, are
the inner and outer radii of the cylinder, respec-
tively, Gop and G, are the moduli of rigidity of the
pl¥wood and the stiffeners, respectively, with
reference to longitudinal and circumferential axes,
and T is the applied torque.

DIRECTION OF
FACE GRAIN

-'-—--.—-——

s

Figure 2-56. Illustration of the meaning of the symbols
used for cylinders subjected to forsion.

2.842, Buckling of stiffened eylinders.

2.8421. Axial compression. In general the ply-
wood will buckle between the stiffeners when the
stress in it equals the buckling stress for the

112

cylinder, the effect of the stiffeners being ignored,
and, therefore, formula (2:111) emploved. The
load at which such buckling occurs can be found
by setting this stress (F., from formula 2:111)
equal to f; in formula (2:116) and solving for the
load P.

Tests indicate that unless the stiffeners are
quite stiff they will buckle with the cvlinder and
fail at the load computed in the above manner.
If the stiffeners are so stiff that thev do not
buckle with the cylinder, the maximum load will
be greater than that computed. However, no
methods are available for the determination of
the size stiffeners required to obtain this effect
nor to compute the maximum Jloads that are
obtained. (Ref. 2-95)

2.8422. Torsion. The shear buckling stress of
the curved plywood shell between the stiffeners is
about 85 percent of that obtained by formula
(2:112) for the cylinder, neglecting the effect of
the stiffeners. The torque at which buckling
occurs can be found by setting this stress 0.85%
F,.. from (2:112) equal to 7, in formula (2:118)
and solving for the torque 7.

Tests indicate that the maximum torque coin-
cides with the torque at which buckles form.

2.8423. Bending. For bending, the design buck-
ling stress determined as for compression may be
increased 10 percent. Tests indicate that for
very stiff stiffeners this percentage may be
increased. (Ref. 2-96)

2.85. STiFFENED CURVED PANELS.
stiffener bisecting the panel.

A single

2.851. Azial compression.

2.8511. Stiffener azial. The critical stress in
the plywood i1s computed according to the method
of section 2.831, and the critical load of the
stiffened panel can be obtained by substituting
this value for f. in equation (2:116), placing n
equal to unity, and solving for P.

2.8512. St*ije;raer circumferent’ial;_ The critical
stress is computed according to the method of
section 2.831, using the distance between the
stiffener and the end of the panel as the length of
the cylinder, provided that

(ED>0.4F,.,r%h2 (2:120)
in which (EI), is given by formula (2:84), and
Fer is the critical stress of the entire panel,
neglecting the stiffener, computed by the method
of section 2.831.
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2.852. Shear.

2.8521. Stiffener azial. The stiffened curved
panel can be considered to be a part of a stiffened
evlinder. Thus the eritical stress of the plywood
panel without the stiffener is computed according
to section 2.832. This stress is substituted for
the left hand member of equation (2:118) using:

27r

n=—-

19
a (2:121)

and the equation solved for the torque 7. The
stress applied to the edges of the stiffened panel
which will cause it to buckle is then given by:

T
f.?cr = S aret

(2:122)
This method leads to values which are slichtly
conservative.

2.9. Joints

2.90. BoLTED JOINTS.

2.900. Bearing parallel or perpendicular to grain.
The strength of wood in bearing parallel to the
grain against solid steel aircraft bolts disposed
along the member in single or double lines with
the load divided equally between the two ends
of the bolt (concentric loading) can be determined
by use of figure 2-60. The stress at ultimate and

at the proportional limit is expressed in terms of

the maximum crushing strength for L/ ratios
up to 16. The stress does not vary significantly
below an L/} of 8 for softwoods and 5 for hard-
woods but drops rapidly as the L/I} ratio is in-
creased above these values.

The ratio of ultimate bearing stress to the
bearing stress at the proportional limit is 1.4 or
less (fig. 2-61) at low L/D ratio for both softwoods
and hardwoods. Thus, if a ratio of ultimate to
limit bearing load higher than 1.4 is destred, it
follows that the limit load in the low L/D range
must. be based on stresses below the proportional
limit. For example, if a ratio of 1.5 1s desired for
softwoods (shown by broken lines in figs. 2—60
and 2-61) the limit load will be less than the pro-
portional limit load up to an L/D ratio of 8.5
beyond which the proportional limit stress is used
to determine the limit load.

The bearing strength of wood perpendicular to
grain under aircraft bolts can be found by use of
figure 2-62 (ref. 2-77). It may be noted that
while bearing stress is only moderately reduced as
the L/D ratio becomes greater than 9, there is a
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marked variation with bolt diameter, particularly
in the smaller sizes. The bearing stress at pro-
portional limit when bearing perpendicular to
grain, in general mayv be found with sufficient.
accuracy by dividing the ultimate bearing strength

by 1.33 for all L/D ratios.

2.901. Bearing at an engle to the grain (ref. 2—61).
When the load on a bolt is applied at an angle
between 0° and 90° to the grain, the allowable
load (proportional limit or ultimate) may be
computed from the expression

PQ

~ P s+ ( cosid

(2:123)

where

N=the allowable bolt load at angle @

P=the allowable bolt load paralle]l to the
grain

()=the allowable bolt load perpendicular to
the grain

f=the angle between the applied load and
the direction of the grain

Equation (2:123) is solved graphically by the
Scholten Nomograph, figure 2—63.

2.902. Eccentric loading. When load is applied
at only one end of a bolt (eccentric loading), the
allowable ultimate load may be taken as one-
half the ultimate two-end load computed as
above. At proportional limit, however, the al-
lowable eccentric load may be taken as onlv one-
fourth of the two-end proportional limit load for
two-end loading parallel to grain. This ratio
may be increased to one-half if deformations ap-
proximately equal to those occurring at propor-
tional limit under two-end loading are not objec-
tionable even though they are well bevond those
corresponding to the one-end proportional limit
load.

Proportional limit values for one-end loading
perpendicular to grain may be taken as one-half
of the proportional limit values for two-end loading.

2.903. Combined concentric and eccentric loadings;
bolt groups. When the design loads on a group of
bolts are either all concentrie or all eccentric and
are all in the same direction, the allowable loads
for the individual bolts may be added directly to
determine the total allowable load for the group.
When the design loads are in different directions
(as when the load causes & moment about the cen-
troid of the bolt group) or when they are partly
concentric and partly eccentric, each bolt must be
treated separately, The design loads and moments
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must be distributed to each bolt in proportion to
its resistance and the geometry of the bolt group.
This often requires a trial and error calculation.

9 904. Bolt spacings. Thefollowingboltspacing
criteria are based on spruce. For other species the

parallel-to-grain spacings and end margins should

be multiplied by the expression:

Fip

=W (22124)

K

where _
F,,=allowable stress at proportional limit in

compression parallel to the grain
F, =allowable shearing stress parallel to the
grain of the material
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Spacings perpendicular to grain and edge mar-
gins as given below are applicable to all species.

2.9040. Spacing of bolts loaded parallel to the
qrain. ‘

(1) Spacing parallel to the grain. The mini-
mum distance from the center of any bolt
to the edge of the next bolt in a spruce
member having cross-banded reinforcing
plates, subjected to either tension or com-
pression, is given in figure 2—64. The
minimum distance from the edge of a bolt
to the end of such a member subject to
tension is also given. For spruce mem-
bers without reinforcement these values
must be increased by 50 percent.
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The minimum distance from the edge of &
bolt to the end of a member subject to
compression should be 3% bolt diameters,

(2) Spacing perpendicular to the grain. The
minimum distance between the edges of
adjacent bolts or between the edge of the
member and the edge of the nearest bolt
should be one bolt diameter for all species.
It is recommended that the stress in the
area remalning to resist tension at the
critical section through a bolt hole not
exceed two-thirds the modulus of rupture
in static bending when cross-banded re-
inforcing plates are used; otherwise one-
half the modulus of rupture shall not be
exceeded.

(3) When a bolt load is less than the allow-
able lcad parallel to the grain, the
spacing may be reduced in the following

way: The bolt spacing given in figure

2~-64 can be multiplied by the ratio of
actual load to allowable load except that
the spacing should be not less than three
bolt diameters. The bolt spacing per-
pendicular to the grain cannot be reduced
below one bolt diameter.

2.9041. Spacing of bolis loaded perpendicular to

the grain.

(1) Spacing perpendicular to the grain. The
minimum distance from the edge of
a bolt to the edge of the member
toward which the bolt pressure is acting
should be 3% bolt diameters. The mar-
gin on the opposite edge and the distance
between the edges of adjacent bolts
should be not less than one bolt diameter.

(2) Spacing parallel to-the grain. The mini-
mum distance between edges of adjacent
bolts should be three bolt diameters
and the distance between the end of
the member and the edge of the nearest
bolt should be not less than four bolt
diameters.

(3) When a bolt load s less than the allow-
able load perpendicular to the grain,
all bolt spacings may be multiplied by
the ratio of actual load to allowable load
except that the spacing should be not less
than one bolt diameter. The distance
between the end of the member and the
edge of the nearest bolt, measured parallel
to the grain, should be not less than three
bolt diameters, however.
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2.9042. Spacing of bolts loaded at an angle to the
grain. \When bolts are loaded at some angle to the
grain, the load can be resolved into components
parallel and perpendicular to the grain and the
spacings thereafter determined in accordance with
sections 2.9040 and 2.9041.

2.9043. General notes on bolt spacing. When
bushings are used in combination with bolts, the
spacing should be based upon the outside diameter
of the bushing. When adjacent bolts or bushings
are of different diameters, the spacing should be

" based upon the larger.

When stageered rows of bolts are emploved in
design, the distance between the center lines of
adjacent bolt rows should be not less thap the sum
of the diameters of the largest bolt in each row.

2.905. Bearing in wood-base materials.

2.9050. Bearing in plywood (rcf. 2—47). For
plywood constructed of a single species in accord-
ance with Specification AN-P-69a (Plywood and
Veneer: Aircraft Flat Panel) or any other approxi-
mately balance construction (nearly equal thick-
ness of material in both directions), the propor-
tional limit bearing strength under solid steel air-
craft bolts loaded at any angle to the face grain
can be determined from figure 2-65. The propor-
tional limit stress expressed in terms of the ultimate
compressive stress is related to diameter of bolt
for various thicknesses of plywood. Ultimate
loads can be assumed to be at least 50 percent
above these values.

For appreciably unbalanced constructions or for
balanced constructions in which the use of two
species results in an appreciable difference between
Feoww and F,., the proportional limit bearing
stresses under aircraft bolts may be found by
multiplying the appropriate ratio from figure 2-65
by Feye for bolts loaded at 0° to the face grain and
by Fe.. for bolts loaded at 90° to the face grain.
For loadings at other angles, the proportional limit
stresses may be found by straight-line interpola-
tion between values found by the procedures given
above for loadings at 0° and 90°.

The minimum distance from the edge of a bolt
to the edge of a member in a single-bolt connection
loaded parallel to the face grain is one diameter for
etther tensile or compressive loading. When the
face grain is at 45° or 90° to the direction of load-
ing, the edge distance must not be less than one and
one-half diameters. Where several bolts disposed
along the center line are employed in a connection,
the edge distance should be determined by multi-
plying the single-bolt edge distance given above by
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the number of bolts. Where bolts are disposed in
two lines, each line should coiricide with the center
line of the half-width of the member in which the
line of bolts is placed, and the edge distance for
each line should be equal to the number of bolts
in that line multiplied by the edge distance for a
single bolt.

The minimum distance from the edge of the bolt
to the end of the member is two diameters under
tensile loading for any grain orientation. For
compressive loading a mimimurm of one diameter
should be used.

The most common use in which plywood will
have to sustain boltbearing loads will be as rein-
forcing plates on solid wood members (sec. 2.906).

2.9051. Bearing in compreg (rvef. 2-31). For
cross-banded compreg of approximately balanced
construction that conforms to AAF Specification
15065-B (Panels: Compressed Wood, Impregnated),
the bearing strength under solid-steel aircraft bolts
loaded at any angle to the grain can be determined
from figure 2-66. The stress at proportional limit
and at ultimate, expressed in terms of the ultimate
compressive stress, is related to bolt diameter for
several thicknesses of compreg. = Ultimate loads
are at least 50 percent above the proportional limit
value, :

No variation in bearing strength with direction
of loading has been noted for unbalanced con-
structions tested. It is suggested, however, that
when the unbalance exceeds a 60-40 relationship,
the bearing stresses may be found by multiplying
the appropriate ratio from figure 2-66 by F,,, for
bolts loaded at 0° to the face grain and by F,..
for bolts loaded at 90° to the face grain. For
loadings at other angles, the bearing stresses may
be found by straight-line interpolation between
values found by the procedures outlined above for
loadings at 0° and 90°.

For g single-bolt joint under compressive load-
ing, the minimum distance from the edge of the
bolt to the edge of the member is one and one-half
diameters for any grain orientation. The distance
from the edge of the bolt to the end of the member
should be at least one bolt diameter.

For a single-bolt joint loaded mn tension, the
minimum end or edge distances are the same and
vary with the face grain orientation as follows:
parallel and perpendicular to face grain, 4} di-
ameters; 45° to face gramn, 2% diameters.

For connections employing more than one bolt,
edge distances should be determined as indicated
for plvwood in section 2.9050.

At a ratio of bearing length to bolt diameter of
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4, the bearing strength of compreg exceeds the
double shear strength of the bolt.

The most common use in which compreg will
have to sustain bearing loads will be as reinforcing
plates on solid wood members.

2.906. Bearing in reinforced members (ref. 2-68).

2.9060. Wood members with plywood reinforcing
plates. The allowable limit bearing load parallel
to the grain of members symmetrically reinforced
with plywood (AN-P-69a), the thickness of which
(two plates) is 10 to 30 percent of the total thick-
ness of the member and reinforcement, under
solid steel aircraft bolts may be determined as
follows: -

(1) Select tentative thickness of reinforce-
ment and diameter of bolt.

(2) Compute the L/D ratio based on the total
length of the bolt in bearing.

(3) From figure 2-%60 read the ordinate on the
proportional limit curve for the wood
member corresponding to the L/D ratio
found in {2).

(4) From figure 2-65 read the ordinate on
the proportional limit curve for the
thickness of reinforcement (one plate)
and at the bolt diameter chosen.

(5) Multiply the factors determined in steps
(3) and (4) by the appropriate maximum
crushing strengths to obtain the allow-
able proportional limit bearing stresses
of the materials involved.

(6) Multiply the stresses so obtained by the
corresponding bearing areas to obtain
the bearing load for each material. The
summation of these bearing loads closely
approximates the proportional limit bear-

ing strength of the reinforced member,

being only slightly conservative.

1f the ratio of the ultimate stress to the propor-
tional limit stress indicated by the curve of figure
2-61 for the construction chosen is less than the
ratio of ultimate load to limit load (usually 1.5)
specified by the design requirements, it is obvious
that the limit bearing load chosen for use in design
must be less than the load corresponding to pro-
portional limit stress computed by the steps out-
lined above, and will be equal to the computed
load multiplied by the ratio of the ordinate {rom
the curve of figure 2-61 to the desired ratio. If
on the other hand, the ratio from figure 2-61 is
creater than that specified, the design ultimate
bearing load must be less than the actual ultimate

939770°—51——10

load if the limit bearing load is to be no greater
than the bearing load at proportional limit.

The preceding method applies to plywood re-
inforcing plates regardless of the angle between
the load and the face grain direction.

The allowable concentric bearing load perpen-
dicular to the grain can be obtained in a similar
manner except that in step (3) figure 2--62 shall
be used.

When the load on a bolt is applied at an anele
between 0° and 90° to the grain, the allowable
load on the wood member may be computed by
substituting in equation (2:123) the parallel and
perpendicular bearing loads determined by the
methods outlined in the preceding paragraphs.
For loads on the reinforcing plates refer to sec-
tion 2.9050.

2.9061. Woond members with cross-banded com.
preg reinforcing plates. The allowable bearing
stress parallel to the grain of wood members
svmmetrically remforced with cross-banded com-
preg, the thickness of which {two plates) is 10
to 30 percent of the total thickness of the member
and reinforcement, under solid steel aireraft bolts
may be determined as follows:

(1) Select tentative thickness of reinforce-
ment and diameter of bolt.

(2) Compute the ZL/D ratio based on the
total length of the bolt in bearing.

(3) .From figure 2—60 read the ordinate on
the ultimate stress curve corresponding
to the L/D ratio found in (2}.

(4) From figure 2-66 read the ordinate on
the ultimate stress curve for the thickness
of reinforcement (one plate) and at the
bolt diameter chosen in (1).

(5) Multiply the factors determined in steps
(3) and (4) by the appropriate maximuimn
crushing strengths to obtain the allow-
able bearing stresses of the matertals
involved. i

(6) Multiply the stresses so obtained by the

corresponding bearing areas to obtain
the maximum bearing load for each

material. The summation of these bear-
ing loads is the maximum bearing
strength.

The ratio of the ultimate stress to the propor-
tional limit may be obtained from the curves in

- figure 2-61.
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When compreg reinforcing plates are applied to
members under tensile loading, the grain of the
compreg must be at 45° to the direction of loading.

The allowable concentric bearing load perpen-
dicular to the gram can be obtained in a similar
manner except that in step (3) figure 2-62 shall
be used.

When the Joad on a bolt is applied at an angle
between 0° and 90° to the grain, the allowable
load on the wood member may be computed by
substituting in equation (2:1%3) the parallel and
perpendicular bearing loads determined by the
methods outlined in the preceding paragraphs.

" For loads on the reinforcing plates, refer to section

2.9051.

2.907. Bushings. Bushings of light alloys or
fiber materials may be used to increase the bearing
strength of bolts. Since the possible combina-
tions of materials for bolts and bushings are
numerous, a specific set. of allowable loads for all
possible combinations cannot be given.

The allowable bearing loads for aluminum bush-
ings used in combination with steel bolts, and for
other combinations of materials, should be de-
termined by a special test.

2.908. Hollow belts. The use of hollow bolts
with comparatively thin walls for bearing in wood
is not recommended, as tests at the Forest Prod-
ucts Laboratorv show that such bolts are little
if any more efficient on a weight basis than solid
bolts. When used, the allowable stress parallel
to the grain may be obtained from N. A. C. A.
Technical Note 296 (ref. 2-77). In general, tests
should be made to determine the allowable loads
at other angles to the grain.

2.909. General features of bolted joints.

2.9090. Drilling of holes (ref. 2-27). In order
to use the bolt-bearing stresses shown in the pre-
ceding sections, holes must have accurate aline-
ment and spacing and the surfaces must be smooth
and true. This requires control of rate of feed
and rotational speed as well as selection of the
proper type of drill. Most successful results have
been obtained with a twist drill carefully centered
in the chuck, rotated at the highest speed com-
patible with a reasonable drill life, and fed at a
rate that will produce cutting, not tearing. In
general, the smoothest lole produces the most
desirable bolt-bearing characteristies.

2.9091. Repeated loading of bolted joints. The
proportional limit load may be repeatedly applied
without producing an appreciable increase in the
deformation or “slip” of the joint. In general,
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loads as high as 75 percent of the ultimate may be
safely repeated without excessive deformation.
Since this is close to the proportional limit for low
LiD ratios, 1t is seen that the amount the load
may be increased above the proportional Jlimit
increases with the .L/D ratio. Since in a few
cascs in reinforced members the maximum safe
value s below 75 percent of ultimate, it is probably
best to consider the proportional limit to be the
optimum limit load.

2.91. GLUED JoIxNTS.

2.910. Allowable stress for glued joints (ref.
2-48).

(1) An allowable glue joint stress equal to
one-third F;, (column 14 of table 2-6)
for softwoods or one-half F,, for hard-
woods for the weaker species in the
joint should be used for all plywood-to-
plywood or plywood-to-solid-wood joints
regardless of face grain direction and
for joints between solid wood members
in which the relative grain direction
1s essentiallt perpendicular. The re-
duction for joints in which the face grain
direction of the plywood is parallel to the
grain of the solid wood is necessaryv
primarily because of the unequal stress
distribution common to most plywood
glue joints.

(2) The allowable shear stress on the glue
area for all joints between pieces of solid
wood having parallel-grain gluing, is
equal to the allowable shear stress paral-
lel to the grain for the weaker species in
the joint, This value is found in column
14 of table 2-6 and should be used only
when uniform stress distribution in the
glue joint is assured.

(3) The allowable shear stress on the glue
area for joints between pieces whose
erain directions make an angle of other
than 0° or 90° may be found by use of
formula (2:123) (sec. 2.901), using allow-
able values for 0° and 90° joints com-
puted as in (1) and (2) above. Figure
2—64 may be used for a graphical solu-
tion of formula (2:123). When the angle
between the grain directions of the ad-
jacent pieces does not exceed 15°, the
shearing strength allowed for parallel-
grain gluing as described in (2) above
may be assumed to apply without cor-
rection,
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2.911. Laminated and spliced spars and spar
flanges. Requirements for laminated and spliced
spars and spar flanges are presented in ANC-19,
Wood Aircraft Inspection and Fabrication (ref. 2—
24). Provisions for limiting the location of scarf
joints and for the required slope of grain are
included.

2.912. Glue stress between web and flange. The
stress on the glue area between web and flange
may be determined by dividing the maximum
shear per inch in plywood by the area of contact
per inch. For example, the shear stress on the
area of contact is

fg=-%”tm% : (2:125)

where

Je=shear stress on the area of contact
fs=the maximum shear stress in the plywood
t=thickness of one web

d=depth of the flange

g==shear per inch in the plywood

The allowable stress is determined according to
section 2.910. If, for example, the flange were of
spruce and the web of mahogany-yellow-poplar,
the allowable stress would be one-third the value
for spruce, or 330 pounds per square inch.

2.92. ProPERTIES OF MoDIFIED Woop. It is
at times desirable to impart modified properties
to wood for reinforcement at joints, bearing plates,
and for other specific uses. Such modifications
can be obtained by treating with synthetic resins,
by compressing, or by a combination of treating
and compressing.

Investigations at the Forest Products Labo-
ratory have produced several types of modified-
wood combinations, such as “impreg,” *“com-
preg,” ‘‘semicompreg,” and ‘“‘staypak,”’ which are
described in ANC Bulletin 19 (ref. 2-24). When
the resin is set within the structure by the applica-
tion of heat prior to the application of assembly
pressures, thus greatly limiting the compression
of the wood, the material is called “impreg.”
When the treated wood is subjected to pressures
in the range of 1,000 to 3,000 pounds per square

inch prior to the setting of the resin, resulting in
a product with a specific gravity of 1.2 to 1.4, the
material is called “compreg.” TResin-treated wood
with specific gravity values between that of im-
preg and compreg is known as ‘“‘semicompreg.”
Ordinary laminated wood or solid wood with no
resin within the intimate structure when com-
pressed under conditions that cause some flow of
lignin is known as ‘“staypak.” It differs from
material made according to conventional pressing
methods in that the tendency to recover its
original dimensions when exposed to swelling
conditions has been practically eliminated.

Some properties of parallel-laminated and cross-
laminated modified wood made by the Forest
Products Laboratory from 17 plies of {inch

rotary-cut yellow birch, sweetgum, and Sitka °

spruce veneer are presented in tables 2-16 through
2-21 (ref. 2-18), in which average values resulting
from the specified number of tests, together with
maximnm and minimum values are given. Values
for normal laminated wood (controls), impreg,
semicompreg, compreg, and staypak are presented.
Conclusions drawn from these comparative tests
must be regarded only as indicative, because the
number of tests is limited.

2.920. Detarled test data for tables 2-18 to 2-21,
wnclusive. Specimens for test were obtained from
three sets of 24- by 24-inch panels of each of the
three species. Each set consisted of two seven-
teen-ply panels of each of the five materials, one
panel parallel-lJaminated and one cross-laminated.
Panels of a set were formed by assembling corre-
sponding plies of the panels from successive sheets
of veneer as it came from the lathe. So far as
possible, the veneer for each set was taken from
a different log or bolt.

Except as otherwise noted, tests were made on
specimens with the original or formed surfaces of
the material undisturbed. In general, an equal
number of specimens was tested from each of the
two principal grain directions, lengthwise and
crosswise (0° and 90°), that is, parallel and per-
pendicular, respectively, to the grain of parallel-
laminated panels, and to the face grain of the
cross-laminated panels.
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Tension parallel to grain (test 1, tables 216 to
2-21, incl.). Spoczmens were 1 mch wide by panel
thl{l\ness ¢t by 24 inches long, shaped to have a
2}-mnch long central section Y-inch wide. The
taper followed a 60-inch radius on each edge,

Tension perpendicular to grain and parallel to
laminations (test 2, tables 2-16 to 2-21, incl.).
Speciniens were 1 mch by ¢ by 16 mches long,
shaped to have a 2Y%-inch long central section

-inch wide for tables 2-16, —17 and —18, and ¥%-
mch wide for tables 2~19, —20, and —21, with
radii of 30 and 20 inches, respectlvelv

Compression parallel to grain (test 3, tdbles
2-16 to 2-21, incl.) and perpendicular to grain
and parallel to laminations (test 4, tables 2-16
to 2-21, incl.). Specimens were 1 mch by t by
3} to 4 mnches long for the controls; impreg and
semicompreg specimen lengths were appr oximately
4t. Compreg and staypak specimens were 1 inch
by t by 2 to 4 inches long (approx. 6¢) for propor-
tioral limit and modulus data, and 1 by ¢ by 1 to
2 mches long {approx. 3t) for maximum stress.

Compression perpendicular to laminations (test
5, tables 2-18 to 2-21, incl.). Specimens were 1
by 1 inch by panel thlcl\ness t, except for compreg
and staypak, which consisted of two thicknesses
of material, each 1 inch square, placed one upon
the other. Deformations were measured between
the fixed and movable heads of the testing machine.

Flexure (tests 6 and 7, tables 2-16 to 2-21, incl.).
Specimens 1 inch wide by height ¢ were tested as
simple beams with center loading on spans
ranging from 14f to 16¢.

Shear parallel to grain and perpendicular to
laminations (test 8, tables 2-16 to 2-18, incl.).
Notched specimens were 2 inches by ¢ by 2% inches
(as llustrated in fig. 17 of ASTM specifications
for tests of small clear timber specimens, Desig-
nation D143-50) with shearing surface 2 inches
by t. Specimens tested in the Johnson-type shear
tool were 1 inch by ¢ by 3 inches (two 1-inch by ¢
shearing surfaces). Cylindrical double-shear speci-
mens, %-inch In diameter, were tested parallel to
erain and parallel to laminations in a three-plate
jig by means of tensile loading. -

Modulus of rigidity tests (test 9, tables 2-16,
~17, and -18; and test 8, tables 2-19, —20, and

140

—21) were conducted on panels appr oximately 24
inches square by full thickness of the material,
using the plate shear method developed by the
Foxest Products Laboratory for Ineasuring the
shearing moduli of wood, as described in Forest
Products Laboratory report No. 1301 and ASTM
Designation D805—47. Torsion tests were con-
ducted on rectangular specimens of width 3t by
thickness ¢ by 16 to 24 inches long, gripped
flatwise and with a detrusion measuring device
apphed to their edges. Following tests on these,
with torgue kept within the proportional limit,
specimens were cut to a width of 2¢ and the
test repeated.

Toughness (test 10, tables 2-16, ~17, and -18;
a,nd test 9, tables 2-19, -20, and -—‘71) speciniens
% by t by 10 inches loncr with grain of parallel-
laminated material and face grain of cross-lami-
nated material parallel to length were tested over
an 8-inch span on the Forest Prod ucts Laboratory
toughness machine with plane of laminations
parallel to direction of load.

Impact (Izod type) specimens (test 11, tables
2-16, ~-17, and -18) had the grain lencrth“ ise and
the - notch in an original surface, Some of the
staypak specimens were less than % ineh thick. but
the dimension from the base of the notch to the
opposite face was standard.

Water absorption (test 12, tables 2-16, -17, and
—18) specimens were 1 by % by 3 inches. The
grain was parallel to the I-inch dimension. One
surface of each specimen was an original face
sanded, and all of its other surfaces were machined.
Specimens were heated for 24 hours at 122° F_,
cooled, weighed, and immersed in water at room
temperature for 24 hours, and the percentage
increase in weight during immersion was calculated.

Dlmensmna,l Stublilty of thickness ¢ (test 13,
tables 2-16, —17, and -18) was determined by the
equilibrium swelling and recovery from compres-
sion of specimens % inch by ¢ by 2 inches long
(grain parallel to the Y%-inch dimension). Speci-
mens were immersed in water at room temperature
until equilibrium moisture content was reached,
and the percentage increase in thickness (swelling
plus recovery) was calculated. The specimens
were then oven-dried, measured, and percentage
recovery and equilibrium swelling determined.
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CHAPTER 3
METHODS OF STRUCTURAL ANALYSIS

3.0. General

3.00. Prrrose. It is the purpose of the Méth-
ods of Structural Analysis portion of this bulletin
to present acceptable procedures for use in de-
termining the internal stresses resulting from the
application of known external loads to wood and
plywood aircraft structures. The basic design
procedures that have been developed for use in
analyzing metal structures are generally applicable
to the problem of wood structures provided that
suitable modifications are made to account for the
differences in physical characteristics. The de-
signer’s attention is directed to existing text ma-
terial covering the treatment of common stress-
analysis problems not treated herein, and to the
current preparation of an Army-Navy-Civil Bul-
letin, ANC~4 “Methods of Structural Analysis.”

It is to be emphasized that the analysis pro-
cedures described in this bulletin are not presented
as required procedures but represent suggested
methods that are acceptable to the Army, Navy,
and Civil Aeronautics Administration. The na-
ture, magnitude, and distribution of the loads for
which the airplane structure shall be designed are
defined by the applicable specification, regulation,
handbook, or bulletin of the procuring or certificat-
Ing agency.

Submission of a stress analysis, although such
an analysis employs a method of procedure which
1s considered acceptable by the procuring or cer-
tificating agency, does not necessarily constitute
satisfactory proof of adequate strength. The
stress analysis should be supplemented by per-
tinent test data. Unless a structure conforms
closely to a previously constructed type, the
strength of which has been determined by test, a
stress analysis is not considered as a sufficiently
accurate and certain means of determining its
strength. Most desirable is a test of the complete
structure under the critical design-loads. How-
ever, tests of certain component parts and of
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specimens employing generally typical construc-
tion and detail design features are of great assist-
ance both in justifying allowable stresses and in
proving analysis ‘methods. In each individual
case, the extent and nature of the structural test
program required to substantiate the stress anal-
ysis 1s specified by the procuring or certificating
agency.

3.01. Spec1aL CONSIDERATIONS IN STaTIC TEST-
ING OF STRUCTURES. Since the allowable stress
values given in chapter 2, tables 2-6 and 2-7, are
based on a definite moisture content and method
of load application, consideration should be given
to these variables, both in using element tests to
establish design allowable stresses and i design-
Ing structures to be statically tested as complete
structures. Elements include simple structural
members and details, such as panels, stiffened
penels, or sections of spars. Complete structures
include wing panels, center sections, fuselage,
stabilizer, or other parts individually or in com-
bination. These two types of test will be discussed
separately since they are treated differently.

3.010. Element Tests. A comparison of the de-
sign values listed in tables 2-6 and 2-7 with the
results of standard tests at 12 percent moisture
content (ref. 2~57) shows that test results may be
made approximately comparable to the design
values by the following methods. Enough tests
should be made to cover variability but the re-
quired number will be governed by various factors
as discussed in the following.

Case A. When the type of element and the
mode of failure are such that the results of element
tests can be directly related to the physical prop-
erties of coupons cut from the materials used in
the elements, the results of element tests may be
corrected by the ratio of the design values in
tables 2-6 and 2-7 to the test coupon values.
Care should be taken that the elements and the
coupons are tested at a slow rate, at the same
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moisture content, and under approximately the
same time-loading conditions. The test element
should be made of matched materials; for example
all stiffeners in a stiffened panel should be made
from the same stock.

Case B. When it is not practicable to correct

element tests by means of related tests on coupons,
the following procedure may be employed:

(1) A sufficient number of tests should be
made to establish a reasonably reliable
average considering the variability of
the materials. Fewer tests will be re-
quired and the scatter of related tests
will be reduced if the test results are
corrected to the average specific gravity
values listed in tables 2-6 and 2-7 by
the methods of section 2.01. For the
same reason, it is desirable to use mate-
rial of approximately average specific
gravity in test specimens.

(2) The strength should be adjusted to 12
percent moisture by factors from table
2-2 appropriate to the primary mode of
failure. Should failure occur in glued or
bolted fastenings, however, no upward
adjustments should be made. It should
be recognized that moisture adjustments
are subject to error and should, there-
fore, be avoided whenever possible by
conditioning test specimens to approxi-
mately 12 percent moisture content.

(3) In element tests it will usually be possible
to arrange the test procedure so that
errors due to rate and duration of load
will be negligible in comparison with
other experimental errors, for example:

{(a) If the maximum load is supported for 15
seconds or more, such as i tests
where the load is added by weight in-
crements, corrections for rate and
duration of load are unnecessary.

(5) If the specimen is loaded at a rate of
strain such that the time from zero
load to fatlure is more than 2 minutes
when the testing machine is operated
continuously, corrections are unneces-
sary. Thus, if the first stopping point
is 25 percent of the expected ultimate
load and the machine takes ¥ minute
to reach this load, the rate of strain is
sufficiently low.

The time to failure after passing the hmit
load should be not more than 5
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minutes if possible (slower loading
results in lower ultimate loads) sinee
upward corrections of test values,
because of long duration, are con-
sidered inadvisable.

(4) After correction of the average test
results for moisture, a correction factor
to allow for variability should be applied
as follows:

(a) 0.94 when the failure is principally the
result of compression, tension, or
bending stresses, or shear in 45° ply-
wood.

(b} 0.80 when the failure is principally due
to shear stresses parallel to the grain,

3.011. Complete structures.

3.0110. Design allowances for fest condifions.
When a complete structure is static tested, it is
not usually possible to make the test under the
conditions on which the design values of tables
2-6 and 2-7 are based. Therefore, if the purpose
of the test is to prove the strength of the entire
structure at a specified wtimate load regardless of
test conditions (which is usually the case in order
to prove joints and fittings) it is recommended
that the designer investigate the effects of prob-
able test conditions prior to designing the struc-
ture on the basis of tables 2-6 and 2-7.

If it appears that the probable test conditions
will cause the strength in the test to be less than
that corresponding to design values In tables
2-6 and 2-7 suitable margins of safety should be
incorporated during the design.

3.0111. Test procedure. ln complex composite
structures the effects of moisture content on over-
all strength are uncertain. Changes in wood
strength may be offset by stress concentration
effects. It is, therefore, desirable that complete
structures be conditioned as closely as possible
to 12 percent moisture content at the time of
testing.

To minimize effects of rate and duration of
load, the time to failure after passing limit load
should be less than 15 minutes if possible.

The ultimate load should be sustained without
failure for at least 15 seconds, in order to insure
the test beinz comparable to design values in
regard to time effects.

The above procedure may be varied dependlng )
upon the purpose of the test. Agreement should
be reached with the procuring or certificating
agency regarding the test procedures and methods of
correction, if any, prior to conducting major tests.
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3.1. Wings

3.10. GENERaL. Because of the basic differ-
ences 1n their structural behavior, spearate stress
analysis procedures are outlined for the following
general types of wing structures:

{a) Two-spar wings with iodependent spars.
(6} Reinforced shell wings. .

3.11. Two-Spar Wings Wire INDEPENDENT
Spars. The methods of analysis presented under
this heading are based on the assumption that the
spars deflect independently in bending. Such meth-
ods are partlculaxlv applicable to two-spar fabric-
covered wings with drag bracing in a single plane.
They may also be applied to two-spar wings hav-
ing drag bracing in two planes. In such cases,
the effect of the torsional rigidity resulting from the
double drag bracing, tending to equalize the
deflections of the two spars, 1s usually neglected
but may be taken into account by the methods of
reference 3-7.

3.110. Spar loadings. The following method of
determining the running loads on the spars has
been developed to simplify the ecalculations
required and to provide for certain features which
cannot be accounted for in a less general method.
It is equivalent to assuming that the resultant air
and inertia loads at each section are divided

‘between the spars as though the ribs were simple

beams and the spars furnished the reactions.
Frequently, certain items are constant over the
span; then the computations are considerably
simplified.

The net running load on each spar, in pounds

per inch run, can be obtained from the following
equations:

GNoiar 144
4

(C)
”q.,%' 144

Yr=[{Cnxr—a)+ C’M,,}q+ nye (F~—7)] ~———

144b
o (3:1)
yf.__’[{CN(a_.f)-_aU} +N"€(j j 1441) .
(3:2)
where:

yr=net running load on front spar, in pounds
per inch

¥=net running load on rear spar, in pounds
per inch

a, b, 1,7, and r are shown in figure 3-1 and are ail
expressed as fractions of the ehord at the station in
question. The value of ¢ must agree with the
value on which C,, is based.

¢g=dynamic pressure for the condition being
investigated.

Cx and Cy, are the airfoil normal force and
moment coefficients, respectively, at the section
in question.

(" 1s the wing chord, in inches.

¢ is the average unit weight of the wing, in
pounds per square foot, over the chord at the
station in question. It should be computed or
estimated for each area included between the
wing stations investigated, unless the unit wing
weight is substantmlh constant, in which case g
constant value may be assumed By properly
correlating the values of ¢ and 7, the effects of
local weights, such as fuel tanks and nacelles, can
be directly accounted for.

72 1s the net limit-load factor representing the
inertia effect of the whole airplane acting at the
center of gravity. The inertia load alwavs acts
in a direction opposite to the net air load. For
positively accelerated conditions ny will always be

fe——C'

Figure 3-1. Unit seclion of a conventional 2-spar wing.
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inches =

All vectors are shown in posilive sense.
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Table 3-1. Compulation of net unit loadings (constantsy

Stations Alogg Span

1 Distence from root, inches

3 f, fraction of chord
4 -r’ Li] L1 "
r -7 :@_@

6§ =z, fraction of chord (a.c.)

5 b=

7 .j » n n "

n

]18 ®
9 r-a=®-©
10 a-f=0-G
‘ 9 r-3=®-0
12 §-1=0D-0
15 ¢ /144 b =@/(®)

2  ¢1/144 = (chord in inches) /144

=

unit wing wt., lbs/eq.ft.*

* These values will depend om the amount of dispocable

load carried in the wing.

negative, and vice versa. lLts value and sign are
obtained in the balancing of the airplane.

If it is desired to compute the airloading and
inertin- loadings separately, formulas (341} and
{3:2) may be modified by omitting terms contain-
ing ne for the airloading, and omitting terms comn-
taining ¢ for the inertia loading. Then the inertia
loading, shear, and moment curves need be com-
puted for only one condition (sav,n,=1.0}, the
values for any other condition being obtained by
multiplying by the proper lead factor. -

The computations required in using the preced-
ing method are outlined in tables 3-1 and 3-2, In
g form which 1s convenient for making calculations
and for checking.

The following modifications and notes apply to
tables 3-1 and 3-2: '

() When the curvature of the wing tip pre-
vents the spars from extending to the
extreme tip of the wing, the effect of the
tip loads on the spar can easily be ac-
counted for by extending the spars to
the extreme span as hypothetical mem-
bers. In such cases, the dimesion f will
become negative, as the leading edge will
lie beliind the hypothetical front spar.

() The local values of Cy, item 14, are

939770°—51 11

determined from the design values of
C'v in accordance with the proper span-
distribution curve.

{¢) Item 15 provides for a wvariation in the
local value of Cy.  When a design value
of center-of-pressure coefficient is speci-
fied, the value of ") should be deter-
mined by the following equation. using
item numbers from tables 3-1 and 3-2.

C’Ma: @ [@ - CP’]

(d) When conditions with deflected flaps are
investigated, the value of O, over the
Hlap portion should be properly modified.
For most conditions, €y, will have a
constant value over the span,

(e) The gross running loadd on the wing
structure can be obtained by assuming
¢ to be zero; then, items @9, €9, and €9
become zero, y, becomes @ X®), v,

" becomes €9 <13, and ¥, becomes €9 X &).

3.111. Chord loading. The net chord loading,

in pounds per inch run, can be determined from
the following equation:

o [Cgtna2e] 7
Ye="T14z

{3:3)




Table 3-2. Compulation of nel unil loadings (variables)

CONDITION wew

< ®Witete) | C'c ey

or C.P! ng By

=

==

IMptance b from root

(Refer alsc to Table3-4)
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Rear Spar
5

27

8
TOFORONEOFOEE®

28| €. (variation with span)

ZB:q
gw n,ﬁx
I2|@-®

21 ¥, = @ x &, 1ba/inch

where:
¥.=running chord load, in pounds per inch.
C.=airfoill chord force coefficient at each
station. The proper sign should be retained
throughout the computations. .
n2=net limit chord-load.factor approximately
representing the inertia effect of the whole airplane
m the chord direction. The value and sign are
obtained in the balancing of the airplane. When
C, s negative, n.2 will be positive.
g, ¢, and ¢’ are the same as in section 3.110.
The computations for obtaining the chord load
are outlined in table 3-2, items 28 to 32. The
following points should be noted:
(a) The value of C,, item 28, usually can be
assumed to be constant over the span.
The only variation required is in the case
of partial-span wing flaps or sunilar
devices.
(b) The relative location of the wing spars
~ and drag truss will affect the drag-truss
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loading produced by the chord and nor-
mal air forces. This can easily be
accounted for by correcting the value of
C. (sec. 3.1121).

It is often necessary to consider the local
loads produced by the propeller thrust
and by the drag of items attached to the
wing. The -drag of nacelles built into
the wing is usually so small that it safely
can be neglected. The, drag of inde-
pendent nacelles and that of wing-tip
floats can be computed by using a
rational drag coefficient or drag ares in
conjunction with the design speed. In
general, the effects of nacelles or floats
can be computed separately and added
to the loads obtained in the design
conditions.

3.112. Lifi-truss analysis.
3.1120. General. In considering a lift-truss
system for either & monoplane or a biplane and,
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in the subsequent investigation of the drag-truss
svstem, due attention should be given to all the
force components which will be applied to the
attachment points by the lift truss.

3.1121. Lift struts. Consider the strut-braced
monoplane wing shown in figure 3-2. The spars
in the figure are shown perpendicular to the basic
wing chord (the reference line for normal and
chord leads 1s the M. A. C. of the wing). If the
spars are not perpendicular to the chord reference
line, the resultant of the chord and normal loads
should be resolved into components parallel and
normal to the spar, as shown in figure 3-3a. Also.
in the general case. the drag truss will not be
perpendicular to the spar face. This angularity
should be considered (fig. 3-3b), unless it is of
small order, which would result in a negligible
correction.

The vertical reactions on the front and rear
spars from the lift struts may be determined by
taking moments about point C (fig. 3-2) of all
the external loads on the spars (sec. 3.114).

Then R;=ﬂj’f; and R,:ﬂj", where M, and M,,

are the moments about the spar-reot attachment,
point C, of the front and rear spars, respectively.

The strut and spar axial loads may be deter-
mined by graphical or analytical methods on the
basis of the truss A B C, if the fitting 1s eccentric
to the pneutral axis of the spar. If the graphical
niethod is used, the correction for angularity of
the strut to the V-~H plane should not be over-
looked.

The strut loads also can be determined by the
following formula, which includes the correction
for angularity:

M true length

Strut load:Txprojected length in V-H plane

(9:5)

After the loads in the struts have been deter-
mined, the axial load in eacli spar is: (strut

load)X(%) and the chord component acting on

the wing from each strut is: (strut load)X(%)-

When an eccéntricity, e, in the root fitting
exists, the chord loads and reactions will act in a
plane which generally is not parallel to the line
AC. The effect of the eccentricity is to modify
the vertical reactions at the strut point and root.
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(a) DRAG TRUSS FERPENDICULAR TC SPAR FACE

(b} DRAG TRUSS NOT PERFYNDICULAR TO SPAR FACE

Figure 3-3. Resolution of forces into components acting on
spars and drag truss.

The increment of reaction to be added or sub-
Eg (fig. 3-4d). Then, the total
vertical reaction component at the strut point is
R+ AR. 1tis, at once, apparent that the value
of the drag-truss reaction, Ry, is a function of the
strut load (fig. 3—4c); therefore, if extreme accuracy
is desired, it becomes necessary to solve for the
reactions on the lift and drag truss by means of
simultaneous equations which include expressions
for all the unknowns involved. The reactions

tracted is: AR=
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may also be determined by trial and error with
comparable results if sufficient trials are made.
However, unless the value of AR is in excess of 2
percent ot R, it is considered satisfactory to assume
that the total reaction is R+ AR.

3.1122. Jury struts. In computing the compres-
sive strength of lift struts which are braced by a
jury strut attached to the wing, it is usually satis-
factory to assume that a pin-ended joint exists
mn the lift strut at the point of attachment of the
jury strut. The jury strut itself should be inves-
tigated for loads imposed by the deflection of the
main wing structure. An approximate solution
based on relative deflections is satisfactory, if the
jury strut is conservatively designed to withstand
vibration of the lift strut. When the jury strut
1s considered as a point of support in the wing-
spar analysis, rational analysis of the entire
structure should be made (ref. 3—-17).

3.1123. Nonparallel wires. When two or more
wires are attached to a common point on the wing,
but are not parallel, the distribution of load
between the wires may be determined by least
work or equivalent methods. The following ap-
proximate equations may be used for determining
the load distribution between wires, provided the
loads so obtained are increased 25 percent.

_ ViA L L .
Pl pra r AT )P @0
_ Vz A, L3L, :' .
Pl v e vaas )P @)
where:
B=Dbeam component of load to be carried at the
joint.

P,=load in wire 1.

P.=]oad in wire 2.

Vi=vertical length component of wire 1.

1.=vertical length component of wire 2.

A, and A, represent the areas of the respective
wires,

L, and L, represent the lengths of the respective |

WII'es,

The chord components of the air loads and the
unbalanced chord components of the loads in
interplane struts and lift wires at their point of
attachient to the wing shonld then be assumed to
be carried entircly by the internal drag truss.

3.1124. Biplane lift trusses. In biplanes that
have two complete lift-truss ancd drag-truss sys-
tems intereonnected by an N strut, a twisting
moment applied to the wing cellule will be resisted
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in an indeterminate manner, as each pair of trusses
can supply a resisting couple. An exact solution
mvolving the method of least work, or a similar
method, can be used to determine the load distribu-
tion (ref. 3-16). For simplicity, however, it may
be assumed first that all the external normal loads
and torsional forces about the aerodynamic center
of the cellule are resisted by the lift trusses. This
assumption is usually conservative for the lift
trusses, but does not adequately cover the possible
loading conditions for the drag trusses. A second
condition should therefore be investigated by
assutning that a relatively large portion (approxi-
mately 75 percent) of the torsional forces about the
nerodynamic center of the cellule are resisted by
the drag trusses. In the case of a single-lift-truss
biplane, the drag trusses must, of course, resist
the entire moment of the air forces with respect
to the plane of the lift truss.

3.1125. Riggung loads. Wire-braced structures
should be designed for the rigging loads specified
by the procuring or certificating agency. Some-
times it may be necessary to combine the rigging
loads with internal loads from flight or landing
conditions.

The effects of initial rigging loads on the final
internal loads are difficult to predict, but, in cer-
tain cases, may be serious enough to warrant some
mvestigation. In this connection, methods based
on least work or deflection theory offer the only
exact solution. Approximate methods, however,
are satisfactory if based on rational assumptions.
As an example, if a certain counter-wire will not
become slack before the ultimate load is reached,
the analysis can be conducted by assuming that
the wire is replaced by a force acting in addition
to the external air forces. The residual load from
the counterwire can be assumed to be a certain
percentage of the rated load and will, of course,
be less than the initial rigging load.

3.113. Drag-truss analysis.

3.1130. Single drag-truss systems. Single drag-
truss systems are employed in strut- or wire-
braced wings where the ratio of the span of the
overhang to the mean chord is not excessive,
The requirements of the specific agency involved
should be reviewed in regard to the upper limit on
this value above which double-drag bracing is
required.

An example of a conventional drag truss is
shown in figure 3—4 for a strut-braced monoplane
wing. The chord loading, (, in pounds per inch
run (fig. 34 (a)) may be distributed to the panel
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points of the truss (&) as concentrated loads 1, 2,
3,4,etc. In addition to the chord loads due to air

load, the lift struts also apply loads in the chord

plane. In section 3.1121, the method of deter-
mining the chord components was given. These
components are shown in figure 34 (¢), assuming
that the wing is so loaded that the lift struts are
subjected to tensile loads. Tf items of concen-
trated weight, such as fuel tanks and landing gear,
were not accounted for when the running chord
load was computed in table 3-2, the resultant
inertia loads from these items of weight should be
applied to the drag truss. In figure 3—4 (d) are
shown all the loads and reactions acting on the
drag truss. ' ‘

The loads in the drag-truss members may now
be determined by graphical or analytical methods.
Exact division of the drag reaction, R, on the
truss is generally indeterminate, nsofar as the
front and rear root-spar attachments are con-
cerned. In general, overlapping assumptions
should be made, or the drag reaction conserva-
tively assumed to be resisted entirely by one root
fitting. Occasionally, the drag reaction may be
divided equally between the front and rear root-
spar fittings if they have approximately the same
rigidity in the drag direction.

3.1131. Double drag-truss systems. A double
drag truss is employed in cantilever wings or
braced wings where it is necessary to provide
additional torsional rigidity outboard of the strut
point. The investigation of double-drag trusses
follows the same line of procedure outlined in
section 3.1130. The design of the double truss

i1s usually dictated by torsional rigidity requure-
ments rather than by the actual design loads
applied to the structure.

In showing compliance with requirements in
which the upper drag wire in one bay and the lower
drag wire in the adjacent bay are assumed in
action (the remaining wires in these two bays
assumed to be out of action), the loads on the strut
take the form shown in figure 3-5. R,, and R,
represent the wire force components along the
drag strut. In general, it will be necessary to
balance these components in the drag direction
by a reaction, R, — R.,; then, taking moments
about a convenient point, the vertical couple
force R, may be determined. Having the forces
and reactions on the drag strut, the internal
forces readily may be determined.

3.1132. Fixity of drag struts. Drag struts should
be assumed to have an end-fixity coeflicient of 1.0,
except in cases of unusually rigid restraint, in
which a coefficient of 1.5 mayv be used.

3.1133. Plywood drag-truss systems. In a two-
spar, plywood-covered wing, the plywood cover-
ing, together with the drag struts, is usually
depended upon to carry the chord shear. Section
3.12 gives methods of analysis of this type of
structure.

3.114. Spar shears and moments. The fun-
damental principles of statics should be employed
in the determination of wing-spar shears and
bending moments. Before proceeding with the
detailed determination of these items, it is essen-
tial, in order to avoid errors, that all the external
loads and reactions be determined for the spar.

Components Along Drag Jtrut
From Wires

N\'Rin

]

Drag wnrection

ol
/—’mwar Drag Wire
Bay 2

= s -4-—-Bc
éuppgr Drag Wire
Bay 1
B
Section A-A

Figure 3—5. .Double drag iruss—two drag wires in action,

155



!

r—

T -

 r r— —— °rr r—

- r—

I |
7
1 z T ry 5 7 T 8 1 8 1 1o T 11
Section| Distance | Distance | load [Average |Load “am te Moment ‘f_E_ﬂ:séa-i- ! Moment I ]
from betwsan | per 4in.|load between |centroid H Wonent
Foot | Sections per in, | Sections |(1)* M = Fai5 «EIF W"=5d , 8
d - e F a i Section
4 dg ", ] i o o
— i LA .
R . ) *
dg-dy mems | T2V Ly 1(‘25 | /
2 Iten & | ! x ay ""\L &,
3 d w | Fagm .
5 5 ;LF4 5 _ t.em{? . @
demd ' woews Tten & Fzo | iz
5% | —-5= tom B | B2 | x Bg ;5 x /
| ; Tten F | ] - i(dg—dg) | / _
i | | iy
2 i dg b7 | Fase
_ ! Fy 2 z
" tem &) i } gy
d2",d'1 { ma+my I x O g ‘ Fop [ 52 x
2 Iten () . X ag -:-_.\,_____‘ (dz dl /
: F H s
[ 4=3 + t
1 4 "l : Fs 2 | J b
| [Fa1 :
i ; : [
o 0 " i : '
1 l i l
* NOTES
(1) The center of gravity of a trupesoidal loading may be determined by the formule x = 2+R
.
where R = h2 ; then &3 = x{d,-dy) —
m ¢ |
(2) F4.3, F5—2 is load between stations 4 and 5; 3 end 2, eto. {Iteam 6) h2
h
{5) 83, S etc, is shear at stations 5, 2, ete. {Item 9) l

Figure 3—6. Determination of shears and bending moments.

The primary bending moments at various
stations on a cantilever spar may be determined
conveniently by the equation:

M, =M+ Sz+ > Fa (3:8)

where A4, and S; are the moment and shear at
station 7; z, the distance between station f and z;
and 2 Fa, the sum of the moments about stationz
of all the loads acting between the stations. It
will be found desirable to prepare a table similar
to the one shown in figure 3—6 to facilitate the
computations. If the distances between the var-
ious stations are relatively small, the center of
gravities, @ of the trapezoidal loadings may be
assumed to lie midway between the stations with
negligible error and slightly conservative results,
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If concentrated loads exist at points on the span,
the table may be modified easily to account for
these loads.

The case of an externally braced spar may be
handled in a manner similar to that for the can-
tilever spar, insofar as the determination of the
shears and moments outboard of the strut and
the moment at the root due to external loads are
concerned. The root moment required in section
3.121 to determine the lift-strut reactions may be
obtained conveniently by the foregoing procedure.

The general form of the moment and shear
curves is shown in figure 3-7, (¢) and (b), for
braced and cantilever spars. It always is de-
sirable to plot the bending moment and shear
curves as a general check of the computations and
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to facilitate the investigation of stations along the
span not covered in figure 3-6.

3.1140. Beam-column effects (secondary bend-
ing). In connection with the bending moment
and shear curves for a braced spar inboard of the
strut point, where the spar is loaded as a beam and
a column simultaneously, the effects of secondary

939770°—>51 12

bending should be taken into account by use of
the “precise’” equations or the ‘“‘polar diagram"”
method. The solution of the beam-column prob-
lem is covered extensively in several textbooks
relative to airplane structures, and, therefore,
will not be covered here (refs. 3-1, 3-13). It is
necessary, however, to base such computations
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on ultimate loads rather than on limit loads, in
order to maintain the required factor of safety.
Continuous spars having three or more supports
should be investigated by means of the three-
moment equation or other methods leading to
equivalent results.

3.1141. Effects of varying axial load and moment
of inertie. The drag-truss bays of a braced wing
usually are shorter than the lift-truss bay, as
indicated in figure 3-4. The axial loads in the
spars due to the chord loading, therefore, vary
along the span.  Although the “precise’ equations
fo. a beam-column assume a constant value of
axial load in the heam. it is generally satisfactory
to determine a weighted value of axial load for use
in determining the “precise’” bending moment.
Referring to figure 3-8: ‘

p _PLi=PyLu= PLs
T Lt L+ I

(3:9)

where P, is the weighted axial load due to chord
loading, and P,, P,, and P, are the spar axial

loads in the drag bavs 1, 2, and 3. The total
axial load in the spar is:
P!:P3+Pc (310)

where P, is the spar axial-load component from
the lift strut or wire.

Generally, the moment of inertia, 7. also
varies along the span and a weighted value of 7
may be determined for use in the ‘‘precise”
equations, as follows:

7 =11L1+12L2+13L3
“ Li+L,+L;

(3:11)

where I, I;, and I; are the moments of inertia in
bavs 1, 2, and 3. If the “polar diagram’ method
is used, the actual variation can be taken into

3.115. Internal and allowable stresses for spars.

3.1150. General. The allowable stresses for spars
may be found in section 2.3. In beams subjected
to combined bending and compression. the margin
of safety computed by a simple comparison of the
internal and allowable stresses may be meaning-
less, particularly when the beam-column is
approaching the ecritical buckling point. True
margins of safety may, therefore, be determined
only by successive approximations. For example,
if a spar i1s rechecked after increasing all external
loads and moments by 10 percent. and still found
satisfactory, the true margin of safety is at least
10 percent.

3.1151. Wood spars. In general, a spar will be
subject to bending, axial (tension or compression),
and shear stresses. The total strese due to hending
and axial load may be computed by the usual
expression;

AMe P
ﬁ:T +"A"“ (3:12)
where M includes secondary bending. In com-

puting the section properties of a wood spar, the

following points are worthy of attention. Con-
sider the spar section shown in figure 3-9.

(@) Where the two vertical faces of the spar

are of different depths, the average depth

of the section may be used, as shown by 4.

(b) If the webs are plywood, only those plies

parallel to the spar axis and one-quarter

of those plies at 45° may be used in the

computation of A and 7 of the sections.

These are approximate rules to allow for

the difference in modulus of elasticity of

the plywood and the solid wood. 1f the

plywood webs are neglected entirely, the

computation of the section properties is

simplified and the results are more con-

account. servative.
1 t 1 : ; L
L ! T-lb.per in..J : | l - ¥,
: ‘ ,
( Py — 4 : 4 1'!7 — Py )
L ! ‘
5! 5 I5
1, [ L, ‘ 115
Py P 1"‘5

Figure 3-8. Distribution of forces on wood spar section.
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! {¢) When investigating a section, such as

— A-A in figure 3-9, the full section should
- be considered effective only if the glue
L area is sufficient to develop the full

strength of the side plates. In general,

the distance @ should not be less than 10
times or 15 times the thickness of a side
plate for softwoods and hardwoods,
respectively. The reinforcing blocks
should be beveled, as shown, to prevent
stress concentration which may lead to
consequent failure in the glued joint at
the edge of the reinforcement.

(@) Filler blocks may likewise be used in
computing the section properties, pro-
vided the length of the blocks and their
glue area to webs and flanges is sufficient
to develop the required bending stresses.

(e) In the detailed investigation of a spar
section, the reduction in strength due to
bolt holes should be considered when
computing the section properties. In
computing the area, moment of inertia,
etc., of wood spars pierced by bolts, the
diameter of the bolt hole should be as-
sumed greater than the actual diameter
by the amount specified by the procuring
or certificating agency. In computing
the properties of section A-A (fig. 3-9),
it should be assumed that all the bolt
holes pass through the section, because
failure might actually occur along the
line w—v.

The longitudinal shear stress in the web of a
spar may be obtained from the expression:

(_._,

—

| G G g

r— . r-

- r—

fsw——%' (3:13)

In the determination of €, for spars with plywood
webs, the recommendations in (6) should be
followed. However, the value of 3" in the expres-
sion should be the total web thickness. For
tapered spars, the shear stress may be reduced to
allow for the effects of taper in accordance with
section 3.1352.

3.116. Special problems in the analysis of two-
spar wings. :

3.1160. Lateral buckling of spars. For con-
ventional two-spar wings, the strength of the
spars against lateral buckling may be determined
by considering the sum of the axial loads in both
spars to be resisted by the spars acting together.
The total allowable column strength of both spars
is the sum of the column strengths of each spar
acting as a column the length of a drag bay.
Fabric wing covering may be assumed to increase
the fixity coefficient to 1.5. When further stif-
fened by plywood or metal leading-edge covering
extending over both surfaces forward of the front
spar, the fixity coefficient may be assumed to
be 3.0.

3.1161. Ribs. Analvtical investigation of a rib
generally is not acceptable as proof of the struec-
ture. In some cases, however, a rib may be
substantiated by analysis when another rib of
similar design has been analyzed, and subse-
quently strength-tested. In general, it may be
desirable to analyze a rib in order to determine
the approximate sizes of the members.

3.1162. Fabric attachment. Although the fabric-
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Figure 3-9. Wood spar section.
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attaching method usually is not stress analvzed,
it is, of course, important that the rib-lacing
strength and spacing be such that the load will be
adequately transmitted to the ribs. The specifica-
tions of the procurement or certificating agency
in regard to lacing-cord strength and spacing
should be followed. Unconventional fabric-at-
tachment methods should be substantiated by
static tests or equivalent means to the satisfaction
of the agency involved. '

3.12. Two-Spar Prywoop CovereEp WiNGs.

3.120. Single covering. Two-spar wings covered
with plywood on only one surface (upper or lower)
should be considered as independent spar wings,
in accordance with section 3.11, and the plvwood
covering designed to carry the chordwise sheer
loads with the ribs functioning as stiffeners and
load distribution members. - The center of shear
resistance of the plywood covering may be ec-
centric to the applied drag load (fig. 3-15 b).
The resulting torque will then be resisted by a
couple consisting of up-and-down force on the
two spars.

3.121. Boz type. Two-spar wings with both

- upper and lower surfaces covered with plywood,

forming a closed box, should be treated as shell
wings in accordance with section 3.13.

3.13. RenrorceEp SHELL WINGS.

3.130. General. The types of wing structure
considered under this heading are those in which
the outside covering or skin, together with any
supporting stiffeners, resists & substantial portion
of the wing torsion and some of the bending.
Various tvpes of shell wings may be classified
according to: the number of vertical shear webs,
or number of ‘“‘cells’’ into which these webs divide
the wing section; whether the spanwise material
is concentrated mainly at the shear webs or dis-
tributed around the periphery of the section as
longitudinal stiffeners; whether the skin is “thin”
so that it buckles appreciably at ultimate load,
or “thick” so that it does not buckle appreciably.
Trpical shell wing sections are shown in figure 3-10.

In shell wings the distributed airloads normal
to the surface are carried to the ribs by the# skin
and its stiffeners. The ribs maintain the shape
of the section and transmit the airloads from the
*skin to the vertical shear webs or to other portions
of the skin such as the leading edge, which are
capable of carrying vertical shear. Main or
“bulkhesd’ ribs perform similar functions for
concentrated loads, such as those due to nacelle

landing gear, and fuselage reactions. The vertical
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shear from the ribs is carried to the wing reaction
points by the shear webs and portions of the skin.
The shear in these elements creates axial bending
stresses in the beam flange material. When
comparatively stiff spanwise stiffeners are used,
they also act as effective flange material, receiving
their axial loads from the webs through shear in
the skin. The .contribution of the skin to the
bending strength of the wing depends on its
degree of buckling and relative modulus of
elasticity.

From this general picture, it is evident that
broad simplifying assumptions are necessary to
make a stress analvsis of a shell wing practicable,
and that the computed stresses in the various
elements are likely to be less exact than in the case
of staticially determinate independent spar wings.
In metal shell structures, elements which become
too highly stressed generally vield without diffi-
culty and the load is redistributed to less highly
stressed elements. In wood structures, however,
some types of elements are unable to accommodate
themselves to secondary stresses which would be
of no importance in metal structures, for example,
buckles of sharp curvature relative to the thick-
ness are apt to split plywood. The stress analysis
methods presented in this section should therefore
be considered only as reasonable approximations
until the designer has had experience in applying
a particular method to a particular type of
structure and has correlated the analysis pro-
cedures with the results of static tests.

3.131. Computation of loading curves.

3.1310. Loading axis. In determining the
shear and bending stresses in shell wings, it has
been found convenient to transfer the distributed
air and inertia loads to a suitable spanwise loading
axis by computing net beam, chord, and torque
loadings at points or stations along such axis.
The position of the loading axis may be chosen
arbitrarily if the corresponding moment and torque
components acting at a particulur section of the
wing are then properly applied to the various
elements of the section in a manner consistent
with their structural behavior. Since a reinforced
shell wing is usually a complex nonisotropic strue-
ture in which some of the elements resist axial
loads in a particular direction only, the true stress
conditions resulting from the interaction of
elements having various directions at & given sec-
tion are often difficult to analyze. It is therefore
recommended that the loading axic be located
inside the wing, approximately paralle]l to the
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Figure 3-10. Typical shell wing sections.

principal bending and shear elements. Such a
location should tend to reduce errors in the process
of transferring external loads and torques to the
loading axis and redistributing them to the strue-
tural elements. Section 3.135 shows that the use
of a loading axis in the main shear web is often
convenient for the shear distribution analysis,
without further transfer of loads and torques.

-

If the loading axis is located as suggested, it is
necessary for it to change direction where the
principal structural elements change direction; for
example, where an outer wing panel having di-
hedral or sweepback joins a straight center section.
The loadings due to the air and inertia loads are
computed for each segment of the axis in the usual
manner, but at the point of direction change, the
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total moments and torque from the outboard
segment should be resolved into the proper com-
ponents relative to the inboard segment.

The formulas given in section 3.1311 for com-
puting the running loads and torque at various
stations on the loading axis use airfoil moment
coefficients (or center of pressure locations) based
on airfoil sections parallel to the airflow. For a
loading axis which is not perpendicular to such
sections, these equations will therefore give small
errors in the bending moment and torque values.
These errors may be neglected unless the angle of
inclination of the.loading axis is large. 7

3.1311. Loading formulas. The net running
load at points along the loading axis and the net
running torsion about these points may be found
from the following equations:

, 0
Yo=(Cxg + n:e) a1 (3:14)
Al ,
yf=K}ngndizz (3:15)
‘ ()
mt=[{ON(1"G)TCMG}Q+n2€ {(x—7)] 144
(3:16)

where:

y»=running beam load in pounds perinch of span.

Ye=running chord loads in pounds per inch of
span.

m,=running torsion load in inch-pounds per
wnch of span. :
a, j, and x are expressed as fractions of the chord
at the station in question and locate points on
figure 3-11 as follows:

a locates the point in the airfoil on which the
moment coeflicient, Cy , 1s based.

7 locates the resultant wing dead weight at the
station,

‘r is the distance from the leading edge to the
loading axis, at the station.

 g=dynamic pressure for the condition being
iInvestigated.

Cx and Oy, are the airfoil normal and moment

coefficients at the section in question.

C-=mnirfoll chord coefficient at each station.
The proper sign should be retained throughout
the computations.

C"=the wing chord, in inches.

e=the average unit weight of the wing, in
pounds per square foot, over the chord at the
station in question. It should be computed or
estimated for each area included between the
wing stations investigated, unless the unit wing
weight is substantially constant, in which case a
constant value may be assumed. By properly
correlating the values of ¢ and 7, the effects of
local weights, such as fuel tanks and nacelles,
can be accounted for directly.

ne=the net limit load factor representing the
inertia effect of the whole airplane acting at the
center of gravity. The inertia load always acts
in a direction opposite to the net air load. For
positively accelerated conditions ny will always be
negative, and vice versa. Its value and sign are
obtained in the airplane balancing process.

n/=net limit chord-load factor approximately
representing the inertia effect of the whole airplane
in the chord direction. The value and sign are

c.q S
., " im n, €
c q .(_)_c' A . 2 14‘4
My 144 A
Crcq -c—'._. ' c!
144 € Sz {
| Bxa® 32
E
——’//—//:i
¢! linches »—

All Vectoras Are Shown in Positiva Sense

Figure 8~11. Section showing location of load azis.
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Table 3-3. Computation of net loadings (constants)

Stations Along Span

1l Ietance from root, inches

2  C!'/144 = (chord in inches) /144
5 x, fraction of chord
4 3, frection of chord (a.n.)

S 3, fraction of chord®
6 o= nundl wing wt., 1b8/mq.ft.»
7 x=18 =@-@

8 x-3:=-6

s fgn?
144
% Thess values will depend on the amount of dispossble

load carried in tha wing,

obtained in the airplane balancing . process.
Note that, when Cg s negalive, n? will be positive.

Positive directions for all quantities are shown
in figure 3-11. The computations required for
this form of analysis can be carried out conveni-
ently through the use of tables similar to tables
3-3 and 3—4.

The values of y,, ¥., and m, should be plotted
against the span and, in case irregularities are
found, they should be checked before proceeding
with the calculations.

It is sometimes desirable to compute the air-
loadings and inertia loadings separately. The
inertia loading, shear, moment and torsion curves
then need be computed for only one condition
(say, n.=1.0), the values for anv other condition
being obtained by multiplving by the proper load
factor. The foregoing formulas mmay be modified
for this purpose by omitting terms containing
ny for the airloading, and omitting terms contain-
ing ¢ for the inertia loading.

3.132. Computaiion of shear, bending moment and
torsion. The summation of the areas under the
loading curves determined by the method des-
cribed in section 3.131, from the tip to any wing
station will give the values of the total load (shear)
and of the total torque (torsion) acting at the

station.

It is advisable to plot curves of the shear and
torsion values against the span to determme if
any irregularities have occurred in the computa-
tions, If concentrated weight and load items were
not accounted for in the loading computations,

they should be taken care of by additional compu-
tations, and thelr effects shown on the shear and
torsion curves.

The bending moments at any station of the wing
can be found either by computing the moments,
about the station, of the areas under the loading
curves outboard of the station, taking into consid-
eration moments due to concentrated loads, if
such are present; or by summing up the areas
under the shear curves from the tip to the station.
A convenient tabular method of computing these
values 1s also shown in figure 3-6; and typiecal
curves are shown in figure 3-7.

The following quantities are now assumed to
have been determined and plotted for any station
on the loading axis:

S»,, the total beam load (shear) through the
loading axis in pounds.

Sep, the total chord load (shear) through the
loading axis in pounds.

M.z, the torsion about the loading axis in inch-
pounds.

My, the beam moment in inch-pounds.

My, the chord moment in inch-pounds.

Formulas of section 3.1311 give moments and
torques whose magnitudes and directions are not
necessarily consistent with the direction of the
loading axis, but the errors may usually be
neglected (sec. 3.1310).

3.133. Computation of bending stresses. The
methods outlined herein are based on the appli-
cation of the conventional bending theory to the
wing section as a whole, rather than to individual
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Table 8—-4{. Computation of net loadings (variables)

CONDITION

c ot
a4 | Priete)

Cl

'

Distenice b from root

(Refer aleo to TaYle 3-2)

Cy (variation with span)
ey =~ §0xq
ne = (&)=
@ " @ .
n = @2 e./in,

Normal Load
ELRESB

15 | € (variastion with span)

E 16 |cq = %z 3
17 e =
T " "%,
.é 15 @ + @
15 |y, = @) 1bs./1n.
20 , (variation with span
2 x ) N
Sl22 |G3 + @ .
g 23 @ x q
-tg-“ 24 @ x
s (@ < @

]

2 m - € x®

spars deflecting independently. It is assumed
that the axial deformation due to bending, for
any element of the wing section, is proportional
to the distance of the element from the neutral
axis of the section. This means that in multispar
shell wings the deflection of all spars is assumed
to be substantially the same. These assumptions
are valid only where the wing contains relatively
rigid torsion cells so that wing twist is resisted by
shear in the walls of these cells rather than differ-
ential bending of the beams. Experienceindicates
that this simple bending theory is satisfactory for
the practical design of shell wings if allowances or
corrections are made for the following conditions:
(1) Excessive shear lag, or shear deflection,

in the shell between various bending
elements. Such deflections cause the

actual stresses in elements remote from

the vertical shear webs to be less than,

and the stresses in elements adjacent to

the shear webs greater than, the values
indicated by the simple bending theory.

In some types of structures as described
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in section 3.1330 (5), these deflections
may be considered negligible in the
design of the wing as a whole. Since
the bending elements receive and give
up their axial loads through shear in the
webs or skin to which they are attached,
local shear stresses and deflections will
be intensified in the region of discon-
tinuities in the bending or shear elements.
Shear lag is therefore likely to be appreci-
“able in such regions. A convenient
method of allowing for shear lag is to
assume a reduced effective area for the
bending elements affected, in computing
“the section properties as described in
section 3.1330. The stresses computed
for such elements by the bending theory
will then be too high, and, to be con-
sistent, should be reduced in the same
ratio as the areas used in the section
properties.
(2) The effects of torsion on the bending
stresses at the corners of a box beam.
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3.1330. Section properties.

This condition is usually dealt with after
the bending stresses and shear distribu-
tion have been determined on the basis
of the simple theory. See section 3.1370
for discussion.

A sufficient number

of stations along the wing should be investigated
to determine the minimum margins of safety.
The information necessary to compute the section
properties at each station selected for investigation
may be conveniently obtained from a scale

diagram of the wing section.

Such a diagram

(fig. 3-12) and accompanying data should show

the following: . )
(1) All material assumed acting in shear or

bending (sec. 3.138) divided into suitable
elementary strips and areas, with each
such element designated by a suitable
item number for use in tabular compu-
tations.

(2) Thicknesses of skin and web elements,

area and center of gravity of stiffeners
and flanges, and the relative moduli of
elasticity of all elements, normal to the
section (secs. 2.1210, 2.52, and 3.138, or
table 2-13). For example, the modulus
of the beam flanges might be taken asa
basic in tension and the moduli of other
elements expressed as ratios thereto.

(3) Reference axes from which the various

elements are located. The amount of
calculation will generally be less if the
reference axes are made parallel to the
beam and chord directions used in the
Joading curve determinations.

(4) Effective widths of skin assumed acting

in compression in conjunction with
stiffeners or flanges. These should be
consistent with the methods used In
determining allowable stresses, in accord-
ance with section 3.138.

(5) Effectiveness factors for bending ele-

ments which have elastic modulus differ-
ent from the basic value selected for the
wing, or which are effected by shear lag.
The final factor, e, includes both effects,
and may be expressed as: e=e Xe,

element

where ¢ is equal to T and e, 1s the
basie

shear lag factor.

A value of ea=1.0 indicates that the effective-

ness of an element is not considered re-
duced by shear lag, while ¢,=0 indicates
that it is completely ineffective. Shear
lag may be general or local or a com-
bination of both. General shear lag is
greatest in a shell wing which has a major
portion of the bending elements remote
from the shear webs, relatively thin skin,
and little or no taper in plan and front
views. The general shear-lag effective-
ness factors for such wings should be
based on rational analvsis or test data
for similar wings, unless the spar web
flanges can withstand stresses consider-
ably higher than those computed by the
simple bending theory (refs. 3—4, 3-9, and
3-13). In a wing having characteristics
opposite to those described, general shear

*1

> Centroid of element
of aree, &

Principal Axes

N (When required)
“o _ i

Vertl oall Referenoce Axis

k éog. Ax®s

G

J1 °
(] . o =
Horizomtal Reference Axis r x
— 1
Figure 3-12. Liugram for compulation of section properiies.
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Figure 3-18. Effertiveness of discontinuous stiflener.

lag may be neglected if the spar flanges
can withstand stresses slightly larger than
‘those computed by the simple bending
theory. Local shear lag due to dlscontl-
nuities and cutouts may be estimated by
determining ¢, from figures 313 and 3-
14, or computed by methods of reference
3—13.

In using figure 3-14, may be taken as 2. 511"
for conventional constructions em])lovmtr stiff
45° plywood skin. A more rational value for L,
applicable to all grain directions, ma v be computed
from the followmcr formula which takes into ac-
count the shear rlcrldity of the skin in relation to
the axial load;

l\'J
o
-—

=127
Fi

'\/ E'A

(3:17)

‘i}

where
W=width of cutout or free end.
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G=effective shear modulus of skin.
t=thickness of skin.

E’=effective modulus of elastieity of compos-
ite section in tension or compression,
A=total effective area of skin and stiffeners

In tension or compression.

With the foregoing information available, the
wing-scction properties mav be computed in a
tabular form, such as shown on table 3-3, the
column headings meaning:

(1) Effectiveness Factor for item, e.
(2} (@) Geometrical area of item, (A4).
(b) Effective area of item, (a),=rA.
(3) Beam distance of item from reference
axis ().
(5) Beam moment of area about the refer-
ence axis, (ay,).

The location of the .\ axis, passing through the
center of o;awty and pamllel to the horizonta)
reference axis, should next be determined hy

dividing 27 col. {5) by =2 col. (2b).
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(7) Beam distance of item from the X axis
passing through the center of gravity ().

(9) Beam moment of the area about the X
axis, (ay). '

(11) Second beam moment of area about the
Xoaxis, (ay®).

{13) Individual moments of inertia of items
which are of sufficient magnitude to
be included.

The sum of the items in column 9 for all of the
wing elements above or all of the wing elements
below the X axis is equal to the static moment of
the section ;. The sum of items in columns 11
and 13 is equal to the moment of inertia of the
wing section about the X axis. By a similar
process, the wing-section properties about the ¥
axis can be determined by filling out the remaining
columns in table 3-5 pertaining to chord distances

and moments. The X and Y axis are not neces-
sarily the principal axes.

The sum of all of the items in column 15 is
equal to the product of inertia of the section
about the center of gravity axes. Careful atten-
tion should be paid to the use of the proper signs in
computing the products of inertia and in the
subsequent stress calculations. i

When effective widths are used for skin in
compression, it is evident that the section proper-
ties may change for inverted loads, and in such
cases the necessary computations should be
repeated accordingly.

3.1331. Bending stress formulas. The following
formulas may be used for the computation of the
bending stresses at any point on the wing section.
These formulas are similar to those described in
section 6:6- of reference 3-15, and permit the
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stresses to be computed without determining
the principal axes of inertia or the section proper-
ties relative thereto.

__Ht,y__ﬂz:c

f— 3:18
T I 1, ( )
where
VA VA VA Ve
My=— -t and M,=— 1=
I— (I:v) I-—\ ry)
LI, 7.1,

The values of A, and M, are the values of the
bending moments about the X and Y axes,
respectively, used in the section properties com-
putations; the I values are determined by the
methods outlined in table 3-5, and the z and y
values are the distances to the points at which
the bending stresses are desired.

If the analysis of some of the wing sections
indicates that the value of 7,, is approaching zero,
it is apparent that the reference axes chosen are
nearly parallel to the section principal axes, and
the apalysis of similar wing sections may be sim-
plified by omitting the computation of the product
of inertia in table 3-5. The expression for the
stress at any point in this case simplifies to:

j,,___]lfb:g_]lfcy
A 1,

(3:19)

When desired, the angle of inclination of the
principal axes of inertia to the XY axes is given
by the following relation (fig. 3-12):

217
Tan 20=-~%

= (3:20)
where the values on the right side of the equation
are obtained from table 3-5. ~

The stress f* computed by the formulas applies
directly only to elements having the elastic
modulus selected as basic for the section, and a
shear lag effectiveness factor of 1.0.
stress f for other elements is obtained by mul-
tiplying f” from the formulas by the proper
effectiveness factor from table 3—5.

3.134. Secondary stresses in bending elements.

(a) Air loads and bending deflections. Stiff-
eners are normally subjected to combined
compression and bending. The com-
pression results from the stiffener acting
as a part of the flange material of the
entire section. Two of the conditions
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The actual -

producing bending in the stiffeners are:
Part of the normal airload on the skin
being carried to the ribs by the stiffencrs,
and curvature of the stiffeners due to
bending deflection of the entire wing.
Allowance for these bending loads may
be made by using conservative values
for the allowable compressive stress or,
in relatively large rib spacings, by suit-
able computations and tests.

() Diagonal tension field effects. When the
wing covering buckles in .shear, addi-
tional stresses may be imposed on the
spanwise stiffeners by the diagonal-
tension field effects in the skin. If the
initial buckling shear stress is greatly
exceeded, it may be necessary to make
additional analyses to account for the
increased stiffenerstresses. Shearbuckles
{diagonal tension fields) iu curved skin
tend to produce bending or sagging of
the stiffeners between the ribs.  Particu-
lar attention should be paid to the
possibilities of the sagging type of failure
in spanwise leading-edge stiffeners, espe-
cially when they are also subjected to
combined beam and chord compressive
loads. Combined loading tests or con-
servative allowable stresses based on
simple tests in accordance with section
3.1381 should therefore be emploved for
D-nose spar and similar types of wings,

(c) Bending stresses due to torsion are dis-
cussed 10 section 3.1370.

3.135. Computation of shear flows and stresses.

3.1350. (feneral. The methods outlined herein
are based on the following principles: (refs. 3-5
and 3-11).

(1) The shear flows producing bending in the
wing (direct shear) are distributed by the
various. shear elements to each ending
element in such a manner as to produce
the increase in axial load per unit of span
required by the bending theory. Ip
applying this principle, use is made of the
computations performed in determining
the bending stresses, and the results are
affected by the same basic assumptions
and limitations.

(2) The shear flows in the various shear
elements of a torque box or cell are as-
sumed to produce (or resist) torque about
a reference point in accordance with the
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elementary principles of shear flows, as
Ulustrated in figure 3—-15. Tbis assump-
tion 1s valid only where: The ribs and
bulkheads are rigid in shear in their own
plane, particularly at concentrated loads:
the length of the torque box, or the
distance from the section where a large
concentrated torque, applied to the
section where it is reacted, is relatively
greater than the cross-sectional dimen-
sions of the box; and where the cross
sections of the wing are free to warp when
the wing twists, as in a wing panel which
1s 0 joined to the center section that only
the main beam can transmit bending, the
remaining webs belng pin-jointed. Whenr
any of tbese conditions are seriously
violated, conservative overlapping as-
sumptions should be made as to the shear
in the various elements.

3.1351. Shear flow absorbed by bending elements.
The rational methods for shear distribution first
require the determination of (he shear flows
absorbed by the individual bending elements which
may be determined by one of the following methods:
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(1) Spanwise method. The spanwise method

requires the calculation of the total axial
load in each bending element at various
stations along the span. The change in
axial load per inch of span at any point is
then equal to the shear flow being ab-
sorbed by the element at that point.

This method takes account of beam taper,

discontinuities and redistribution of bend-
ing material, and is therefore particularly
applicable to complex structures where
these conditions are involved to a con-
siderable degree. The average axial
stress, ', (in terms of the “basic’’ elastic
modulus) in each element having small
depth compared to the whole section at a
particular station may be obtained by
substituting the z and % coordinates of
the centroid of the element in the bending
stress formula of section 3.1331. * The
total axial load, P, equals ' Xa, where a
is the effective area of the element from
the section properties computations. The
shear flow, Ag, absorbed by the eclement
18:

_dpP
1=z

A (3:21

where %g is obtained by plotting P

against the distance, Z, along the span,
and finding the slope of the tangent at
desired points. Ag may be most con-
veniently found by tabular methods, that
1s: Ag==(,— P))/Az, where P, and P, are
the axial loads at two adjacent stations
and Az is the distance between them.
Aqg is considered positive when it tends to
increase the tension on an element, pro-
ceeding from outboard to inboard, as
shown in figure 3-16. A more complete
description of this method is given in
reference 3-18.

(2) Section method. The section method de-

termines the shear flow absorbed by the
bending elements by considering one
section at & time under the external
shears at that section, with separate
corrections, if desired, for the effects of
wing taper. This method is obviousiv
not correct for sections in the vicinity of
cutouts on wings having distributed
bending material. It is, therefore, inore
applicable to wings where the bending
material is concentrated in beams which
taper uniformly. The shear flow ab-
sorbed by any bending element is
obtained from formulas similar to those
for the bending stresses (equation 3:18),
using the same section properties compu-
tations, as follows:

Agza[_%_%] (3:29)

Sb’_ Scf %
——— ¥ 2N
- (3:23)
.1,

S~y

D::“Ty)"?{ (-324)
=77

a=-effective area of element.

z and y are coordinates of controid of element
from section diagram. Deep elements, such as
solid spars, should be broken into smeller elements.

I., table 3-3.

I, table 3-3.

I, =2 axy, col. 15, table 3-5.



r

.

. r— r—. . r .

r"—— r r— -

=2 Bhear slement

in seoticn view

Q
T - 2gh
B-rqh
5d = T = 2qA
hd = 294
{») MRQUE qd=3
h

{b} RESULTANT SHEAR

G oconstant

t conztant
1 8 -l B
6=z 1% Y ORE
{8) TWIST OF SEEAR CELL
SYMBOLS

nEOd® o medman

shoar epplied per inch of ehear element in section view. (Lb. per in.)
resultent of total shear acting on shear slewent.

length of medimn line of ghear element in sectlon view,

thickness of shear elepent. :

shear stress (pai.) =w-gj

length of obord Jolning ends of shear element.

refersnoe point about whioh torque is takem.

area snolosed between medisn line of shear eslement and radil

dresn from extremitles to C.

angle of twlst of shear cell (radiams) per inch of length pormal to tne section.
modulus of rigldity of portion of ocell wall.

= torque about reterence point.
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Figure 3—18. Sign conventions for shear flows.

S, =the total external beamwise shear (parallel
to tlie ¥ reference axis for the section) resisted by
the shear elements at the section, positive upward.
It may include a shear correction due to taper in
depth, as described in section 3.1352.

S.’=the total external chordwise shear (parallel
to the X axis) resisted by the shear clements at
the section, positive rearward. It may include a
shear correction due to taper in plan view.

3.1352. Shear correction for beam taper. When
8 beam having concentrated flanges is tapered in
depth, a part of the external shear at any station
1s resisted by components of the axial loads in the
flanges, as shown in figure 3-17. That part of the

shear resisted by the flange axial loads is: AS =%{,

where M is thesmoment at the station and L, is
the distance from the station to the point where
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centerlines of the flanges would meet if prolonged.
The shear resisted by the shear elements is then:
8,=8,—4a8,. If the flange material 1s dis-
tributed over the wing surface a conservative
average taper may be assumed. These corrections
for taper should not be used with the spanwise
method of determining shear flow absorbed by
bending elements.

3.1353. Stmple D spar. The type of structure
considered under this heading is shown in figure
3-18. The method described herein is rational in
regard to beamwise shear and torque if the follow-
ing idealizing assumptions are applicable. The
beamwise bending material is assumed concen-
trated in flanges at the vertical web; the leading
edge is assumed to be thin, that is, not capable of
carrying beamwise bending, and the leading edge
strip (or equivalent material resisting chordwise



b
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45, = partion of shear resisted by axial loads in flanges of tapered bem

Figure 8—17. Shear correction for tapered beam.

., bending), is assumed to be located so as not to be

i " affected by beamwise bending nor to incline the
L principal axes to the vertical web. As in any
L single cell, the shear flow is statically determinate,
"and, under the above assumptions, readily ap-
parent. If the external loads are transferred to a
 point on the neutral axis in the vertical web, as

" shears parallel and perpendicular to the web. and
a torque about the point, as shown in figure 3-18
the parallel shear, S’,, is resisted entirely by the
vertical web, so that ¢,=8",/h, where b is the
height between the centroids of the flanges. The
torque, A, is resisted by the torsion cell, requiring

o ‘ . {
L a shear flow around the periphery: q,g:;‘i'ii where

A 1s the enclosed area.

:1 The shear 8, is assumed resisted equally by the
upper and lower skin, so that: ¢.=S"./2d, where d
1s the distance from the vertical web to the leading
edge strip.

Then: ¢, (vertical web)=q,—¢,; and g¢r.z.=
g.=4., with the sign conventions shown on the

¢ diagram.
If the bending material of a D-spar is largely
distributed around the periphery in the form of a
i thick skin or spanwise stiffeners, the general

Lrational method for single cells, described in the

following, is more applicable.
3.1354. Ratwnal shear distribution.
3.13540. Single cell-—general method. The fol-
lowing method is applicable to single cell structures
' having the bending material distributed in the
form of a thick skin or any number of concen-
trated flanges or stiffeners. However, when such
. material is in the form of thick skin, it 1s assumed
Ldivided into strips each of which is considered a

concentrated element. Since the single cell is
statically determinate, the elastic properties of the
shear material are not necessarily involved in
determining the stress distribution, although they
are required In determining the twist or shear
center. For simplicity, the shear center will not
be used in computing shear flows and stresses.
Its location may be readily determined after the
shear flows are known. The method of comput-
ing shear flows is briefly outlined as follows: Re-
ferring to figure 3—-19, the shear flow in the main
vertical web is considered as an unknown, ¢, and
the shear in each successive shear element around
the periphery of the cell is expressed in terms of
7= by successively adding (algebraically) the shear
flows, Ag,, absorbed by the bending elements.
The sum of the torques due to each shear element,
about reference point @ in the main vertical web,
1s then computed from the principles of shear
Hows (ficure 3-15) and equated to the external

Figure 8—18. Shear in simple D-spar.
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torque, M,. This equation is solved for Im. and
the numerical values of the remaining shear flows
obtained by successive addition of the Aq values,
as explained. By using a suitable notation, the
computations may be reduced to a simple tabular
form as shown on table 3-6.

Such a notation is described as follows, and is
illustrated in figure 31 9, where the assumed posi-

tive directions of quantities are as shown:

A,=the resultant external moment applied at
point O when the external shear Sy and S, have
been transferred to that point.

gn=shear flow in main web.

@1: o, G5, €tc., are shear flows in successive shear

elements numbered clockwise around the section.
as shown.

Table 3-6. Shear-fiow computalions for single cell

*
T ol @ () (4) (5) - (6)
n | Aq 29% Ap AEEA qy, G
:Z(z) = §x0) = qy +(d
i

X g

.

Note: % @ should approximste 0,

1
? (@) should spproximate totsl area =
1

A.
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Shear Element

_}_»Eef
.

e

As

///..l

— = As -(/”5//,5'
(N)&L_”______—-—-— - 35

L %7
¥ = nuaber of last bending element

o

Gn = G + E:'A%n

-+

»

{b) GRAFHIC REPRRSENTATIDN OF SHEAR FLOW EQUATINS
Figure 3—19. Rational shear flow—single cell.

g.==shear flow in nth shear element.

Agy, Agy, Agqa, etc., are shear flows absorbed
by bending elements correspondingly numbered.
Ag is pesitive when it tends to produce tension
in the bending element, as shown in figure 3-16.
It 1s produced by (or requires) a resultant shear
flow directed away from the element in section
view. The values of A¢ are assumed to have
been determined by methods such as those of
section 3.1351.

Ag,=shear flow absorbed by nth shear element.

A;, As, Aj, etc., are the areas enclosed between
shear elements and radii from the reference point,
0, to centroids of the bending elements.

A=enclosed area of entire section.
T=total torque of shear elements about
point O.

u3
> =summation of quantities for elements 1

1
through n, where n=1, 2, 3, etc.
N=number of last bending element (lower
main Hange).
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N—1=number of last shear element (not
counting main web).
The expressions for shear flow in any element
in terms of ¢., using sign conventions of figure
3-16, are:

gm——AdG1=qn TAq
g1 —— AQe==q, +Ag,-AQ,

Agi=q1—

Agy=2—

qn:qm+ZlAgn

Equation (3:25) is represented graphically on

diagram (b) figure 3-19 by a flow ¢, around the
n

entire section, to which is added flow 2 _Ag, at any
i

shear element to obtain the total flow ¢, acting
in that element.

The expression for the total torque of the shear
elements about point 0, figure 3-19(a), is:

T=7%"24.¢.

r_ > A.q,, which, from diagram (b)

E_

or

of figure 3-19
N=1 n
=A%+‘;(A@%)
’II

external loads
Agu== (4, EAQ)

M,_ 1%

Equations (3:25) and (3:26) may be repre-
sented in the tabular form shown by table 3-6.
Bquations (3:25) and (3:26) and table 3-6 are
directly applicable to stiffened-D-nose type wings
if the sign conventions and numbering shown in
figure 3-20 are employed.

3.13541. Two cell—general method. The follow-
ing method is an extension of the general method
for single cells. The two-cell structure is statically
indeterminate since the division of the total torque
between the two cells depends upon their relative
torsional stiffnesses. A shear flow in an element
of the front cell and a flow in an element of the
rear cell are therefore considered as unknowns, and
the flows in the remaining elements expressed in
terms of these two unknowns. One independent
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(3:25) -

equation is obtained from > torques=0, and
another from the fact that the twist of the
front cell equals the twist of the rear cell. The
tw) unknown shear flows are obtained by simul-
tanecus solution of these equations, and the re-
remaining flows computed by successively adding
or subtracting the shear flows absorbed by the
bending elements. The notation is illustrated in
ficure 3-21, where the following svmbols are ad-
ditional to those described in section 3.13540 for
single cells.

gm=shear flow in main web.

g;==shear flow in first shear element (numbered
0 of front web.

Soy Sz, 83, - . .

Cos Ci, Cay - -
shear elements.

§n, are lengths of shear elements.
. ¢, are elastie constants of the

2 . . .
C=t;*s where ¢, 1s the effective thickness of the shear

€

. ad .
element, that is: t,=1,X ?1: where t, is the geo-

—6 (N)

4-1::1’"5 -
AT Mt

3711

| M
l

Figure 8-20. Conventions for stiflened-D nose section.

metrical thickness of the element, ), the shear
modulus of the element, and & the shear modulus
of the material considered basic for the section
(sec. 2.52}. 1If a particular element is expected
to buckle appreciably m shear, the value of G,
should be reduced accordingly.

Ar=enclosed area of front cell. ’

Ar=cenclosed area of rear cell.

A:AF—J[—AR.
f=a

n
> =summation of quantities for elements 1
1

through n, where n=1, 2, 3, etc.
N=number of upper flange of main web.
M=number of lower flange of main web.
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Figure 3-21. Rational shear flow; two-cell wing.

Subseripts » and r refer to front and rear ceils,
respectively. '

Shear flow in any shear element (see derivation
for single cell).

Front cell:
an=gf+El AQn (3:27)
Rear cell:

qun=gf+qm+§13 Aga, (3:28)

Equation 3:27 and 3:28 are represented graphically
on diagram (b) of figure 3-21.

Torque about point 0.
T

5=Z A, 4., which from diagram (b). figure
3-21,
N—] © n
=qA+q.~n AR_*_ZI (-ﬁ_}-nz-—\gn)
M
=Tt (External torque)
M( N=1 n
grAd+tymAp=-—5— 1 ARZL‘,-_\Q,,,)
AR _i‘/II_LN_l( ?n\, ) 290"
gf_*_j QM_Q—A A? An_lq-—\qn (O.-.rg)
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which may be written in the form

AY’.’Q;‘%‘ Yzqm=zz {3:30)

Where X3, 17, and 7, are numerical constants. and
gr &nd g,, are unknown quantities.

Consistent deformations. The angle of twist #is
the same for front and rear cells.
Therefore,

1 s
QA:'HI E g @Hﬂ
for each cell, where the summation is taken
entirely around the cell (ﬁg. 3~13).

= (3:31)

BGBW

25 qc

G is taken out of the summation sign as a con-
stant, since all elements are reduced to a common
basic shear modulus by use of effective thicknesses.
Therefore:

(3:32)

ccll

1 F 1 R
EZQ¢=EEQC
F

R
2.9.=IR>_ qc, which is from diagram (b) of

figure 3-21:

A1 A1 n A

QIECH-}_; Cr:;-ﬁgn)“’gmcm:Rgf%Cn_}_
N~ L N1

B3 (60 35802 ) +B0n S et Bamen  (3:33)
yy; T ¥

or
M1 N-1
> e—R> e ) an (cm—i—Rcm+RZ e )=
Aoy
K Z Cn 2 Ag, )— Ca ZAQu) (3:34)
1

which may be written in the form

Xig,+Tign=2, (3:35)
The quantities ¢, and ¢, are then determined
by solving equation (3:30) and (3:35) simultane-
ously, The summation terms in these equations
may be computed in a form similar to table 3-7.
3.13542. Two-cell, four-flange wing. If it is
assumed for this type of wing (fig. 3-22) that the
skin and web members carry shear only, the gen-
eral E‘qUﬁ.thDS given in section 3.13541 can be
written in the following form:
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A M, 1
QI_,—f Qm"__g—;i _1 __,' (A Ag" (386)
3 3
qr (CU_RZ Cn)-—gm (Cnr+RCm _JHJ?Z cn):
1 1
- R 2 (c” > A, ) (3:37)
1 1 .

These equations may be expressed as follows:
;3:?g1"+_ Ivégvu ::'252 (3 ] 8)
JXTIQ;'%’ Irlgan = 25] (3 :3€9)

where:
Xo=1 (3:40)
, A
b} =—f | (3:41)
M 13 n
ZQ::T{"EZ (An 2 Agn> (3:42)
3
Xi=e,—12 > e (3:43)
d 3
Y1=—-(cm+1?cm+ff>‘l“_, cn> (3:44)
3 - n

Z1=R$(C"EJAQ,{) {(3:45)

Then, solving (3:38) and (3:39) simultaneously,

z_z
— I"] It—’ .
7,71
z_z
Y .
X X,

E’mmple Referring to figure 3-22 and table 3-7
it is assumed that the following data have been
preﬂouslv determined or given: i

9, == 4100, 000 pounds. -

S¢’=—10,000 pounds.

24,=—500,000 inch-pounds.

Ag values, as listed in table 3-7 (determined by
seec. 3.1351 (2))

Sit., and A values as listed in table 3-7.

Ap=2 288 square inches.

=2,912 square inches.
A=5,200 square inches.
Shear flow values, obtzined by substitution of
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SHEAR FLOWS SHOWN IN ASSUMED POSITIVE DIRECTION

Figure 3-22. Typical two-cell, four flange wing section.

the summations from table 3~7 in equations (3:40)
to (3:47}) are as follows:

¢,=154.3 pounds per inch.

gm=2.140.4 pounds per inch.

The remaining shear flow values are then deter—
mined from equations (3:27) and (3:28):

1= —89 pounds per inch.

g-= — 548.1 pounds per inch.

q;=36.8 pounds per inch.

3.13543. Shear cenlers. For some purposes, it
is desirable to determine the shear center of a
wing section. As derived herein, the shear center
1s defined as the point on a wing section at which
the application of a shear load will produce no
twist in a differential length of the structure be-
vond the section. A point so determined is a
true shear center for the wing as a whole only if
the wing 1s of constant section throughout the
spap, or tapers in a manner so that all sections
are geometrically similar,

In the following formulas, symbols not ex-
pressly defined are the same as in sections 3.13540
and 3.13541.

(@) Single cell. Assume that a V load of
value P has been applied to the section
and the wvalues of Ag¢ for the bending
elements computed according to section
3.1351:

(3:48)

Twist=60=0 =;)% >7gc

S ge is found by inspection of figure 3-19 and
equation (3:25), resulting in:

1 N Nl N—1 n
B=O=‘2“'::1"é [gmcm ~Gm ; cn+ 2 (Cn ; ALH):‘
(3:49)
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Equation (3:49) is solved for the value of ¢,
‘which will produce no twist:

Ch Z Ag, )
qmz— (3:50)

Cﬂi_i_; Cﬂ.

N 1

Let z=the horizontal distance from the origin
0 to the load P for the condition of no twist.
(That is, z=distance to shear center). Since
Pr=M, z may be determined from equation
(3:26), as follows:

P 11\—-1' n
= __ R .z
=ia (4 Tee) @
_‘_fl 1 X=1 7 _
[m+ E n?Agn)J (:_J)sz)

where ¢, 1s from equatian (3:50) and other terms
are computed as m table 3-6.

The ¥ertical location of the shear center mav
be determined, if desired, by applying a drag load
and proceeding as has been shown.

(b) Two-cell. It is assumed that a V load
of value £ has been applied at the shear
center which i1s at an unknownm hori-
zontal distance z from the origin 0, and
that Ag values corresponding to load P
have been computed for the bending

elements. Since the twist of both cells
is zero:
1 L
€F=O=E > ge (3:03)
1 e
BR:O:ZR >, ac (3:54)
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substituting for > ¢c, according to section 3.13541:

AM—1 Ar—1

Br=0=¢, > Cr—GmCn— > c,,ZAg,D (3:55)
o 1 1

N1

Ne=] ' N—1 7
tn=0=0, 30+ 0 (Serten )43 (e300, )
M M M 1
(3:56)

Solving equations (3:55) and (3:56) simultaneously
for g, and g, will give the values necessary for the
condition of no twist. Since Pz is the torsional
moment about the origin 0, this moment and the
value of r may be found from the derivation of
equation (3:29), as follows:

M, P = <
Y=t mt At et 5 (4 500,) @57

]

where the values of ¢, and ¢, are from equations
(3:35) and 3:56). The vertical location of the
shear center may be determined, if desired, by
applying a drag load and proceeding as in the fore-
going.

3.136. Ribs and Bulkheads.

3.1360. Normal rbs. Normal ribs (those sub-
Jected primarily to airloads), in a shell wing,

‘receive the airloads from adjacent skin and stiffen-

ers and redistribute them to the various shear
elements of the wing section. The strength of
such ribs is always proven by strength tests, but a
picture of the stress distribution is useful in rib
design and in devising suitable test set-ups. The
required airloads, distributed in accordance with
the airfoil chordwise pressure distribution, may be

considered as the applied loads on the rib, and the

shear flows apphed by the rib to the various wing
section shear elements, oppositely directed, as the
reactions. Such shear flows may be determined
by performing computations similar to those for
the shear flow distribution (using the section
method, sec. 3.1351 (2)), after resolving the air-
loads into resultant forces and a moment, at a
convenient reference point.

These conditions may be simulated in a test by
constructing a short spanwise section of the wing
in which the test rib at one end forms the loading
bulkhead, while a bulkhead at the opposite end
supports the whole section. The spanwise length,
and the attachment of stiffeners and skin to the
support bulkhead, should be such that the rib
loads are not transmitted directly to the support
bulkhead by these elements acting as cantilever

beams.

939770°—351 13

Normal ribs are also subject to a variety of
secondary loads, for -example: Loads resulting
from their function as compression elements when
the skin buckles into diagonal-tension fields due to
shear; and loads resulting from the axial forces in
stiffeners and skin while the wing is deflected in
bending. _ .

3.13600. Rib-crushing loads. Compressive forces
in the upper surface material of the wing, while it
1s curved upward by bending deflections, produce
downward acting loads in the ribs, while the tensile
forces in the lower surface produce upward loads,
thus subjecting the ribs to compression or crushing
m the vertical direction. Where an appreciable
portion of the wing-bending material is distributed
in the form of skin and stiffeners remote from the
heam webs, the rib-crushing loads should be in-
vestigated bv methods such as reference 3-10 or
the following:

PL PLM -
=% B[ (3:58)

where:

w=vertical crushing load on rib flange, in
pounds per inch of chord.

P=spanwise axial load: in wing surface material
due to bending, in pounds per inch of chord. at
given point on wing section.

L=rib spacing, inch.

R=radius of curvature of wing due to bending.

M=Dbending moment on wing section. (M,
from section 3.1331 may be used as an approxi-
mation.)

T=moment of inertia of wing section. (7, from
table 3—5 may be used as an approximation.)

E=basic modulus of elasticity used in com-
puting section properties (sec. 3.1330). ‘

3.1361. Bulkhead ribs. Bulkhead ribs are de-
scribed as those that distributeloads of appreciable
magnitude, other than air loads, to the wing-
section shear elements; for example, fuselage,
landing gear, and fuel tank reactions. Such loads,
as well as the airloads, may be congidered as ex-
ternal loads applied to the rib, and the shear flows
applied by the rib to the shear elements, oppositely
directed, as the reactions. Here, however, one or
more of the conditions required by the shear-flow
theory (sec. 3.135) will generally be violated. For
example, a larger amount of shear may be absorbed
by the elements nearest a concentrated load,
depending on their rigidity relative to that of the
bulkhead. Conservative overlapping assumptions
should therefore be made.
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Bulkhead ribs may also perform the function of
redistributing shear among the shear elements of a
wing wherever some of these elements are dis-
continued or bending elements redistributed. The
shear flows from the outboard wing section may
then be considered as the applied loads on the rib,
and the shear flows applied to the inboard section,
oppositely directed, as the reactions.

Likewise, at a rib where any wing element
carrying an appreciable axial load changes direc-
tion, the axial loads in the inboard and outboard
portions of such an element should be resolved into
components parallel and perpendicular to the
plane of the rib. The resultant.of the components
in the plane of the rib may then be considered as a
load applied to the rib, with reactions supplied by
the wing-section shear elements as described
previously.

As a result of the bulkhead analysis, it may be
necessary to revise the shear distribution de-
termined in the general shear analysis (sec. 3.135)
for local conditions.

3.137. Moaiscellaneous siructural problems.

3.1370. Addutwonal bending and shear stresses
due to torsion. The corner flanges of a box beam
are theoretically free from axial (bending) stresses
under a pure torque loading, if the cross sections
are free to “warp” as the box twists. However,
in a shell wing where more than one beam is con-
tinuous through the fuselage either directly or
through an equivalent structure, bending stresses
will be induced in the corner flanges since the
opposing action of the opposite wing will restrain
the root sections from warping. Additional shear
m the short sides of the box is also induced at
restraimned sections.

Ju wings not subjected to unusual torque loads

and in which the torque cells are continuous and
enclose a large part of the sectional area of a
reasonably thick wing, the bending stresses at
the root due to torsion should be small compared
to the total bending stresses for the loading
conditions producing maximum bending in the
wing.

Analvtical methods for computing the bending
stress due to torsion in various types of box
wings are described in references 3-8 and 3-12.
Where the shear rigidity of one wall of a box
wing is greatly reduced by a cut-out, the wing
torsion should be assumed to be carried as differ.
ential bending in the spars in the region of the
cut-out., Rational solution of the general case
is given in reference 3-6.
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Wings in which the torsional stiffness of the
torque cells is relatively small because of the small
enclosed area or because of many large cut-outs
may be conservatively designed as independent
spar wings. The effect of the torque cell in
relieving the critically loaded spar by transferring
part of the load to the other spars may, however,
be estimated according to reference 3--7.

3.1371. General instability. Reference to see-
tion 3.1381 shows that the column length of
spanwise stiffeners is generally taken equal to the
rib spacing. Such an assumption is valid only
when the ribs act as rigid lateral restraints for
the stiffeners at the points of intersection. If the
ribs lack rigidity in their own planes, allowing the
stiffeners to deflect laterally, the axial compressive
loads in the stiffeners tend to further increase
such deflections because of the resulting eccen-
tricities. If the rib rigiditv is foo low relative
to the axial stiffener (or skin) compressive loads.
a state of equilibrium will not be reached. and
the ribs and stiffeners will collapse simultaneously.
In conventional wings with full depth ribs. the
condition described above, known as genera
instability usuallyv need not be considered. If
shallow ribs (at tank bays and wheel wells) or
truss-tvpe ribs having shallow flanges are used in
wings where a large part of the bending compres-
sive loads are carried in surface material remote
from the wing beams, analyvsis or tests for this
condition should be made (ref. 3-14).

3.138. Strength Determination. The analvtical
determination of the strength of the structure is
based on a comparison between the computed
internal stresses, and the allowable stresses
obtained by static test or calculated from the
material properties by methods such as those of
chapter 2. In order that the computed margins
of safety so obtained may represent the strength
of the structure with respect to the specified
external loads, as accuratelv as possible, all con-
ditions and assurnptions on which both the internal
and allowable stresses are based should be re-
viewed, and any necessary adjustments or aliow-
ances made, prior to the final comparison showing
the margins of safety. Such allowances may be
made by arbitrarily increasing the originally
computed internal stresses or decreasing the
allowable stresses, in the light of the review,

Some of the factors to be considered in the
strength determination are discussed under the
following subsections.

3.1380. Buckling in skin. For a structure in
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which the major portion of the compressive loads
due to bending are intended to be resisted by the
skin, with the shape being maintained by com-
paratively light reinforcing structure, the critical
buckling and ultimate stresses for the skin, which-
ever 1s lower, should be considered as the allow-
able stress. Vhen buckling does not occur, the
ultimate allowable stresses may be computed by
the methods of sections 2.60 and 2.61. The
criteria of sections 2.70, and 2.80 may be used as
guides in predicting the occurrence or nonoccur-
rence of buckling, but the strength of such strue-
tures should be substantiated by static tests
of the complete structure, or of 2 closely similar
structure, to ultimate load, because of the uncer-
tainties of buckling phenomena.

For structures in which the supporting and
stiffening members are capable of withstanding
a major portion of the compressive loads, buck-
ling of the skin does not necessarily result in
failure, as discussed in the following subsections
on stiffened panels and shear elements. Sharply
curved skin panels have much higher critical
buckling stresses than flat panels of the same
dimensions, but failure in curved panels usually
occurs immediately after buckling begins.

3.1381. Compression elements. Where second-
ary stresses, such as those described in sections
3.1330 (5), 3.134, and 3.1370 have not already
been taken intc account, a reasonable increase in
internal stresses should be assumed for critical
elements affected thereby. Although wood will
vield shghtly in compression, tending to relieve
the highly stressed fibers, elements which have
undergone some crushing in compression may fail
at unexpectedly low tensile stresses when the
load is reversed.

When light spanwise stiffeners are used to
reduce the size of the skin panels rather than to
resist the wing bending loads, they need not be
designed to withstand the stresses which would be
assigned to them as isolated structural elements
by the bending theory, provided that such stiff-
eners are designed to accommodate themselves
to ‘the spanwise shortening of the compression
side of the wing without faillng. At locations
remote from the spars, this can be accomplished
by making the stiffeners sufficiently flexible so
that they can bow between the ribs without failing.
Such stiffeners may tend to separste from the
skin, however, unless special precautions are
taken. At locations adjacent to highly stressed
spar flanges this accornmodation may be obtained

by using a cross section and material such that
local crippling and crushing failure will not oceur.

3.1382. Stiffened panels. TIn structures where
the skin is expected to buckle below ultimate
load and the reinforcing structure is designed
accordingly, the allowable compressive stresses
may be obtained fromn section 2.77 or from tests
on stiffened panels.

(@) Effective wundths. In both the allowable
and the Internal stress computations,
an effective width strip of skin adjacent
to each stringer is assumned fully effective
m compression. The width is often
selected arbitrarily, and it is sometimes
assumed that the value selected malkes
little difference so long as the value used
in the section-properties computations
is consistent with that used in computing
allowable stresses from the total load
supported by a test panel. This as-
sumption would be true if the upper
and lower bending material of the wing
consisted only of two symmetrical panels
(with the same effective widths m
tension as compression) but it may lead
to some error if the bending material
is not structurally symmetrical and the
usual methods of computing section
properties are used. Therefore, for
structures in which the skin carries a
considerable portion of the bending load,
the effective widths should be deter-

.mined as accuratelvy as possible, either
by theoretical methods, such as those of
section 2.72 and 2.774 or by accurate
straln-gage measurements on the test
panels. The effective width, 2w, of
plywood panels, is usually expressed as a
strip that is considered to act at a stress
corresponding to that of the unbuckled
plywood at the same deformation as the
stiffener.

The effective width of metal panels is usually
expressed as a strip acting. at the same
stress as the stiffener. The basis for the
effective widths indicated in a particular
analysis should, therefore, be clearly
stated.

(b) Allowable compressive stresses. In deter-
mining the allowable compressive stress,
the various possible modes of failure dis-
cussed In section 2.775 should be con-
sidered. When the allowable stress is
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computed by section 2.72, the stiffener
plus effective width of skin is considered
as one composite element having an effec-
tive modulus of elasticity £’. This pro-
cedure was arranged to facilitate checking
the stress in any ply or fiber of either
plywood or stiffener. Such a composite
element may be considered as one item in
the section-properties computations (sec.

’

3.1330), where ¢, will equal % basic.

The computed internal stress, f, for com-
parison with the allowable will then be:
f=f"Xe, where ' 1s the fictitious basiec-
modulus stress obtained by the bending
formulas in section 3.1331, and ¢ is the
total element effectiveness factor in
accordance with section 3.1330 (5).

When the ribs are sufficiently rigid in their

own planes (sec. 3.1371) the column
length of the stiffened panels is taken as
equal to the rib spacing. In regard to
the column-fixity coefficient to be used
in conjunction with this column length, it
is noted that typical structures show a
general tendency to bow inward in the
bays between ribs, but a few bays will
tend to bow outward. Where one bay
bows in and the next out, a fixity of ap-
proximately ¢=1.0 1s developed, depend-
ing on the rotational fixity furnisbed by
the fibs and the degree of buckling and
plate or curvature effect of the skin. A
value of ¢=1.5 may be assumed if the
stringers are fixed to ribs having ap-
preciable bending stiffness in a vertical
plane paraliel to the stringers. Higher
values should not be used in design unless
substantiated by tests on a complete
structure.

In flat-ended-panel tests, & value of ¢=3.0 or

more is usually developed. The results
of such tests must therefore be corrected
to the fixity values used in the design
of the structure.

(¢) Combined stresses. A convenient method

of considering the effects of combined
compression and shear in stiffened panels
is the stress ratio or interaction curve
method, that is, B+ B;"=1.0, where R,
is based on the allowable compressive

stress discussed in paragraph (b), and &,
is based on the strength of the panel in
pure shear,

The exponents m and n may be assumed equal
to 2.0 for panels which are substantially
flat, but not more than 1.0 for sharply
curved panels, such as in D-nose spars,
unless tests are made under combined
loads to determine points on the inter-
action curve. For D-nose spars, tests to

~ultimate load should be made. A portion

of the spar of sufficient length to elimi-
nate end effects, may be used in such
tests.

3.1383. Tension elements. Tension elements of
wood yield very little, compared to metals, before
reaching their ultimate strength (sec. 2:16).
Unaccounted -for secondary stresses or unconserva-
tive assumptions in the stress analvsis are therefore
likely to cause failures. Since the plywood skin.
stiffeners, and spar flanges on the tension side of
a wing may not reach their ultimate strengths at
the same time, the stresses in each element should
be determined and compared with the correspond-
ing allowables. For plvwood having the face
grain parallel or perpendicular to the spanwise
direction, the modulus of elasticity for use in
determining section properties and internal stresses
may be obtained from section 2.52, or table 2-13,
and the allowable tensile stress from section 2.601,
and table 2-13. For plywood having the face
grain at an angle to the spanwise direction, the
spanwise modulus of elasticity may be obtained
from section 2.56.

The allowable tensile stress for such 45° ply-
wood may be obtained from section 2.611 and
table 2-13.

When the plywood on the tension side does not
buckle due to shear, which is usually the case on
a wing (sec. 2.73), the condition for failure under
combined tension and shear may be determined
by stress ratios in accordance with section 2.613.

3.1384. Shear elements. When the shear flow,
g, has been determined, the internal shear stress
is obtained by dividing ¢ by the actual thickness
of the element, even though an effective thickness
based on relative moduh of rigidity was used in
the shear distribution analysis. The allowable
shear stress values given by section 2.73 are
directly applicable to beam webs and allow for
the effects of the beam bending stresses near the
flanges.



These allowable shear stresses should also be
applicable to substantially flat wing skin panels
' in the same range with respect to buckling. The
ultimate strength of curved panels in shear must
at present be obtained from tests on specific
structures as described in section 3.1382 (¢), since
buckling usually precipitates failure.

1 3.2 Fixed Tail Surfaces

|_ for the analysis of wings.
applied loads is npecessarily similar in that the-

‘L. The procedures applicable for use in the stress

analysis of fixed tail surfaces (fin and stabilizer)
are analogous to those described in section 3.1
The nature of the

source is principally aerodynamic and the span-
wise and chordwise distributions of the same are
similar to those over wing surfaces. The loads
resulting from inertia effects require a consider-
ation similar to that employed in the analysis of
wings. The dependence of the applicable type of
analysis upon the structural arrangement of the
material is also similar to that encountered with
wings and this consideration is treated in section
3.1. The strength of the structure is determined
by comparison of the calculated internal loads
and stresses with the allowables which are ob-
tained either from tests or from the information
given in chapter 2. The determination of the
strength of shell structures, including reinforced
shells, is presented in detail in section 3.138.

3.3 Movable Control Surfaces

The movable control surfaces are ordinarily
comprised of the ailerons, elevator, and rudder.
The apalysis of each of these surfaces is funda-
mentally the same basic problem. Each movable
surface consists of an airfoil free to rotate about
a hinge axis fixed on the supporting structure
except as restrained by the control system at its
attachment point (control horn). The essential
structure is made up of the:

(1) Airfoil surface (fabric or plywood plating)
upon which the air forces act and are
transmitted through

(2) Surface attachment means (lacing, nails,
or glue) to the

(3) Ribs. The ribs transfer the air loads
through shear and bending to the

(4) Masn beam and

(5) Torque tubes. The beam and torque tube
are supported by the fixed surface struc-
ture at the

(6) Hinges where the transverse shear is
transmitted to the fixed surface. The
torque tube carries the torque resulting
from the air loads and hinge support
reactions to the

(7) Horn, where it is balanced by the control
system reactions.

A satisfactory analysis should include a check
of the plating material (fabric, plywood) under the
imposed design pressure loading. Unit pressure
loadings, consistent in magnitude with those en-
countered over deflected control surfaces should be
considered in such a check. The strength of the
surface attachments should be checked in combina-
tion with that of the surface material itself. The
most satisfactory method of determining the
strength of such structural items is by “blow-off
tests” of panels representing the type of con-
struction employed (simulating rib spacing, sur-
face attachments) when subjected to test pressures
representing the design loadings. Critical surface
pressures are usually negative (tending to blow
the surface outward).

Ribs may be considered as cantilever beams
supported at the main beam or torque tube and
supporting the pressure loading over the area
extending approximately midway to adjacent ribs.
Here again static tests of representative structures
constitute the preferred basis for proof of satis-
factory strength.

The main beam and torque tube should be
checked under the shear, bending, and torsional
loads resulting from the rib loadings, and the
reactions at the hinge supports and the control
horn. When the main beam or torque tube is
continuous over three or more hinge supports, the
deflection of the fixed surface or wing under flight
loads should be taken into account by introdueing
suitable deflections of the supports into the three
moment equations or by conservative overlapping
assumptions. Irregularities and discontinuities of
such structures are often encountered because of
the cut-outs necessary for the control surface
hinges. Care should be exercised to provide ade-
quate strength and rigidity in way of such cut-
outs by means of proper reinforcing and by use of
conservative assumptions both as to stresses
developed and stresses allowed. This is especially
necessary in wood _structures because of the
inherent inability of wood to equalize stress con-
centrations through considerable plastic deforma-
tion.
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3.4 Fuselages

3.40. General. Most of the commonly used
types of wood fuselage construction fall within one
of the following: ‘

(1) Four-longeron tvpe.

(2) Reinforced shell (semimonocoque) type.

(3) Pure shell (monocoque)} type.
Examples of these types are included in the
sketches shown herein under the pertinent sub-
headings. A particular airplane fuselage need not
necessarily be confined to one type of construction
but may employ any applicable combination. For
example, the stiffened-shell type may revert to
the four-longeron type in way of large cut-outs
such as cockpit openings, or bomb bays.

3.41. Four-LoxgeErox Type. The treatment of
the four-longeron type is somewhat analogous to
that of the D-section and single-cell shells as de-
scribed in section 3.13 with the additional simplifi-
cation that results from the inherent symmetry
of the trpical fuselage section. Ibn both, the
material effective In bending 1is concentrated into
a small number of locations and the section
properties for use in a bending analysis may be
calculated in the normal manner as based upon
such an assumption. The plywood shell ma~
terial will actually contribute in some indetermin-
ate extent to the bending strength of such four-
longeron-type sections as are illustrated in figures
3-23 and 3-24. However, it is probable that, on
the compression side, this contribution will be
limited to approximately that corresponding to
the buckling load for the plywood panels as
determined from the transverse frame spacing,
panel thickness, species, arrangement of plies, and
curvature according to the methods described in
chapter 2. In this type of construction, the unit
deformation corresponding to the maximum de-
sign stress in the longerons very probably exceeds
by far that corresponding to the buckling stress
of the adjacent plywood material and of that
farther removed from the neutral axis. Also,
without curvature and without longitudinal string-
ers between longerons and the smaller plywood
panel expanses and greater buckling stresses
resulting therefrom, the design shearing stress
in the sides of the four-longeron-type section will
also probably exceed the buckling values by a
considerable amount.

Both of these tendencies lead to the conclusion
that it is satisfactorily conservative to neglect
the contribution of the plywood shell to the
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" bending properties in cases where the buckling

stresses of such shell material is considerably
exceeded by the longeron stresses and shear web
stresses calculated on the basis of zero contribu-
tion (fig. 3-23). In any event, the optimum
contribution of the shell material that could be
expected would be that corresponding, on the
compression side, to the buckling stress of the
panels and, on the tension side, full effectivencss.
In this connection, the designer’s attention is
directed to the existing knowledge of the behavior
of thin panels subsequent to buckling. With
flat panels and panels of slight curvature (that is,
those in which the contribution of curvature to
the buckling load is not significant) a Joad ap-
proximately equal to the buckling load is main-
tained after buckling. With thick plates of
considerable curvature (that is, those in which the

‘contribution of curvature to the buckling load is

a,ppr'eciable) the load tends to drop off after buck-
bng. In such panels, rupture is also much more
likely to result at buckling. For these reasons,
it is desirable that under the ultimate design
loads, the stresses resulting in such a portion of a
compression flange do not exceed the critical
buckling stresses. On the tension side, the
contribution of the plating should be taken as
that corresponding to an equivalent area of the
plywood flange in terms of the longeron material
(fig. 3-24). For purposes of calculation, the
equivalent effective area (or thickness) of the

-

tension plywood flange would be equal to tx%
1

where t=plywood thickness, E,=modulus of
elasticity of Jongeron mateiial in a direction
normal to the section, and E;=modulus of elas-
ticity of plywood material in a direction normal
to the section. These definitions are different
from those used in chapter 2.

In determining the optimum effectiveness of the
compression plywood material, it is emphasized
that the total load carmed by the material would
be approximately limited to the buckling load
rather than being proportional to the total load
upon the section. If it is considered permissible
for the subject panel to buckle at the design
load, the effective thickness for use in computing
section properties may be taken as approximately
¢ l;') (%)J defined in figure 3-24. If it remains
unbuckled the corresponding effective thickness

may be taken as t(%) The applicable pro-
1
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Figure 3—-23. Four-longeron fuselage——rplating ineffective in bending.

cedure must be checked by computing the actual
stress in the plating and comparing it with
Fe,,. The resultant external applied loads on
the section in question should be resolved into:
(1) Vertical shear (in plane of symmetry).
(2) Transverse shear (at reference point
determined by fig. 3-23).

(3} Moment about each of the principal
section axes.

(4) Torque about reference axis (for example,
the Intersection with the plane of sym-
metry of the transverse reference axis

defined by fig. 3--23).
The plywood panels (sides, top, and bottom)
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Figure 8-24. Four-longeron fuselage—plating effective in bending.

can be considered to carry the shear upon the
section, botli that due to the vertical and trans-
verse loads and that resulting from torsion.
When the flange material is concentrated in the
longerons, the shear intensity (pounds per inch
run) can be considered constant between adjacent
flanges. The shear intensity, and thus the shear
stress, may then be determined by figure 3-23
without the use of the shear center. Such center
may be determined, if desired, by the methods
of reference 3-11. Calculations made n connec-
tion with the application of the thin-shell theory;
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developed primarily for use with isotropic metal
materials, should be modified to account for
variations in the modulus of rigidity {G) for the
various wood panels as affected by wood species,
direction of grain, relative thickness and arrange-
ment of plies, according to the methods described
in chapter 2.

If the shell thickness, curvature, and frame
spacing are such that the buckling stresses will
not be exceeded under conditions of maximum
loading, the section properties may be calculated
using the full shell area as modified to correspond
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to equivalent longeron material, that is, the pro-
portionate amount of effective shell material. in

Cy E,
terms of longeron material, is equal to E, s pre-
1

viously described. When the section properties
are thus calculated on the basis of longeron mate-
rial, the bending stress in the longerons is deter-
mined in the usual manner.

M
fi="F" (3:59)
where 1y, is the distance of the longeron material
from the neutral axis. The bending stress in the
plywood material, however, is determined as

My, K, )
fzw—j—XE' (3:60)
where . 1s the distance of the subject material
from the neutral axis,

The possible variety of assumptions made to
facilitate analysis can be considerable and will,
to a large extent, be determined by the individual
details of the problem together with the designer’s
experience, judgment, and discretion. An ade-
quate supplementary static-test program is re-
quired, and it is also essential that the assumptions
used in converting the test data into allowable
loads and stresses be duplicated i the stress
analysis of the flight article.

3.42. REinrorcep-SHELL Type. This type of
construction is very broad in nature and covers
the field extending from the longeron type with
large longerons and thin shell to the type approach-
ing the pure shell, that is, small longitudinals and
thick shell.

3.421. Stressed-skin fuselages. Stressed-skin fu-
selages usually are structures of thereinforced-shell,
single-cell type, and the basic methods of wing
analysis, as described in section 3.13 generally can
be applied directly to the analysis of such fuselage
structures. Due {o variations of the type of load-
ing and certain other structural problems, however,
it is considered advisable to review the fuselage
analysis problem as a separate subject.

Unless a fuselage of this nature conforms closely
to a previously-constructed type, the strength of
which has been determined by test, a stress analy-
sis 18 not considered as a sufficiently accurate
means of determining its strength. The stress
analysis should be supplemented by pertinent test
data. Whenever possible, it is desirable to test
the entire fuselage for bending and torsion, but
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tests of certain component parts may be acceptable
in conjunction with a stress analysis.

3.422. Computation of bending stresses.  Prior to
computing the bending stresses, 1t is necessary to
compute the fuselage-section properties. As was
previously recommended in section 3.13, it is con-
sidered advisable to make a sketeh of the fuselage
section considered. This sketch should indicate
all of the material assumed to be effective. Fig-
ure 3-25 is a sketch of o fuselage cross section of
the subject type. -

On the tension side of the fuselage the skin ma-
terial may be assumed to be acting as discussed
in the following, while, on the compression side,
only the effective width of skin (section 3.1382)
adjacent to the stiffener should be assumed to be
acting. In general. the modulus of elasticity of
the plywood plating will differ from that of the
stiffener material. Account of this fact must be
taken in calculating the section properties. This
may be done by converting the actual area of the
plating on the tension side into that of equivalent
stiffener material, either in terms of equivalent
thickness or equivalent widths—the latter being
somewhat analogous to the effective width as used
on the compression side. The geometrical shape
of the section contour together with the arrange-
ment and spacing of stiffener material will dictate
which method of treatment is analytically simpler
or more accurate. The proportionate effectiveness
of the plating material in tension may be taken as

% as described previously under section 3.42.
\ :

Proper account for wood species, plvwood grain
attitude and arrangement, and veneer thicknesses
should be taken into account according to the pro-

cedures described under section 2.77. The deter-
L. . M
mination of bending stresses by means of the _fg
formula 1mplies the assumption of plane sections
remaining plane sections. Hence, the calculated
stresses in the plating material, as based upon sec-
tion properties determined by com{ersion of plat-
ing material into equivalent stiffener material,

must also be modified in the ratio %3 The result-
1

ing corrected stresses in the plating must be com-
pared with the allowable tensile stresses in the
plating material as described in section 3.1383.
Such’ a check should always be made of plvwood
material adjacent to highly stressed stiffener ma-
terial, even where the contribution of such ply-
wood material has been completely neglected in
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Figure 3-25. Reinforced shell fuselage.

the determination of section properties. In order
to account for the effect of shear on the effective
widths for stiffeners on the side of the fuselage, it
is advisable to compute the effective widths for
all stiffeners on the compression side on the basis
of a panel edge stress corresponding to the allow-
able stress of the stiffener, rather than the actual
stress to which it may be subjected. It is cus-
tomary to assign to each stiffener and adjacent
skin an item number. Prior to actual computa-
tions, the designer should make an estimate of the
neutral axis location, thereby dividing the ele-
ments into those on the compression side and
those on the tension side. After the location of
the true centroid of the section has been deter-
mined, the designer will be able to check the ac-
curacy of his original assumptions as to neutral-
axis location.

It usually will be found that no corrections for
axis location are necessary if the final axis 1is
located relatively close to the one originally as-
sumed. A procedure similar to that described in
section 3.1330 will be found convenient for com-
puting the section properties. Distances and
moments originally are taken from some conven-
iently located reference axis. The sum of mo-
ments about the reference axis, after being divided
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by the sum of the areas in the section, gives the
location of the neutral axis of the section. Dis-
tances of the items from the neutral axis are then
determined. The sum of the products of the
areas located on either side of the neutral axis
multiplied by the distances to the neutral axis
is equal to the static moment of the section about
the neutral axis, ¢, and the sum of second moments
of all of the elements of the section is equal to the
moment of inertia of the section, /. Where the
axial loads produce appreciable values of bending
moments on the fuselage, these moments should
be included in the bending moment, M, which is
used to obtain the axial stresses due to bending,

Critical stresses commonly are assumed to occur
at the stiffepers located farthest away from the
neutral axis on the compressive side, and the
stresses In these stiffeners resulting from bending

are computed by the %_E equation, M being the

critical moment at the section and y being the
distance of the stiffener from the neutral axjs.
Although the bending theory indicates that the
outermost, fibers are the critical ones, it will often
be found that stiffeners located near the top or
bottom, on the shoulders of the section, are the
ones which are liable to fail during tests if the
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skin buckles in shear. Such stiffeners usually are
subjected to comparatively large direct stresses
due to bending and, at the same time, may act as
the stiffeners of the tension-field shear material
transmitting the shearing stresses to the outermost
stiffeners. Unless these stiffeners are of suffi-
ciently large proportions to resist the bending
loads imposed by the tension-field effects, failures
of these stiffeners may occur at loads smaller than
anticipated.

3.423. Computation of shearing stresses. The
bending material in fuselage sections usually is
distributed in such a manner that under sym-
metrical loadings it may be safely assumed that
each side carries half of the vertical shear load,
and the corresponding shearing stress, f;, at any

point is equal to ;/TT?: where V=the shear force

acting on the section, ==static moment about the
neutral axis of the areas located between the outer-
most fibers and a horizontal line through the point
under consideration, /=moment of inertia of the
section, and t=thickness of the skin at the point
under consideration.

The sum value, ¢z (table 3-5), should be used
for determining the maximum shearing stresses
that occur at the neutral axis of the fuselage.
Although these methods pertain to the analysis of
the fuselage for a shear load applied in a vertical
direction, similar methods can be employed for a
shear load applied horizontally, such as a side
load on the vertical tail. If the structure is not
too unsymmetrical about a horizontal plane, the
shear center for application of the horizontal load
may be estimated, using overlapping assumptions.
If a more exact solution of shear distribution is
desired, the methods of section 3.135 may be used.
The total shear stress {or intensity) at any section
is that obtained from the superposition of the
component shear stresses (or intensities) resulting
from vertical loads, transverse loads, and torsion.

Although the fuselage structure as a whole
should be checked for the shear distribution as
determined in the foregoing, it is recommended
that certain sections of the fuselage be checlked
for other types of shear stress distribution that
may be more in line with the actual load applica-
tion. At the point of wing attachment to the
fuselage, for example, very large loads are trans-
mitted to the fuselage frame through the attach-
ment fitting. It is reasonable to assume that high
shearing stresses will be present near this fitting,
gradually tapering to the extremity of the frame.

Although this assumption is not in agreement
with the conventional bending theory, it is recom-
mended that it be considered in design to allow
for probable shear concentrations.

Torsional shear stresses can be computed by the

conventional formula f;=5— and should be com-

2At

bined with the stresses due to direct shear. The
tendency of tension fields to sag the stiffeners also
should be considered. Because similarity seldom
exists between the geometric properties of different
airplane structures, it is difficult to draw con-
clusions from one design as to the allowable shear
stresses to be used for other designs. It is usually
necessary, therefore, to conduct panel tests on
representative curved shear panels.

3.43. Pure-SmaeLL Type. By definition, the
pure shell or monocoque type of structure incor-
porates no longitudinal stiffening members. Hence,
the ultimate strength of such a structure may be
taken as the critical buckling strength of its ele-
ments. As described in chapter 2, the buckling
strength of a plywood panel may be estimated
from its thickness, frame or stiffener spacing, wood
species, arrangement of plies, and curvature. It
is generally desirable that no portion of the struc-
ture become buckled prior to the application of
the design load. In such a case, in the calculation
of section properties, the material may be con-
sidered fully effective and the stresses deterniined
according to the fundamentals of mechanics.

In a section such as shown in figure 3-26DB,
however, certain portions may become buckled at
low loads without materially affecting the final
load-carrying capacity of the total section. This
may be exemplified by the buckling of flat panels
on the compression side while the major portion
of the total flange material 1s unbuckled by reason
of its difference in curvature or thickness. It 1s
generally satisfactorily conservative to omit the
buckled material from consideration. Such a
partially buckled structure must, of course, be
adequately stiffened by frames.

3.431. Monocoque-shell fuselages. The basic
principles of the design of thin-walled cylinders, as
discussed in ANC-5 sections 1.63 and 1.64 can be
applied to the design of monocoque fuselages.
The monocoque portion of the fuselage structure
usually is restricted to certain sections of the
fuselage, such as the tail portion. In the center
and in the forward portions of the fuselage, the
reinforced-shell type of construction, which 1s more
suited to the region where cut-outs are present,
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generally 15 used. Careful attention should be
given to that part of the fuselage structure where
two types of construction join. Adequate length
and attachment of the reinforcing members to the
shell should be provided. At the points where
the monocoque section stops at cut-outs, transfer
of the load from monocoque portion to the stiff-
eners around the cut-out should be investigated
carefully (ref. 3-19).

Tests of monocoque fuselages have demonstrated
that the strength is dependent to some extent on
the smoothness of the plating. The designer
should, therafore, be certain that the methods of
assembly of monocoque fuselages in the shop will
produce a satisfactorv product. Where small
margins of safety are present and when the effects
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Figure 3-26. Pure shell-type fuselage.
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of load concentrations have not been taken into
account conservatively, strength tests should be
carried to the full ultimate-load values, because
the type of failure in this type of structure usually
is elastic, and the appearance of the structure
under proof load may be no indication of the abili-
ty of the structure to carry the required ultimate
loads.

3.44. MisCELLANEOUS FUSELAGE AXNALTSIS
ProsrLEMs. Kach new type of fuselage may pre-
sent a new set of problems which has not occurred
in other types. It is recommended, therefore,
that every new type of fuselage be tested at least
to the critical ultimate loads to determine the
presence of possible stress concentrations and other
effects which could have been overlooked in the
most careful design. Some of the analysis prob-
lems which are somewhat common to all tvpes of
fuselages are discussed in the following sections.

3.441. Analysis of seams. The allowable loads
of the seams should be computed and compared
with the loads imposed by direct tensile stresses,
by shear stresses, by any tension field eflects of
the shear stresses, and by combined stresses due
to the action of all these stresses.

3.442. Analysis of frames and rings. The
analvsis of the fuselage frames constitutes a sepa-
rate problem. Many manufacturers have adopted
certain standard methods of frame analysis,
which, although not necessarily mathematically
rigorous for the types of the structures con-
sidered, have produced satisfactory designs. A
general discussion of some of these methods is
given.

3.4421. Main frames. Maim frames are pri-
marily for the purpose of distributing mto the
fuselage such concentrated loads as the loads from
wings, tail surfaces, or landing gear, and those re-
sulting from the local support of items of mass.
Main-frame structures usually are of the re-
dundant type and their analysis is based on the
principles of least work and related or equivalent
methods such as strain energy, column analogy,
moment distribution, or joint relaxation (refs. 3—2
and 3-3).

Figures 3-27 A, B, and C show a fuselage main
frame under a sym_metrlcs.l loading condition.
The loads from the wing (or landing gear) are
shown applied at the applicable fittings and are
resisted by shear forces in the fuselage skin. To
agree with the elementary bending theory, these
shear intensities should be distributed so as to
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section, as applicable, giving a distribution of
shear forces of the type shown in figure 3-27 A or
B. Some designers take into account the fact
that, due to concentration of load where the frame
is attached to the wing, the shear is carried mostly
by the adjacent fuselage skin and the shear re-
sistance of the skin is reduced arbitrarily, some-
what in proportion to its distance from the point of
concentrated load application. This would vield
a shear force distribution of the type shown in
figure 327 C. In such cases, the fuselage skin

should also be checked for the high stresses

indicated.

The ordinary method of frame analysis is
strictly applicable to frames the deflections of
which are not restricted by the fuselage skin.
Actually, the frame deflections may become quite
pronounced and the outward deflections are re-
sisted by double-curvature effects in the fuselage
skin or by the support of adjacent frames. This
action of the skin is equivalent to introduction
of inward-acting loads resisting the frame bending
and hence to a reduction of frame stresses to
smaller values than those indicated by an analysis
based upon shear distributions as described.
The present development of the theory does not
indicate quantitatively just what allowance can
be made for this reduction of stresses. It is
recommended, therefore, that the frame analysis
be conducted by the methods similar to the ones
indicated.

Where relatively deep frames are used, the
moments induced by the wing deflections may
become important and should, therefore, be
analyzed. :

3.4422, Intermediate  frames. Intermediate
frames are provided to preserve the shape of the
fuselage structure, to reduce the column length of
the stiffeners, and to prevent failure of the struc-
ture due to general instability. They are sub-
jected to several types of loading; such as, those
due to tension fields in the skin, to fuselage bend-
ing, to transfer of shear to the fuselage plating.
Many of these loads are comparatively small and
often tend to balance each other. For these
reasons the design of intermediate frames is often
based on the experlence of the designer or on semi-
empirical methods.
however, it becomes of considerable importance to
design frames of this type to provide suitable
stiffness for the prevention of general instability.

In the case of large airplanes,

3.443. Effect of cut-outs. Effects of cut-outs
usually are allowed for by omitting the bending
material affected by the cut-out fronmi the compu-
tation of the section properties. For shearing
stress computations in the location of regularly
spaced cut-outs, such as windows, the shear stress
in the skin betiween cut-outs may be taken as equal
to that computed on the assumption that no cut-
outs are present and then increasing this value by
the ratio of distance between cut-out centerlines
to the distance between the cut-outs. Such
treatment, although quite arbitrary, has served
satisfactorily with metal material. Because of the
inherent lack of ductility in wood and its inability
to deform plastically and redistribute stresses ad-
jacent to local concentrations such as cut-outs, the
incorporation of large calculated margins of safety
is recommended 1n such locations.

In case of large openings, such as the cabin door
cut-outs, allowance for bending stress redistribu-
tion usually is made by modifving the section
properties by omitting the material affected by the
cut-out. Forcomputation of the shearing stresses,
it may be assumed that the direct shear load is
carried through that side of the fuselage not con-
taining the cut-out. The couple resulting from
this unsymmetrical reaction in way of the cut-out
can be assumed to be resisted by a shear couple
consisting of equal and oppositely directed trans-
verse reactions in the top and the bottom of the
fuselage. The redistribution of the shear stress,
as assumed, can be achieved best if bulkheads are
provided on both sides of the door. Where only
one main bulkhead is providod (at only one end of
the cut-out) shear redistribution on the other side
of the cut-out must be accomplished by the frame
under the flooring and by the intermed:iate frames.
Reference 3-19 describes the basic theory and
recommended methods of determining the shear
distribution in the plating about cut-outs, and
also the corresponding effect of the cut-outs upon
the loads in the stringers and frames.

3.444. Secondary structures within the fuselage.
Often the designer is faced with the problem of
existence of a secondary beam structure inside the
main fuselage or hull structure. " This secondary
structure may consist of keels or keelsons in a
flying-boat hull, or of the floor supporting structure
or nose-wheel retracting tunnel in a fuselage. If
this type of structure is analyzed separately under
the specified local loads alone, the stress distribu-
tion may not correspond to the distribution that
will be obtained with it acting in conjunction with
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the rest of the fuselage structure. The designer
should make certain that the combined effects of
the two structures are in agreement and that the
action of the structure as a whole is consistent with
expected deformations.

3.45. STREXGTH DErERMINATION. The strength
of the structure is determined by comparison of
the calculated internal loads and stresses with the
allowables obtained either from tests or from the
information given in chapter 2. The determina-
tion of the strength of shell structures, including
reinforced shells, is presented in detail in section
3.138.

3.5 Hulls and Floats

The analysis of hulls and floats may be treated
in a manner similar to that used with fuselage
structures, the chief difference being in the manner
in which the major external loads are applied,
that 1s, by direct contact with the water in the
form of normal pressures. Fundamentally, hull
and float structures consist of:

(1) Boitom plating—that, in contact with the
water, is loaded by the normal pressures
developed in landing, take-off, or buoy-
ancy, and transfers such loads to the—

(2) Bottom stringers—that support the plat-
ing and transfer the plating loading to
the supporting—

(3) Frames—that in turn carry the water
loads through to the—

(4) Mawn longutudinal girder — or general
structure. Consideration is given to the
fact that water causes concentrated local
loads on float and hull bottoms that may
reach intensities considerably above the
average loading and may be applied at
different times and for different dura-
tions to different portions of the bottom
structure. For these reasons the strength
requirements for design of the bottom
plating are specified as more severe than
those for stringer design. The bottom
stringer strength requirements are, in
turn, more severe than those for com-
plete frame design. The specified loads
as applicable to the design of the general
structure are in general of lesser local
intensities but are consistent with the
design airplane accelerations and total
reactions.

3.51. Mar~ LonGgITupiNaL Girper. This strue-
ture may consist of a centerline truss or bulkhead

girder to which the frames. deck, side and bottom
plating are attached. Or. the deck. side. and
bottom plating and stringers plus other longi-
tudinal material connecting to, and capable of
acting with, the skin plating and stringers may
be considered as a reinforced shell which com-
prises the longitudinal girder. 1In such a structure
the frames not only serve to transmit the water
loads to the general structure, but provide the
transverse and circumferential stiffening for the
shell. The effective longitudinal members ordi-
narily considered to take the bending loads con-
sist of: keel, bottom stringers, lkeelson, chine,
deck, and stiffeners. The effective shear material
consists of side, deck, and bottom plating. The
analysis assumptions, caleulation of section prop-
erties, and determination of normal and shearing
stresses applicable to the longitudinal girders are
in general as described under section 3.4 for fuse-
lage analysis.

3.52. Borrom Prating. Thin plating, when
subjected to sufficient normal pressures will either
rupture or deflect excessively and take a perma-
nent set. In hulls and floats this latter effect is
known as “wash boarding,” and in an acceptable
structure should not be allowed to occur at loads
below those corresponding to yield-point loads.
For this reason the design criteria established by
the procuring or certificating agency in general
consists of specification of certain design-bottom- -
pressure loadings in conjunction with the permis-
sible permanent deformations at the specified
pressure loadings. Permanent deformation is
measured at the center of the plating panel.
between stringers and relative to the stringers, in
a direction normal to the plane of the plating.

The analytical determination of bottom-plating
stresses and deflections is exceedingly difficult
of accurate attainment, and the problem of design
calculation methods, including the basis for allow-
able stresses, hence lends itself most readily to
treatment by testing procedures. Test panels
representative of (1) the plating species, thickness
and plywood type, (2) the stringer ‘spacing, frame
spacing, and panel aspect ratio, and (3) method
of edge support and type of edge restraint should
be tested under normal pressures, and the appli-
cable strength criteria (ultimate strength, arbi-
trary or true yield, and permanent deformation)
determined. Test data may be interpreted and
converted in light of the calculation procedures
described in chapter 2.

In such a treatment, two of the influential fac-
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tors that determine the calculated stresses and de-
flections are (1) type of edge support, and (2)
aspect ratio of panel. Clamped or fixed edges
assume the plating to be restrained from any ro-
tation at the edges, the neutral plane of the ply-
wood maintaining zero slope. Insimply supported
edges, conversely, a possibility of rotation of the
ncutral piane of the plywood at the edge is im-
plied. The plates actually encountered in the
design of floats and hulls lie somewhere between
fixed and supported edges and may be considered
as elastically restrained. The maximum stress in
a plate with fixed edges oceurs at the long edges,
whereas 1t occurs in the middle of a plate with
simply supported edges. It follows from this
that a slight deflection or twist of the fixed edges
of a plate will decrease the stress close to the
edges where it is & maximum and increase it near
the middle where it was, however, originally
much less. Bottom stringers are not ordinarily
very stifl torsionally and constitute a type of sup-
port bordering upon the sunply supported edge.
On the other hand, keel, keelson, and chine mem-
bers are necessarily quite stiff torsionally, as well
as laterally, in that they must be well gusseted to
adjacent frames and, forming the edge of the
plate panels, must be stiff enough to prevent lat-
eral deflections. Hence, the analytical treatment
under both limiting conditions of edge support
should give considerable guidance in design.

The ratio of frame spacing to stringer spacing
ordinarly exceeds 3.0 and hence, the aspect ratio
of the plating panels for use in design can usually
be taken as infinite. '

3.53. BorroMm STRINGERS., As previously men-
tioned, the bottom stringers serve io transfer the
bottom plating normal Joads to the transverse
frames. They may be considered in general as
continuous beams supported at the frames with a
running load per unit of length equal to the stringer
spacing times the intensity of bottom pressure.
Under the ordinary conditions of uniform pressure,
frame and stringer spacings, the symmetry of
loading would permit the consideration of the
stringer as a uniformly loaded continuous beam
over fixed supports. This would lead to a design
bending moment. in the stringer:

wl?

M=

13 {3:61)

where W==stringer transverse loading, in pounds
per inch
and L=support spacing, in inches.
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The extreme probabilitv of loadings other than
symmetrical and the finitely elastic nature of the
support restraint leads to the use of the more con-
servative specification of the design bending
moinent as:

(3:62)

When the conditions of loading are definitely dif-
ferent from thesc assumptions (that is, when the
pressure varies, when the stringer is not continu-
ous, or when the support has unusual restraint
characteristics) the stringer should of course, be
designed to the local conditions specifically

‘applicable.

It 1s rational to consider a portion of the plating
adjacent to a stringer as effectively contributing
to the section properties of the stringer. It is
important that the same assumptions as to plating
effectivencess be used in converting test data into
allowable stresses as is used in the analvsis of the
flight article under the specified loads.

As well as being analyzed for the specified design
bottom-pressure loading, the plating and stringer
combination should be checked for the conditions
in which it is both subjected to direct water loads
and also forms a part of the effective flange mate-
rial of the general longitudinal girder strueture.
In such conditions, the stresses resulting from the
bottom pressures consistent with the loading on the
general structure are superimposed upon the
stresses incurred as a portion of the flanges of the
general structure.

3.54. Framms. Hull and float frame design
differs from ordinary fuselage frame design prin-
cipally in the nature of the applied loads which
result from direct water pressures. Each frame
is considered to talke the bottom loadings applied
to the plating and stringer combination structure
in the area adjacent to the frame. Such loaded
area extends approximately one-half of the frame
spacing to both sides. The bottom loads are
usually transmitted from the stringers directly to
the frame in the area between the chines. The
assumptions as to the nature and magnitude of the
belancing reactions in the form of shear in the
side and deck plating may be patterned after those
used in fuselage frame design.

In almost all instances, frame analysis involves
the problem of the application of the fundamental
methods of least work and in this respect may be
treated in a manner similar to that employed with
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analogous fuselage frames. The probability of
unsymmetrical loading applications on V-bottom
hulls and floats in take-off and landing is quite
high. For this reason the procuring or certifying
agency specifies in all instances certaln unsym-
metrical design-loading conditions. Such loading
conditions are often critical for the design of
frames, and hence the analysis of frames loaded in
this manner should be given the utmost care and
consideration.

3.55. STrRENGTE DETErMINATION. The
strength of the structure is determined by com-
parison of the calculated internal loads and stresses
with the allowables obtained either from tests or
from the information given' in chapter 2. The
determination of the strength of shell structures,
including reinforced shells, is presented in detail
in section 3.138.

3.6. Miscellaneous

Treatment of the wing, fuselage, hull, tail, and
control surfaces does not complete the stress analy-
sis of the airplane structure. In airplanes of
wood construction, however, it is considered that
these same structural components constitute
nearly all of those in which the use of wood is sig-

nificant and in the analysis of which the physical
properties of wood will enter as an important
factor. Hence, for such reasons and as explained
in section 3.00, treatment of the detailed analysis
problems related to the remaining important air-
plane structural components will not be ncluded
herein. Suchcomponentswould include, for exam-
ple, landing gear, engine mount, control systems,
fittings, and joints. The determination of the
design load applied to each individual wood struc-
tural element of a joint (mechanical joint or glue
joint), or fitting attachment, may be determined
by basic principles of mechanics and machine
design. Where it would significantly affect the
distribution of the design load, the nonisotropic
nature of wood, which results in the strength and
elastic characteristics being dependent upon the
relation between the directions of the load and of
the grain, should be taken into account by a ra-
tional treatment or provided for by conservative
arbitrary assumptions. The design load thus
determined for such an element should be com-
pared with the allowable load defined by the ap-
plicable portions of chapter 2 (principally section
2.9). The designer is referred, in general, to the
many existing tests, technical papers, and publi-
cations which adequately handle such miscella-
neous analysis problems.
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CHAPTER 4
DETAIL STRUCTURAL DESIGN

4.0. Generdl

4.00. InTroDUCTION. Detail design practice i3
constantly changing and current good practice
may at any time be obsoleted by some new treat-
ment of a particular design problem. Therefore,
the examples presented on the following pages
represent only the current methods used in han-
dling problems of design details. It should be
remembered, however, that many of these methods
ha re withstood the test of time, having been used
since the first introduction of wood aircraft.

4.01. Definitions. The following definitions ex-
plain & few general terms which are sometimes
confused by the wood aircraft designer. Other
terms requiring definition are explained as they
appear in the text.

4.010. Solid wood. Solid wood or the adjective
“golid” used with such nouns as beam or spar
refers to a member consisting of one piece of wood.

4.011. Laminated wood. Lmminated wood is an
assemnbly of two or more layers of wood which have
been glued together with the grain of all layers or
laminations approximately parallel.

4.012. Plywood. Plywoodis an assembled prod-
uct of wood and glue that is usually made of an
odd number of thin plies (veneers) with the gran
of each layer at an angle of 90° with the adjacent
ply or plies.

4.013. High-density material. The term *“high
density material” as used throughout this chapter
includes compreg or similar commercial products,
heat stabilized wood, or any of the hardwood
plywoods commonly used as bearing or reinforce-
ment plates.

4.1 Plywood Covering

4.10. Gexprar. Nearly all wood aireraft strue-
tures are covered with stressed plywood skin.
The notable exceptions are control surfaces and
the rear portion of lightly loaded wings. Shear

stresses are almost always resisted by plywood
skin, and in many cases, a portion of the bending
and normal loads is also resisted by the plywood.

4.11. Jorxts 1§ THE CovERING. Lap, butt, and
scarf joints are used for plywood skin.

When plywood joints are made over relatively
large wood members, such as beam flanges, it is
desirable to use splice plates, often called aprons
or apron strips, regardless of the type of joint.
Tt is desirable to extend the splice plates beyvond
the edges of the flange so that the stress in the
skin will be lowered gradually, thus reducing the
effect of the stress concentration at this point.
Splice plates (fig. 4-1) can be made to do double
duty if they are scalloped corresponding to rib
locations so that thev may act as gussets for the
attachment of the ribs.

Scarf joints are the most satisfactory type and
should be used whenever possible. Scarf splices
in plywood sheets should be made with a scarf
slope not steeper than 1 in 12 (fig. 4-2). Some
manufacturers prefer to make scarf joints In
such a way that the external feather edge of the
scarf faces aft in order to avoid any possibility
of the airflow opening the joint.

If butt joints (fig. 4-3) are made directly over
solid or laminated wood members, as over a spar
or spar flange, experience has indicated that there
is a tendency to cause splitting of the spar or spar
flange at the buttjoint under relatively low stresses.
A similar tendency toward cleavage exists where a
plywood skin terminates over the middle of a wood
member instead of at its far edge.

Lap joints (fig. 4~4) are not recommended be-
cause of the eccentric load placed upon the glue
line. If this type is used it should be made parailel
to the direction of airflow, only, for obvious
aerodynamic reasons.

4.12. Tarer 1¥ THICKNESS OF THE COVERING.
Lioads in the plywood covering usually vary frem
section to section. When this is so, structural
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APRON S5TRIP
PLY W0O0D COVERING

BUTT OR [
SCARF JOINT

RIBS NOTCHED FOR APRON STRIP

Figure 4—1. Use of splice plate or apron strip,

FORWARD

Atceptgble

Scarfl Joint Made Directly Upon
S8clld or Laminatead Flange

————

Better

Scarf Joint Made
Upon Splice Flate

Figure j—8. Scarf splices.

POOR

POOR

BETTER

SKIN TERMINATES AT THE
MIDDLE OF THE FLANGE.

BUTT JOINT DIRECTLY OVER
SOLID OR LAMINATED WOOD
HAS SAME EFFECT AS™A"

SPLICE. PLATE 15 GLUED TO
THE FLANGE AND THE BUTT
JOINT 15 MADE. ONTOP OF IT

Figure 4-3. Buil splices.

efliciency may be incressed by tapering the ply-
wood skin in thickness so that the strength varies
with the load as closely as possible (fig. 4-5).
To taperplywood in thicknessplies should be added
as dictated by increasing loads. In doing so, the
plywood shouid always remain symmetrical. For

_example, plywood coustructed of an odd number
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of plies of equal thickness can be tapered, and at
the same time maintain its symmetry, by adding
two plies at a time. This method is suitable for
bag molding construction. Stress concentrations
should be avoided by making the change in thick-
ness gradual, either by feathering or by scalloping.
In bag molding construction, the additional plies
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are often added internally so that the face and back
are continuous.

When flat plywood is used, the usual method of
tapering skin thickness is to-splice two standard
plywood sheets of different thicknesses at an ap-
propriate rib station with a slope of scarf not
steeper than 1 in 12 as shown in figure 4-6.

4.13. Beravior Uxper Texsrox Loaps. Be-
cause the proportional limit in tension and the
ultimate tensile strength of wood arve reached at
approximately the same time, plywood
loaded in tension must be designed very carefully.
Observation of various static test articles has
indicated that square-laid plywood (plywood laid
so that face grain is parallel or perpendicular to
the direction of the principal bending stresses) has
a tendency to rupture in tension before the ulti-
mate strength of the structure has been reached
(fig. 4-7). Diagonal plywood, however, seldom
ruptures before some other structural member
fails. The reason for this behavior is probably
due partly to the fact that none of the fibers of the

skin

diagonal plywood are in pure tension. The failure
under tension load at 45° to the grain is almost
entirely a shear failure, and the fibers, which have
a definite yield beyond the proportional limit in
shear, may undergo enough internal adjustment to
permit the plywood to deflect with the structure
until some other member becomes -critically
toaded. Square-laid plywood does not yield be-
cause some of its plies will fail in tenston almost -
mmmediately after the proportional limit has been
reached. This drawback of square-laid plywood
becomes less important when the skin is designed
to carry a greater proportion of the bending loads.
For the limiting case of a shell structure without
flanges, square-laid plywood is preferable.
Rupture of the skin is also influenced by its
relative distance from .the neutral axis. If the

beam or beams are located so that part of the skin
is appreciably farther from the neutral axis than
the beam flanges, the skin is more lilely to have a
premature failure than if the flanges are located
at the greatest outer fiber distance.

Such a con-

.Plan View of Wing Panel

A

lLap Joint on & Rib &t a
Cherdwlse Statlon Betwesen Beams

B-B

Lap Joint ¥here 1t
Croeses Beam Flange

Figure 4~4. Lap splices.

By Feathering By Soalloping
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Figure 4—5. Tapering plywood in thickness . i

o~

-y

Rib Cap-Strip

Figure 4—6. Scarfing plywood of different thicknesses.
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dition is illustrated by wing spars placed at the 15
and 65 percent chordwise stations of a normal
airfoil.

Where the spanwise plies of plywood covering
are of & wood species different irom the beam
flanges, it is, of course, desirable that such plies
have a ratio of ultimate tensile stress to modulus
of elasticity equal to or greater than that of the
beam flanges.

4.14. Beravior Uxper Srear Loaps. Diag-
onal plywood (face grain at 45° angle to the edge
of the panel) is approximately five times stiffer in
shear than square-laid plywood and somewhat
stronger. When shear strength or stiffness 1s the

controlling design consideration, diagonal plywood
should be used {(sec. 4.22).

4.15. PLywoop PaxeL Size. In certain cases
the size of plywood panels is dictated by the
magnitude of directly computable stresses. These
occur, for example, in spar webs, D-tube nose skin,
and fuselage side panels subjected to high shear.
In many other cases, however, the design loads
are insignificant. It then becomes necessary to
choose combinations of skin thickness and panel
size which will stand up under expected handling
loads, have acceptable appearance, and aerody-
namic smoothness. The typical values given in
table 4-1 have been employed by experienced
manufacturers.

Figure 4~7. Stotic test wing showing lension fatlure of plywood covering.

Table 4—1. Typical panel sizes

Meterial Thickness Panel size Location Remarks
i
Mahogany, yellow poplar Inch Imch
(7o) - PR Ve | 12 by 24 maximum._.__| Wing skin.

Do e s He 9K by 103 | Ao . Spawnwise face grain.

Do oL Yie 10by 12 ______.____ SR [ DN -

Do e e 5by 9 - Leading edge skin.

Do e e 11 by 20 . . _____ Vertical fin.

Do oo e 10by 11 _oo-__ Stabilizer.

Do e % 24 or 36 square.__..___ Fuselage______________. Some curvature required.
Mahogany oo Ye Thy 14 - Leading edge skin_ __.___ Spanwise face grain.

Do aeen e 18 by 24 .. e Fuselage_ - - _______ Just aft of cabin.
Yellowpoplar. ... Yo 14by 36 oo Wing aft of 50 percent

chord.
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4.16. Cur-OuTs. When cut-outs are made in
plywood skin for windows, inspection holes, doors,
or other purposes, sharp corners should be avoided,
and for 2ll but small holes in low-stressed skin, a
doubler should be glued to the skin around the
cut-out. For some types of cut-outs a framework
can be installed to carry the shear joad and
doublers peed not be used (figs. 4-8, 4-9, and

4-10).

4.2. Beams

4.20. Types of Brawms. The types of beams
shown in figure 4-11 have been used frequently as
wing spars, control surface spars, floor beams and
wing ribs. The terms “beam” and “spar’’ are
often used interchangeably and both are used in
this chapter.

The wood-plywood beams (box-, I-, double I-,
and C-) are generally more efficient load-carrying
members than the plain wood types (plain rectan-
gular and routed).

A discussion of the relative

merits of these various beam types is presented in
succeeding paragraphs.

The box beam is often preferred because of its
fAush faces which allow easy attachment of ribs
(sec. 4.32). The interior of box beams must be
finished, drained, and ventilated. Inspection of
interiors is usually difficult. The shear load in a
box beam is carried by two plywood webs. By
checking shear web allowables by the method
given in section 2.73, it will be seen that for the
same panel size a plywood shear panel half the
thiclmess of another will carry less than half the
shear load which can be carried by the thicker
panel.

The preceding statement points to an outstand-
ing advantage of the Il-beam since its shear
strength is furnished by a single shear web rather
than the two webs required of a box or double
I-beams. Also, the I-beam produces a more
efficient connection between the web and flange
material than the box beam in cases where the
web becomes buckled before the ultimate load is

Figure 4—8. Plywood cut-outs.

ZStqp Nuts Riveted to Doubler

Section A-A

Figure 4—9. Two methods of attaching inspection hole covers.

Cover Plate

ZStf.op Nuts Set in Routed Wood Ring

Section B-B
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BUILT-UP BOX

CANTED RIBS

Figure 4—~10. Methods of carrying torsion loads around hinge cut-outs in controb surfacés.

reached. This 1s because the clamping saction
on the webs tends to reduce the possibility of the
tension component of the buckled web cleaving
it away from the flange.

The double I-beam is usually a box beam with
external flanges added along that portion where
the bending moments are greatest. This type
allows a given flange area to be concentrated
farther from the neutral axis than other types.

The C-beam affords one flush face for the flush

204.

type of rib attachment but it is unstable under
shear Joading. C-beams are generally used only
as auxiliary wing spars or control surface spars.

Plain rectangular beams are generally used
where the saving in weight of the wood-plywood
types is not great enough to justify the accom-
panying increase in manufacturing trouble and
cost. This is usually the case for small wing
beams, control-surface beams, and beams that
would require & great deal of blocking.
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Figure 4~11. Types of beams.

Routed beams are somewhat lichter than the
plain rectangular type for the same strength but
not so light as wood-plywood types. Usually this
small weight saving does not justify the increase
in fabrication effort and cost.

In determining the relative efficiency of any
beam type, reduction in allowable modulus of
rupture due to form factors must be considered.

4.21. LaMIiNaTING OF BEaMs axDp BEawm
Fraxces. Beam flanges and plain rectangular
and routed beams can be either solid or laminated.
A detailed discussion of methods of laminating
beams and beam flanges is presented in section
2.4 of ANC Bulletin 19, YWood Aireraft Inspection
and Fabrication (ref. 2-24).

Since the tension strength of a wood member 1s

Square-laid Plywood

more adversely affected by any type of defect
than is any other strength property, it is recom-
mended that all tension flanges be laminated in
order to minimize the effect of small defects and
to avoid the possibility of objectionable defects
remaining hidden within a solid member of large
Cross section.

422, Suear Wess. Although square-laid ply-
wood has been used extensively as shear webs in
the past, the present trend is to use diagonal plv-
wood (fig. 4-12) because it is the more efficient
shear carrying material (sec. 4.14).

It is desirable to lay all diagonal plywood of an
odd number of plies so that the face grain is at
right angles to the direction of possible shear
buckles. In this way the shear web will carry

AN—f

Diagonal Plywood

Figure 4—12. Types of shear webs.
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appreciably higher buckling and ultimate loads
because plywood is much stiffer in bending in the
direction of the face grain and offers greater re-
sistance to buckling if laid with the face grain
across the buckles (fig. 4-13). This effect is
greatest for 3-ply material.

Figure 4-14 illustrates various methods of
splicing shear webs. If the splices are not made

Direction of buckles

)

ZQ:L:rec:’c.iog of grain on

the face ply of the web

S

Figure 4—13. Orientalion of face grain direction of diagonal
plywood shear webs,

prior to the assembly of the web to the beam,
blocking must be inserted at the splice locations to
provide adequate backing for the pressure re-
quired to obtain a satisfactorv glue joint.

4.23. Bray StirFExERs.  Shear webs should be
reinforced by stiffeners at frequent intervals as

~ the shear strength of the web depends partly upon

stiffener spacing (fig. 4-15). In addition to their
function of stiffening the shear webs, the ability
of beam stiffeners to act as flange spreaders is
very important and care must be exercised to
provide a snug fit between the ends of the stiffeners
and the beam flanges. External stiffeners for
box beams are inefficient because of their in-
ability to act as flange spreaders.

Stiffeners are usually placed at evervy rib loca-
tion so that the web will be stiffened sufficiently
to resist rib-assembly pressures.

4.24. Brocking. Any blocking, introduced for
the purpose of carrying fitting loads (fig. 4-16),

Poor

!
—-— e e o e
|
!
o o

___’___._..._—.

Butt Joint with

Splice Plate

Simple Scurf Joint

Diwgonul Scsrf Joint

Figure 4~14. Methods of splicing shear webs.

FULL WIDTH STIFFENER
WITH PLY WOOD FACE
FOR EASY ATTACHMENT

STIFFENER OF SOLID OR LAMINATEDL— | ADDER TYPE STIFFENER; M-
- WODD; LIGHTENING HOLES ARE OFTEN
DRILLED TO REDUCE WEIGHT OR THE

PIECE MAY BE ROUTED.

STRIPS.

PLY WOOD WEB WITH CORNER

wOOD VERTICAL STIFFENERS BLOCKS; HOLES ARE OFTEN
ARE SEPARATED BY PLYWOOD CUT IN WEB TO REDPULCE

WEIGHT.

Figure 4—15. Typical stifferers for I- and boz-beams.
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should be tapered as much as possible to avoid
stress concentrations. -It is desirable to include a
few cross-banded laminations in all blocking in
order to reduce the possibility of checking.

4.25. ScarrF-Joixts 1N Beams. The following
requirements should be observed in specifying
scarf joints in solid or laminated beams and beam
flanges:

1. The slope of all scarfs should be not steeper
than 1 in 15. The proportion of end
grain appearing on a scarfed surface is
undesirably increased if the material to
be spliced is somewhat cross-grained, and
the scarf is made ‘“‘across” rather than in
the general direction of the grain (fig.
4-17). For this reason it 1s very desir-
able that the following note be added to
all beam drawings showing scarf joints:
Note. Where cross grain within the specified

1cceptable limits is present, ell scarf ciuts should be
made in the geneal direction of the grain slope.

2. In laminated members the longitudinal
distance between the nearest scarf tips in
adjacent laminations shall be not less
than 10 times the thickness of the thicker
lamination (fig. 4-18).

In addition to the previously mentioned specific
requirements, it is recormmended that the number
of scarf joints be limited as much as possible; the
location be limited to the particular portion of a
member where margins of safety are most ade-
quate and stress concentrations are not serious;

Poor

and special care be exercised to employ good
technique in all the preparatory gluing, and
pressing operations.

41926, REINFORCEMENT OF SLopING GRAIN.
Where necessary tapering produces an angle
between the grain and edge of the piece greater
than the allowable slope for the particular species,
the piece should be reinforced to prevent splitting
by gluing plywood reinforcing plates to the faces
(fig. 4-19).

4.3. Ribs

4.30. Tyees or Riss. Rib design has changed
very little for several vears. See N. A C. Al
Technical Report 345 (ref. 2-64). The more com-
mon types are the plywood web, the lightened
plrwood web, and the truss. The truss type is
undoubtedly the most efficient, but lacks the
simplicity of the other types.

For fabric-covered wings the ribs are usually
one piece with the cap strips continuous across
the spars. When plywood covering is used the
ribs are usually constructed in separate sections
(fig. 4-20).

Continuous gusset stiffen cap strips in the plane
of the rib. This aids in preventing buckling and
helps obtain better rib-skin glue joints where nail
gluing is used because such a 1ib can resist the
driving force of nails better than other types.
Continuous gussets (fig. 4-21) are more easily
handled then the many small separate gussets
otherwise required.

Any type of rib may be canted to increase the

Better

A INCORRECT
=
B INCORRECT

=

C CORRECT

Figure 4—17. Relationship between grain slope and scarf siope.
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Frgure 4~18. Minimum permissible longitudinal separction of searf joints in adjacent laminations.

PLYWOQD GUSSETS
ON BOTH SIDES

TRUSS TYPE

CAP S5TRIP MAY BE LAMINATED
IF THE CURVATURE WARRANTS

LIGHTENED PLYWOOD WEB TYPE
Figure (~20. Typical wing ribs.
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ROUTED PLYWOOD BLOCK
Figure j~21. Rib employing conlinuous gussets.
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torsional rigidity of a structure such as a wood-
framework, fabric-covered control surface (fig.
4-22),

Diagonals loaded in compression are more satis-
factory than diagovals loaded in tension since
tension diagonals are more difficult to hold at the
joints, .

4.31. Specian PurrosE RiBs. Where concen-
trated loads are introduced, as at landing gear or
nacelle attachments, bulkhead-type ribs can be
used to advantage. VYyhen this is the case, the
rib acts as a chordwise beam, and the principles
presented in section 4.2 will apply (fig. 4-23).

4.32. ATTACHMENT OF RIBS TO THE STRUCTURE.
In general, ribs are glued to the adjacent structure

by means of corner blocks, plywood angles or
gussets, or in special cases, by some mechanical
means. These are all shown in detail in figures
4-24, 4-25, 4-26, 4-27, 4-34, and £-39.

Although the attachment of ribs to I-beams
may complicate the rib design, many engineers
believe that the mechanical shear connection
obtained by notching the ribs so that the end
may be inserted between the I-beam flanges is an
advantage since the shear connection is not de-
pendent upon quality of the glue joint between
the rib and the beam shear web. This type of
connection 1s shown in ficure 4-25. The web

vertical also acts as a stiffener for the beam shear
web and as a flange spreader.

ATTACHMENT DETAILS OMITTED FOR
CLARITY. THIS TYPE RIB !S USUALLY
ATTACHED BY MECHANICAL MEANS.
(SEE SECTION 4.73)

SECTION B-B

———

—

Figure 4-23. Special purpose ribs.
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THESE GORNER BLOCKS
ARE OFTEN OMITTED

CORNER BLOCK

Figure 4-25. Typical rib atlachment to I-beam.

The end rib verticals of plywood web type ribs
are sometimes preassembled to plain rectangular
spars to act as locating members for rib-to-spar
assembly. This is shown in figure 4-26. Pre-
assembled locating corner blocks might also be
used to advantage in other types of rib-to-spar
attachments if care is taken to provide sufficient
backing for plywood webs to which corner blocks
are being glued so that sufficient gluing pressure
can be obtained.

Canted ribs may be attached to beam members
by beveling the ends of the ribs or by using corncr
blocks as shown in figure 4-27.

4.4. Frames and Bulkheads

4.40. Typres or FraMEs aND Burkneans. No
one type of frame or bulkhead seems to be the

210

‘woop COVERING.

best for all types of loading, but the Jaminated
ring is probably the best type for use as an inter-
mediate stiffening frame. Frames or bulltheads
are usually made of formed laminated wood, cut
or routed from plywood, or are a combination of
the two (fig. 4-28). .

4.41. GLUE AREA FOR ATTACHMENT OF PLy-
Care must be taken when
using the routed plywood type of bulkhead that
the plywood edge provides sufficient gluing area
for the skin. It is often necessary to glue solid
wood to the face of the ring near its edge to provide
additional gluing surface. This is dlustrated in
figure 4-29.

- 442, REINFORCEMENTS FOR CONCENTRATED
Loaps. When concentrated loads are carried into
a frame it may be desirable to scarf in some
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CORNER BLOCK EXERTS
PRESSURE AGAINST BOTH
THE BEAM AND THE RIB

YERTICAL MEMBER

RIB VERTICAL MEMBER |5 GLUED P
TO THE BEAM BEFORE RIB AT TACHMENT
TO ACT AS A LOCATING FIXTURE

Figure 4~26. Use of rib vertical as locating fizture.

TRIANGULAR
™ &CORNER BLOCKS

I

77,

‘Figure 4—27.

high-density material and brace the frame with a
plywood web or solid truss members.

4.5. Stitfeners

4.50. GevgraL, The terms ‘stringer,” “stif-
fener,” and “intercostal’’ are often used inter-
changeably. In the following discussion, “string-
er”’ will refer to members continuous through ribs
and frames and “‘intercostal’’ will refer to members
terminating at each rib or frame. The term
“stiffener’” will not be used, since both stringers
and intercostals act as stiffeners.

4.5.1, ATTACHMENT OF STRINGERS. Ribs or
frames must be notched if stringers are used. A

PLYWOOD SKIN CANTED RIBS

Typical canted rib to spar attachmend.

method of reinforcing these notches and fastening
the stringers to the rib or frame is illustrated in
figure 4-30. Attachments may also be made by
one of the methods shown in figure 4-34.

4.52., ATTACHMENT OF INTERcoOsTaLs. All in-
tercostals should be firmly attached to ribs or
frames. Figure 4-31 ilustrates the undesirable
practice of terminating intercostals some distance
from the rib or frame. This usually results in
cleavage along the glue line starting at the free
end of the intercostal. It is better to butt the
stiffeners to the rib or frame and fasten them with
saddle gussets as illustrated in figure 4-32 or by
one of the attachments shown in figure 4-34.

21



— -

t— - r— r—

|

r— r O r- - o oo

r

Laminated Ring

Laminated Ring with
Thin Plywood Bulkhead

Box Bulkhead of Laminated
Rings and Thin Plywood

Routed Heavy Plywood

Figure {~28. Typiral frames.

Section A-4A

Figure 4~29. Use of glue blocks with routed plywood
bullhead.

4.6. Glue Joints

4.60. GeNERAL. Glue joints should be used for
all attachments of wood to wood unless concen-
trated loads, cleavage loads, or other considera~
tions necessitate the use of mechanical connections.

212

4.61. EccexTricimies. Eccentiicities and ten-
sion components should be avoided in glue joints
by means of careful design. Figure 4-33 illustrates
an example of an eccentricity and a method of
avolding it. ‘

4.62. Avolpance oF Enp Graix Joints. End
grain glue joints will carry no appreciable load.
Strength is given to such a joint by using corner
blocks or gussets as shown in figure 4-34. These
sketches are typical of joints encountered in join-
ing rib members, in attaching ribs to beams or
intercostals to frames, or any other similar appli-
cation.

4.63. GLuine ofF PLywoop oveEr Woob-PLy-
woop Commixations. Many secondary glue
joints must be made between plywood covering
and wood-plywood structural members having
plywood edges appearing on the surface to be
olued. Wood-plywood beams or wing ribs em-



I

— — .

— —

Rsinfommm-,

Figure 4—30. Siringer through frame joint.

> Frame or Rib Cap

Figure 4-81. Poor method of intercostal attachment.

Saddle Gusset

'
L)

Figure 4—32. Accepiable method of intercostal attachment.

Skin
Frame —

e .
—
-

Frame should be thick enough
to keep stresses in the glue
line low.

1P

/—Plywood Gusset., An alternate
method is to carry an inside
skin to the next frame, form-
ing & symmetrical box structure.

Figure 4—38. Joint

ploying continuous gussets are examples of such
members. The plywood edge has a tendency to
project above the surface thereby preventing
contact between the plywood covering and the
wood portion of the wood-plywood surface. This
condition can be the result of differential shrinkage
between the wood and plywood or may be caused
by the surfacing machine having a different effect
cutting across the grain of the plywood from
cutting parallel to the grain of the wood. Figure
4-35 shows this condition .and shows how it can

939770°—351 15

tn a shell structure.

be eliminated by beveling the edges of the ply-
wood. '

4.64. GLvine or Hier-DensiTY
Better glue joints can be obtained between a high-
density material and a relatively soft wood if the
surface of the high-density material is sanded
before gluing. The purpose of sanding is to
remove the glazed surface present on high-density
material and present on some plywoods. Satis-
factory compreg-to-compreg joints can be made if

213
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Flywood Angle

Trianguler

Quarter-Round

Corner Blocks

Plywood gusset should
lep far enough Bo that
the glue area 1s suf-
filelent to keep the
streeses low,

P

Plywood Gusset

Figure 4-84. Typical reinforcement of end grain joinis.

Plywood Covering

Unevernn Surface

Smooth Surface

“Plywood Beveled

Figure 4—35. Beveling of plywood webs and gussets,

both surfaces are machined perfectly flat im-
mediately prior to gluing. '

4.7. Mechanical Joints

4.70. GENERaL. Mechanical joints in wood are
usually limited to types employing aircraft bolts.
Since bolts in wood can carry a much higher load
parallel to the grain of the wood than across the
grain, it is generally advantageous to design a
fitting and its mating wood parts so that the loads
on the bolts are parallel to the grain. The use of a
pair of bolts on the same grain line, carrying loads
perpendicular to the grain and oppositely directed,
is likely to increase the tendency to split. When a
long row of bolts is used to join two parts of a
structure, consideration should be given to the
relative deformation of the parts, as explained in
section 4.82.
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4.71. Use or Busmmngs. Bushings are often
used in wood to provide additional bearing area
and to prevent crushing of the wood when bolts
are tightened (fig. 4-36). When bolts of large
L/D (length/diameter) ratio are used, or when
bolts are used through a member having high-
density plates on the faces, plug bushings may be
used to advantage.

4.72. Usk or Hige-DEnsiTy MaTERIAL. Wher-
ever highly concentrated loads are introduced,
greater bearing strength can be obtained by
scarfing-in  high-density material (sec. 4.63).
Some high density materials are quite sensitive to
stress concentrations and the possibility of the
serious effects of such stress concentrations should
be considered when large loads must be carried
through the high-density material.

Wherever metal fittings are attached to wood
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members, it is generally advisable to reinforce the
wood against crushing by the use of high-density
bearing plates (fig. 4-37), and to use a coat of bi-
tumastic or similar material between the wood
and metal to guard against corrosion. Cross
banding of these plates will help to prevent split-
ting of the solid wood member.

4.73. MEcEANICAL ATTACEMENT OF Riss,
When ribs carry heavy or concentrated loads it is
sometimes desirable to insure their attachment by
use of mechanical fastenings (fig. 4-39).

4.74. ArTacEMENT OF Vartovs Tyres or Frr-
riNgs. Fittings should have wide base plates to
prevent crushing at edges. Wood washers have a

!
!
L
L

4 Jroes Banded Flller EBlock

Figure 4—37. Typical wing beam atiachment.

A | ]

tendency to cone under tightening loads. Where
possible, it is desirable to use washer plates for bolt
groups, as illustrated in figure 4-40, but if washers
are used, a special type for wood,” AN-970 or
equivalent, are necessary to provide sufficient
bearing area.

Clamps around wood members should be con-
structed so that they can be tightened symmetri-
cally (fig. 4-41).

- .4.75. Use or Woop Screws, Rivers, Naius,
axp Seur-Lockine Nurs. Wood screws and
rivets are sometimes used for the attachment of
secondary structure but should not be used in con-
necting primary members., Wood screws have
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Figure 4~88, Distribution of crushing loads.

beent successfully used to prevent cleavage of ply-
wood skin from stringers in some skin-stringer
applcations. Nails should never be used in air-
craft to carry structural loads.

Self-locking nuts of approved types designed for
use with wood and plywood structures are prefer-
able to plate or anchor nuts. Wbhen the latter
type is used, however, attachment may be made
to the structure with wood screws or rivets pro-
vided that care is taken not to reduce the strength

BULKMEAD RIB 15 CONNECTED
TO THE 5PaR BY MEAND OF
METAL ANGLES.

BULKHEAD RIB 15 CONNECTED
TO THE 5PAR BY MEANS. OF
METAL CLIPS.

of load-carrying members. Riveting through
wood 1s always questionable because of the danger
of crushing the wood under the rivet heads and the
possibility of bending the shank while bucking the
rivet. Also, there is no way of tightening the
joint when dimensional changes from shrinkage
occur.

4.8. Miscellaneous Design Details

4.80. Merar To Woop Coxnecrions. Metal
to wood connections are complicated by an
mherent weakness of all untreated wood—low
shear and bearing strength. Sections 4.6 and 4.7
present various methods of minimizing this draw-
back.

Another way of improving the efficiency of wood
structures is to keep the number of joints to a
minimum. For example, when other design con-
siderations will permit, a one-piece wood wing is
desirable; when this is not permissible, the wing
joint should be placed as far outboard as possible
so that the fitting loads will be low,

RIBISBOLTED TO

¥ THE 5PAR THROUGH

THE VERTICAL
MEMBER

Figure /—89. Mechanical atioachment of ribs.

POOR

— . @
- METAL PLATE

_—— - 2\

-— @, ©

BETTER

Figure 4—40. Ezample of control surface hinge fitting aliachment.
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4.81. StrEss ConcENTRATIONS. Since wood in
tension has practically no elongation between the
proportional limit and the ultimate strength, there
is little of the “internal adjustment’” common to
metal structures. Stress concentrations, therefore,
become more critical and, for efficient design, must
be held to a minimum. The fact that compreg
and similar materials are very sensitive to stress
concentrations should be carefully considered when
these materials are used.

4.82. BErAvioR 0OF DissiMILAR MATERIALS
WorkiNg ToceEraer. When materials of differ-

Ing rigidities, such as normal wood, compreg, or

=7

metal fittings, are fastened together for a consider-
able distance and are under high stress, considera-
tion should be given to the fact that the fastening
causes the total deformation of all materials to be
the same. A typical example is a long metal
strap bolted to a wood spar flange for the purpose
of taking the load out of the wood at a wing joint,.
In order that the load be uniformly distributed
among the bolts, the ratio of the stress to the
modulus of elasticity should be the same for both
materials at every point. This may be approxi-
mated in practical structures by tapering the
straps and the wood in such a manner that the
average stress in each (over the length of the
fastening) divided by its modulus of elasticity
gives the same ratio.

When splicing high-density materials to wood,
or in dropping off bearing plates, the slope of the
scarf should be less steep than the slope allowed for
normal wood. .

4.83. EFFecTs OF SHRINKAGE. When the mois-
ture content of a pilece of wood is lowered its
dimensions decrease. The dimensional change is
greatest in a tangential direction (across the fibers
and parallel to the growth rings), somewhat less
in a radial direction (across the fibers and perpen-
dicular to the growth rings), and is negligible in a
longitudinal direction (parallel to the fibers). For
this reason a flat-grained board will have a greater

change in width for a given moisture content
change than an edge-grained board. Flat-grained
boards also have a greater tendency to warp than
do edge-grained boards.

These dimensional changes can have several
deleterious effects upon a wood structure and the
designer must study each case to determine which
effects are most harmful, and which are the most
satisfactory methods of minimizing them. Loosen-
g of fittings and wire bracing are common results
of shrinkage. Checking or splitting of wood mem-
bers frequently occurs when shrinkage tales place
in members that are restrained against dimensional
change. Restraint is sometimes given by metal
fittings and quite often by plywood reinforcements
since plywood shrinkage is roughly only 1/20 of
cross grain shrinkage of solid wood.

A few of the methods of minimizing these shrink-
age effects are:

1. Use bushings that are slightly short so
‘that when the wood member shrinks the
bushings do not protrude and the fittings
may be tightened firmly against the
member (fig. 4~36).

2. Place the wood so that the more important
face, in regard to maintaining dimension,
is edge-grained. For example, solid spars
are required to be edge-gramned on their
vertical face so that the change in depth
1s a minimum.

3. Wood members can be reinforced against
checking or splitting by meaps of ply-
wood inserts or cross bolts (fig. 4-42).
Care should be taken to avoid construec-
tions that introduce cleavage (cross-
grain) loads when shrinkage occurs.

4. Plywood face plates should be dropped off
gradually either by feathering or by
shaping so that the cleavage loads at
the edge of the plywood are minimized
when shrinkage occurs (fig. 4-43).

4.84. DraINAGE AND VENTILATION. Wood struc-
tures must be adequately drained to insure a nor-
mal length of service life. This applies to box spar
sections as well as all low portions of wings and
fuselages. The usual method is to drain each

compartment separately as illustrated in figure

4-44. Another acceptable metbod is to drain
from one compartment to another until the lowest
compartment is reached, or structural require-
ments prohibit further internal drainage, before
drainage holes to the exterior are bored. This
method is illustrated in figure 4—45.
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+ Cress Bolt \—— Plywood Insert
Figure 4-42. Protection against splitting.
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Figure =48, Tapering of face plates.

1/4 inch holes drilled st the
low pointe of all compartmente
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Figure i—44. Drainage diagram of wing, direct method.
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point of the lowsst compartments

Figure j—45. Drainage diagram of wing, internal method,
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Service experience indicates that drainage holes
for individual compartments should be not less
than one-quarter inch in diameter, with three-
eighths inch being preferable. Drainage holes to
the exterior used with the internal drainage system
should probably be somewhat larger. If the inter-
nal drainage system is used it is suggested that
the inter-compartment drainage holes be inspected
after the internal finish has been applied to make
sure that the finish has not clogged the internal
drain holes, This will necessitate attaching the
top sk last.

Drain holes are usually drilled from the external
surface so that the splintering does not mar the
external - finish. After drilling ‘drain holes, all
splinters should be carefullv removed from the
inner surface, and the edges of the holes should
be sanded lightly and protected by the application
of several coats of spar varnish. It is common
practice, in order to avoid damage to structural
members by the drill, to drill drainage holes an
appreciable distance from the low corner of a
compartment. This practice must be avoided
and some method of msuring proper location of
drain holes at the eactual low points must be
developed by the aircraft manufacturer that will
not only prevent damage to the framework
but .will also provide complete drainage of the
structure.

It is, therefore, recommended that proof of the
adequacy of the drainage system chosen be
demonstrated by setting up the structure, with
the top cover removed, in a position corresponding
to 1ts attitude swhen the airplane is resting on the
ground. Water is then poured into the structure
and the actual performance of the drainage
system observed. '

Careful design to prevent entry of water into
the structure is equally important. Careful
location of all openings and use of boots and
gaskets should be considered. If interiors do
happen to get wet, good ventilation will accelerate
the drying. Marine grommets have been sug-
gested for use with external drain holes In wing,
tail, and control surfaces. This type of grommet
produces a suction or scavenging action in flight
and also protects the holes themselves from direct
splash during taxiing on wet or muddy fields.
Periodic inspection and cleaning of drainage holes
covered with marine grommets, however, may be
difficult.

4.85. InTeRNAL FinisEing. It is recognized
that applying finish to the inner surfaces of the

closing panels of plywood-covered structures is a
difficult problem. The usual method, other than
dipping, is to mask off the locations of sccondary
glue areas prior to the application of finish to the
surface, for wood coated with a protective finish
cannot be glued. This is a time-consuming
operation, and after thie plywood covering is
finally fitted into place, the film of finish usually
stops short of the intersection lines between the
plywood covering and framework. These are the
very places where the finish is needed most if
water does accumulate in the interior.

Wood-rotting organisms can act only if the
moisture content of the wood is above approxi-
mately 20 to 25 percent. Although finishes will
not prevent moisture content changes in wood,
they will retard such changes so that the wood
moisture content will not follow the rapid changes
in atmospheric conditions but only the more
gradual changes. Therefore, if wood members
are finished, dangerously high moisture contents -
will be reached in wood aircraft structures ounly
when parts are in contact with standing water
since atmospheric conditions that produce high
moisture contents are generally of relatively short
duration, except in extreme climates such as the
tropics, and the retarding effect of the finish may
be expected to prevent the wood from attaining a
high moisture content within this short period.

In view of the foregoing discussion, it is sug-
gested that consideration be given to the following
method of finishing the inner surfaces of plywood-
covered assemblies. Since any free water would
be in contact with the lower skin almost entirely,
the lower wing covering and conirol surface
coverings should be attached to the framework
prior to the upper covering. In this way, finish
can be applied thoroughly to the lower covering
and adjacent framework quite easily after the
assembly gluing operation has been completed.
Since gaps in the finish on the upper covering
along framework members are not so harmful as
they would be on the inner surfaces of the lower
covering, wider masking strips may be used over
secondary glue areas on the upper covering at the
time of applying the internal finish, thereby re-
ducing the chance of finished surfaces falling over
framework members. Some method of aceurately
registering the covering should be used.

4.86. EXxTERNAL FiNisHING. Two types of ex-
ternal finish for plywood covered aircraft have
been used successfully, the direct-to-plywood fin-
ish and the fabric-covered plywood finish. There
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is little difference in weight between the two sys-
tems because the weight of the fabric is offset by
the difference in weight between the finishes used
in the two systems.

Direct-to-plywood finishes have a tendency to
check wherever a glue joint appears on the sur-
face. Checking of the finish is also apt to occur
when the grain of the wood tends to raise, as in

" those softwoods having appreciable contrast be-

tween spring and summerwood, such as Douglas-
fir. Fabric-covered finishes do not check from
these causes.

Light airplane fabric of the type specified .in
AN~C-83 is the usual material used for the fabric-
covered plywood finish system. The fabric pro-
vides a better protection from the abrasive action
of stones, sand, and other objects kicked up
while taxiing than does the direct-to-plywood
finish,

Observation of wood airplanes in service has

“revealed that plywood or fiber plates glued over

exposed end grain may act as a moisture trap
rather than as a moisture barrier. Several coats
of brushed-in aluminized spar varnish are believed
to give a much more satisfactory protection to ex-
posed end ‘grain. Exposed end grain should be
mterpreted to include exposed feathered surfaces.

4.87. SELECTION OF Specirs. Properties other
than the usually listed strength and elastic prop-
erties should also be considered when selecting a
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wood for any specific purpose. For example, birch
and maple are relatively difficult to glue; yellow-
poplar has lower resistance to shock than spruce;
Douglasfir is low in cleavage strength.

4.88. Use or Staxparp Prywoon. From a
maintenance viewpoint is is desirable to use only
standard plywoods for design so that too great a
variety of types will not need to be carried in stock.
Table 29 lists many of the more common con-
structions. If one of these is used, the formulas
in chapter 2 can be used with greater ease because
many of the basic parameters and strength values
are given in this table. Two-ply diagonal ply-
wood is considered a special construction by most
plywood manufacturers and has the disadvantage
of tending to warp because of its unsymmetrical
construction.

4.89. TEsTs. Quite often, time and effort may
be saved by the use of simple tests in the early
stages of the design of complex joints.

4.9. Examples of Actual Design Details

On the following pages several sketches and
photographs are presented to show how various
manufacturers have treated details encountered
in the design of wood aircraft. No effort has
been made to label these sketches as either good
or poor practice. They are merely presented to
show what the industry has done when confronted
with specific problems (figs. 446 through 4-63).
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Figure 4—46. Fuselage framework,
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Figure {—47. Ezamples of beams.
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Figure 4—60. Spar detatls at root section and fuselage attachment.
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Figure 4~53. Details of landing gear aitachment.
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Figure 4~563. Ezample of wood control surface showing altachment details.
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Figure 4—60. Ezample of elevator torgque tube attachmeni to conirol surface.

Figure /—61. Wood siabilizer, one side of skin removed to show interior consiruction.
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