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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

. is 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 the appropriate
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 BuiLeTiN. 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 Struc-
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 aircraft and con-
tains some examples of how various manufacturers
have treasted 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. DErFINiTIONS FOR PrYwoop ELEMENTS—
Beims, Prisms, and CoLvvns 1N COMPRESSION,
Stries ¥ 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 DeriNiTiIONs FOR PrLywoop Pawners. A
plywood panel is any rectangular piece of plywood
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

—

EE, ETC-FROM> - £, E,, . ETC-FROM
TABLE 2~ 13 TABLE 2-13

Figure 1-1. Plywood element (supported, loaded, or restrained
on twe opposile edges only).

1
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side of length @ 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 7 denote a direction
parallel to the side of length a, and thesubscripts
b and 2 denote a direction perpendicular to the
side of length a. This is illustrated by figure 1-2.

Lt s sttt v s d s LIS S LS

1. -

a .

L—-ﬁ- - —a—
Vi 7, i

£, £ ETC—C-';‘M(/\MOT/;;g /t £y, E, ETC—CANNOT BE

EVALUATEO UNTIL FACE EVALUATED UNTIL FACE
GRAIN DIRECTION IS KNOWN GRAIN DIRECTION {5 KNOWYN

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

Since, in panels, the directions in which £,, 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. STAXNDARD STRUCTURAL SyMBoLS FOoR CHAPTER 2.

Ew, Ez, Efw, 1Ty Gtuc.,
table 2-13. This
figure 1-3.

respectively, in
is illustrated by

'f b

LLLL
!-A-

a

N
.

—

FACE GRAIN
DIRECTION

. “, 7
£ ETC-VALUES F/?O;:& ¢ & £ ETC-VALUES FROM
COLUMNS FOR £, £, ETC,  COLUMNS FOR £, £, FTC.,
RESPECTIVELY, INTABLE — RESPECTIVELY, N TABJ.E
2~13 2-i3

Figure 1-8. Plywood panel (face grain direclion parallel io
side of length 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 ficure
1-4.

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

—ny : le—

Q

P L
£,.E,, ETC—VALUES FROM & £, ETC—VALUES FROM
COLUMNS FOR £ £, ETC, COLUMNS[  E £TC,
RESPECTIVELY, /I{f TABI.E REJFECT/VELY IIV TABLE
2-A43 =13

Figure 1-4. Plywood panel {face grain direction perpendicu-
lar to side of length a ,

In general, symbols that are used only

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

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

A;  —uarea 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-cut 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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—area 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.f
—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 8 Ent
12x, 7F 2%,

—same as ), 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.

Grust®
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.

?
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Ey,

Ey
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Ep.

E,

—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
rings.

—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 E}).

—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 e of plywood panels.

—F, or E, as required.

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

—effective modulus of elasticity of plywood
in tension or compression measured
perpendicular to (across) the grain di-
Tection 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 K., except that outermost ply
on tension side is neglected (not to be
used in deflection formulas.)

€L

5]

Ep

€Ly

€L

Erg

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

~—unit strain (tension or compression) ip
the & 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:

—F, of a stiffener. -

—effective modulus of elasticity of plywood
in flexure (bending) measured parallel
to the side of length a 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 gramn
direction perpendicular to (across) the

applied stress.

J»

Jor

Je

ch

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

—internal (or calculated) primary bending
‘stress.

—-nternal (or calculated) bearing stress.

~-internal (or calculated) compressive
stress. '

—internal (or calculated) compressive stress
in a longitudinal ply; 1. e., any ply
with its grain direction parallel to the
apphed stress.
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F

Fiu

FtuT

—stress at proportional limit in compres-
sion for ply wood having the face grain
direction at an angle 6 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 pliwood
having the face grain direction per-
pendicular to (across) the applie
stress.

—-ultimate compressive stress for plywood
having the face grain direction at an
angle ¢ 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,
whereln ¢ 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 # 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 tension. _

—ultimate shear stress for plywood ele-
ments for the case where the face
grain is 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 rings). -

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 ¥¢ 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 LE plane resulting
from shear stresses in the LT and BT
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 (1, for round tubes).

—-a constant, generally empirical.

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

=% where ¢ is the end-fixity coeflicient.
Ve
—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.

.

T

2

Ppsi

te

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

—height or depth.
—subseript denoting ‘2% ply.”’
—stiffness factor v EI/P
—stiffness factor
Emﬁifzw'!"Z)\fom:
VEwE,:
—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(E.) %o :
a Ez
—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, 1,/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.

—ususally 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, urz, uzr.
bre, trr, and per.

—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. Ax1soTroPy oF Woop. Wood, unlike
most other commonly used structural materials,
is not isotropic. It is a complex struetural
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 chemieal 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 yuecas, 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 (a) 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 is 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 is 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 plece 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. 2-57).

2.02. Morsture ConTENT. Wood in 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 been removed 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 is a hygroscopic 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. Variation of wood strength properties with

specific gravity L

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

S’ ==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 elasticity. .. . .- 1. 25
Work to maximum load. oo ceeoooaiuana 2. 00
Total work . 2.25

Impact bending:

Fiber stress at proportional limit____________ 1. 50
Modulus of elasticity. . ..o oo i oaan 1. 25
Height of drop_ oo o . 2. 00

Compression parallel to grain:

Fiber stress at proportional limit________.___.. 1. 25
Maximum crushing strength___.____________ 1. 25
Modulus of elasticity. ... 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 m a
change in dimension of the wood. Shrinkage in
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 minimizing shrinkage in width by

11
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using & 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. TempERATURE. 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 2-3. Strength ratio chart for use in making sirength-moisture adjusimenis.
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Tuble 2-2. Perceniage increase in wood sirength properiies for 1 percent decrease in moisiure content !

Static bending Compres-
T sion paral- | Compres- | Shearing
Species Fiber stress l Work 10 l;;il;)?i%nr?lﬂ' pség’(liitgﬁl;r Strgﬁit}l H?sri%reless
Modulus | Modulus 7 ! 3 paraii )
t‘};ngrﬁ?;{i't of rupture | of elasticity| M5 TET :{?j;‘;’{ﬁ tograin | togmain
I i 2 3 : (4) (8 1‘ {6) . & (&
i
Hardwoods:? i
Ash, black_______ . ______.______ 89 6. 4 3.6 1.8 83 6. 8 51 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 G.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, yellow_ .o _______ : 6.0 4.8 2.0 1.7 6.1 56 3.6 3.3
Cherry, black._ . ______ . .. __._.... ; 6. 6 3.6 1.1 1.0 6.0 55 3.5 3.1
Cottonwood ___ . ... _._____________.. ! 5.8 4.1 2.5 1 6. 6 5.7 2.6 1.8
Elm, T0CK_ oo ooo oo L4 3.8 2.1 —.3 5.3 6. 1 3.5 2.8
Hickory (true hickories)._______._ ... 4. 9 4. 8 2.8 —. 7 5 9 6. 6 3.9 . ___.
Khaya (‘“African mahogany”). ... ..., 3.2 2.5 1.6 —. 6 3.2 3.0 L4 3.1
Mahogany. - o .. eeaiooo 2.6 1.3 . 8 —2.9 2.5 309 oo 1.0
Maple, sugar__ __ ________ .. ooaoo-. 5.2 4. 4 1.4 1.9 5.7 7.1 3.9 3.4
Oak, commercial white and red._.____ 4.6 4.4 2.4 1.7 59 4. 4 3.5 1.8
Sweetgum. . ..., 6.7 4.7 2.2 1.5 6.1 5.4 3.5 2.4
Walnut, black. .- oo ' 58 3.7 1.4| —2.6 4.8 6.3 .0 1.0
Yellow-poplar. _ .. . ___._ 3.0 4.6 2.7 1.9 6.7 4.8 3.3 2.4
Scftwoods (conifers): @ ;
Baldevpress___ . _____.... et 4.6 4.0 1.6 1. 8 4.9 31 1.7 2.3
Douglas-fir. .. .. 7 45 3.7 1. 8 1.9 5. 5 5.0 1.7 2.9
Fir, noble__ . . aaoo- . 5.1 4.7 1.9 3.2 6.1 5.5 2.3 3.1
Hemloek, western. ..o oo oo ___. : 4.7 3.4 1.4 .7 50 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 57 56 2.2 2.2
Pine, red_ oo 80 5.7 2.2 4.7 7.5 7.2 3.4 4.5
Pine, sugar. . oo oo o_o._. i 4. 4 3.9 2.1 L1 5.4 4.4 3.7 1.9
Pine, western white. ____.__...__.___ 1 5.3 5.1 2.2 4.8 6.5 5.2 2.5 1.5
Redcedar, western. - ______.______. 4.3 3.4 1.6 1.3 5.1 51 1.6 2.3
Spruce, red and Sitka_ __..__________ 4.7 3.9 17 2.0 53 43 2.6 2.4
Spruce, white. . ... _______-_ ... \ 5 8 4 8 1.9 2.1 6.5 5.7 3.7 3.3
White-cedar, northern. .. __________. | 5 4 3. 6 1.8 —1.5 59 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 strength properties should be made suecessively for each 1 percent change in moisture content until the total change has been covered.
For each 1 percent decrease in moisture content, the strength is multiplied by (14 F), where P is the percentage correction factor sbown in the table, expressed
asa 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.

 For tension values see section 2.5411.

Although considerable literature exists relating to
permanent strength reductions resulting from pro-
longed or evelic exposure to temperature extremes
(ref. 2—46, 2-57, 2-84) few investigations have
been made with respect to transient or reversible
effects resulting from differences in temperature
(ref. 9-2, 2-26, 2-28, 2-36, 2-58, 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
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ture range of —328° F. to 4+392° F. are given in
NACA Technical Memorandum No. 984, refer-
ence 2-37,

2.05. Faticur PropErTIES. 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 Produets Laboratory indicate that wood
is less sensitive to rapidly repeated loads than are
the more crystalline structural 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 perceht 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, in 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 (vef. 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

mauch alike in these strength properties at the lower
stress levels. There is reason to believe that crecp
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
msofar 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 1s known of the nature and extent
of recovery, or of permanent set characteristics,
hysteresis, or damping capacity (see sec. 2.095).

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. Impact ProrERTIES. The rate at which
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" load is applied to a wood member, as well as the

time during which it acts, bas 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 & second, 2 wood member
would be expected to withstand a force much
greater than in a standard test. KExact relation-
ships of failing stresses under static and impsct
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 a single-blow impact test such as the ““tough-
ness’’ test deseribed 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 1s appar-
ently independent of changes in moisture. For
drier material the toughness, in general, decreases
slowly from the green value to & 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 oF Liquips. Some liquids, when
absorbed by wood, adversely affect the strength
properties, others do not. In general, nonpolar,
nonswelling liquids 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 molecular-weight, simple alcohols such as
methyl (wood alcohol), ethyl (grain alcohol), and
propyl alcohol and polyhydric alecohols such as
ethvlene glyeol (antifreeze) and glycerine swell
wood appreciably and cause a considerable loss
in strength properties, varying from haif 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 hydraulic 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 PEHYSICAL PROPERTIES.

2.091. Coefficient of expansion. 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 structural 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 2-8. Delerioration due fo four weeks soaking tn acids and bases at room lemperature measured by the modulus of rupture
relative to that for maiched waler-soaked specimens. Concentralions, 2 io 10 percent (ref. 2-86)

i
Species Hydrochloric acid Sulfuric acid Nitric acid : Sodium hydroxide Ahy?g:_griig?

i 1 ) :

|
FLareh o aea 11.09-0. 81 1.11-1. 00 1. 07-0. 95 ' {. 96-0. 52 | 1. 06-0. 92
Pine. .o e 1. 08~ . 84 1. 13-0. 84 1.07- .93 | . 96— .51 | 1. 00— . 79
SPIUCE - o oo 1. 00— . 82 1.02- .94 .98 .96 ' 93— . 44 ‘ 98 .75
Beech . - o e . . 96— . 55 .97- . 87 .83 .71 . 59— .31 | . 67— .43
Oak _ e -93- .52 . 97— 82 .83—.65' .58~ .29 | . 85— .36
Basswood _ oo .88 .48 ] . 87- .81 .76~ . BT . 55— .21 . 61— . 33

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

Table 2-/. Loss in breaking load in percenl due lo soaking in acids at reom temperature relative lo matched water-soaked
specimens (ref. 2-1)

Hwvdrachioric acid Sulfuric acid Acetic acid
82 davs 82 davs " 135 days
Species
5 percent 15 pereent 10 percent 20 percent 50 percent i 80 percent
congentration i concentration concentration concentration concentration E concentration
Percent Percent : Percent Pereent Percent Percend
Teak oo 31 | 50 ¢ 17 31 43 39
L 54 76 48 40 39 26
Pine_ _ o 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 Species spedific | om0 | asaee | adxie
. TAVILy !
vellow birch as much as does an 80° C. thermal F S
expansion. Only meager data are available on , ) '
the coefficients of thermal expansion of wood and Yellow Birch...... 0. 66 38.3 30.7 3.36
e coe : expan : Sugar Maple. ._.__ 681 353 -26.8 3. 82
wood-base materials, and investigators are not In  Yeliow-poplar. - __ .43 29, 7 27. 8 8. 17
close agreement in their values although there is  Cottonwood. .. ... .43 7 32.6| 232 2. 89
general agreement that the expansion across the  Basa__._._...... 217 %241 ) 3163 1. ..
erain 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| 238 3.15
\rel. =—su). ) , 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
average specific gravity of the species are given
in the following tabulation:

16

t Avetage specifie gravity (based on weight and volume when oven dry)
taken from tables of properties in U. 8. D. A. Tech. Bull. No. 475 (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

=, ?
o

(2:1)
where

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

G, =specific gravity listed

G=specific gravity desired

The coefficient of linear thermal cxpansion
parallel to the grain (af) 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:

_Ewau(l - nr) +Erarnr

S N P (2:2)

where

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

a,=—of wood alone

a,—of resin alone.

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

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

Geneéral 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).

2.002. 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 heat 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 Produets 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=S(1.39--0.028M) +0.163 (2:3)

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

K—S(1.39+0.038M) +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 aircraft 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 Douglasfir plywood with
veneer X-inch or more in thickness (ref. 2—45)
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.
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Tests (ref. 2-45) indicate there is a small in-
crease in conductivity with inecrease in temnpera-
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 Ilgnition 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 flammable liquids,
which have reasonably definite ignition tempera-
tures, the ignition temperature of wood, even if &
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 ignition 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 motsture 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 gll 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-
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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 absorb moisture
until it reaches a condition of equilibrium corre-
sponding with the ambient atmosphere. The
resistivity of wood at & typical moisture content of
9.3 percent is 10" ochm-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 & million cycles per second
upward, the electrical properties of wood are
essentially its properties when acting as a djelectric
matertal. In this role it is interposed between
two metallic plates or sheets to form a condenser.
Wood is 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 cepacity. 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 a 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 a 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 wvarious

of this factor.

or AW/ 2W.

Ways.

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

Greenhill and Kimball
(ref. 2-29, 2-33) have used logarithmic decrement
(8), and Kimball 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 Produects Laboratory____.__ Wood-—Parallel laminated bireh_. _.___._. .. .| Compression____ 84 | 0.002
_____ o Lo TR NSRS FRURIRUUY s [« S 88 . 012
_____ e Lo TSRO RPRUNPRS RN RN ISR o [+ S 93 . 063
_____ do it iiemeee— oV Flexure . . . 073
Do e~ Staypak—TYellow bireh___________________._ Compression. . __ 26 . 0013
_____ s (o SR RNIPNPIU IR s { o S 89 . 0465
_____ 5 3o TS FRVRURIRY ¢ |« S 92 . 1435
_____ do e i Flexure_ ... . 128
Do . Compreg— Yellow birch, high-impact type..__| Compression_. .. 83 L 173
_____ s s ST RO RN PRSP « T+ DU 89 . 232
..... do- o e\ Flexure_ .. . 238
Do e Compreg—Yellow birch, low-impact type_____ Compression. __ _ 74 . 045
..... o L SOOI SRS ¢ {2 S &7 . 157
_____ do o emcmmmmmmmee|— O 90 172
_____ dOe e eeieeeeeeb Flexure . | . 108
Do e Compreg—Maple_ ___ o memmee—- Compression____ 89 . 0002
_____ s [ SRR JPEPPIUY s |+ SN 94 . 149
_____ do e do L 93 . 218
_____ A0 e e e e e ) Flexure . . . 121
_____ o e TP RIPRUEIUUURPE FRPVUPIPEY - | S S . 239
CGreenhill {Ref. 2-29) __ _ ________ Wood—=Sitka spriee . - o oo eae Flexure_ . ______ e . 035
_____ A0 e eieemeeceeeeeeeeee— | ToTsion . ool _L . 0521
Kimball and Lovell_____________ Wood—Maple_ _ _ o aeceeao-- Revolving defl. |________ . 021
(Ref. 2-33). rods.
Nickelateel . .. o o e eecmal oo s o TR PO . 0023
Mild steel - - e meee e do oo . 0049
F-RATE 7130108 ¢+ DI PRERY (s [« TR . 0034
Niekel o o o e do. o __|oo__.___. . 0032
Celluloid . - o oo e e do o ___._|eoo_____ . 0450
A Gemant__ _ ________ . __aa Wood . o i Flexure_ _______|-______ . 027
W. Jackson (Ref, 2-33) .- ___.___ Nickel steel . e e do__ . . 0017
(073153 023 SR U Rt do_________|.______. . 0032
19
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Data other than those from Greenhill and the
Forest Products Laboratory are from g 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
have 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. 1t 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. Desien Varuges, 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 26 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 1n table 2-7 are based on a 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 grain.
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 THE UsE oF VALUEs 1N TaBLES
2-6 AND 2-7. .

2.110. Relation of design values in tables 2-6 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—1 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.
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2.111. Tension parallel to grain. Relatively few
data are available on the tensile strength of various
species paralle]l 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-hali 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 tensile 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 stremgth for various grain
slopes

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

E Static bending Compres- :
Maximom | sion 3335111%?
slope of ‘ i parallel to grain
grain in the Fiber ! to grain
member | girassat Mod;ﬂus M;)dlu]m
i propor- @ OLe8s | Maximum | Modulus
E tlli?;:l]iat] rupture ticity crushing of
i strength rupture
. ! :
1in 15___ 100 - 100 ! 100 . ______._ 100
lin 12___. 98 | 88 97 100 85
1in10._.: 87 78 91 98 75
lin 8____| 78 67 84 94 60
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 central 2%
inches of are, and is joined by an are 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 2—4 (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, Pl _ Pl

488,1 45,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 E; 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 2-4 (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 deflection ceases to exist. The

— MODULUS LINE SITKA
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£
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(c) COMPRE35/0ON PERPENDICULAR TO GRAIN

Figure 2-4. Standard test methods and typical load-defee-
tion curves
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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 1.5

2.1202. Modulus of rupture (Fy,). Modulus of
rupture is computed by the same formula as was
used in 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 time of rupture, but is useful in finding the
load-carrying capacity of & beam.

2.1203. 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 Joad 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 Pp,, = b ax L

(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. The modulus of

elasticity is computed by
P,

L —
¢ ABL

E

(2:8)

The value of the modulus of elasticity so de-
termined corresponds to the ‘‘true” value 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 Ey. values required in formulas involving
direct stress.

21211, Fiber stress at proportional limit (F.,).
The plotted points from which early portions of
the curves of figure 2—4 (b) were drawn lie approx-
imately on a 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
Fw="j‘ (2:9)
2.1212. Maximum crushing strength (Fe.). The

maximum crushing strength is computed by the
same formula as used in computing fiber stress
at proportional imit 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-
erain 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 is 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 property" determined is the stress
at proportional limit (F,,r) which is calculated by

Load at proportional limit
Width of plate X width of specimen

Fcpr= (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.
{t 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-
balf 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
special tool makes it easy to determine when the
proper penetration of the ball has been reached.
The accompanying load is recorded as the hard-
ness value.

Values of radial and tangential hardness as
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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,.r).
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 m 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 caleulated from the formula

Pz,
A

Fiur= (2:12)

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 types of specimens have, therefore,
been combined to give the values shown in tables
2-6 and 2-7.

2.13. Evnastic ProrerTiEs Not INcrLupep IN
TaBres 2-6 anp 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, Ez). 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 Er when the direction is radial to the
annual growth rings. Tests have been made to

evaluate these elastic properties for only a few

- ET ER
The ratios z, and Z, vary

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 £z and Eg

: E E
may be made by assuming values of _Ef and "E’f

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. Moduli of mgidity (Grr, Grr, Grr). 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 subseripts
denoting the plane of deformation. Thus the
modulus of rigidity Grr 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, Gz, and Grr to Ky 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-
Grr Grr__

mended the approximate ratios -===0.06, ===
£y By
0.075, and %3=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 &.

2.132. Poisson's ratios (). 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 pyr; prz,
WrTy RL, TR, 80d prr 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-STraiNy REerations. For most
practical purposes wood can be considered to be an
orthotropic material having orthotropic axes L, 7,
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. SrrENGTHE 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 B axes and the L and
T axes are each equal to the ultimate shear stress
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parallel to the grain (F,,). The ultimate shear
stress assoclated with relative shear displacements
of the B and 7 axes is for hardwoods approximate-
Iy one-half and for coniferous woods one-third of
Fo. (vef. 248). The ultimate compressive stress

associated with the 7 and R axes are each equal to
the compressive strength perpendicular to the
graln (Fur) and the ultimate tensile stress asso-
ciated with these axes are each equal to the tensile
strength perpendicular to the grain (Fr).

The general equation defining the condition of failure for stresses applied Im 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:

%>2+(%)2+<%)2+(fLT)2+(.fLR)2+(—KjRT)2=1

(Foo) 2:13)

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

¥

respectively, and fir, fis, and fzr are the three internal shear stresses associated with shear displacements
of the L and I 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 f7, is compressive and similarly
for Fr and Fp. Thus Fy is equal to F,, or Fu; Fris equal t0 Four or Fuyp; and Fp is equal to F,; or

quT-

Equation (2:13) can be handled in the manner
described in section 2.613 and in reference 2—67
using the transformation equations for three di-
Imenstons 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

The value of K is 2 for hardwoods and 3 for coniferous woods.

plastic as well as elastic properties (see sec. 2.06
on creep) and, therefore, stress concentrations in
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 y
and z are orthotropic axes of the wood as well as axes of the ellipse. When a tensile stress (f,) is ap-

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):

The value of the

E,
f=1e (% \/aEi—zwarz \/;,Z—H)

(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 = denotes the other orthotropic axis which lies in the plane of the
panel. These subscripts may represent the L, T, or R directions depending upon the directions of the
gram and annuel] 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 sheér displacements of axes

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

E, E, E,, b .
% -\/E:z cos? 9—‘[\/@;“—2#;;:-1-2 -\g-f-a:l sin? ¢

z

fsz:fa
RO ==

st @ cos 6 (2:15)

sin? 6+cos® § (g) sin® @

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=9) a maximum value of 0.71 f, was

found at 6=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 ¢, 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 equation (2:14)
reduces to equation (2:16)

f=7. (2 %-1—1) (2:16)

An approximate corrective factor for use with the

stress concentrations obtained for isotropic mate-
rials to obtain 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 FatLure, The allowable stresses
for solid wood columns are given by the follow-
ing formulas:

Long columns

7105

o
(5), 3

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

(2:17)

AN .
F,—F., [1—%(3%)]1)@ 2:18)
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where
LI
£=(5),

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

2.21. Locar Buckring aNp Twristing 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 faiure. For such cases, the allowable
stresses are given by the following formulas:

Local buckling (torsionally rigid columns)

2
F.=0.07E, (%) psi (when %>6> (2:19)
Twisting failure (torsionally weak columns)
AN b
F,=0.044 E, (3) psi (when 7 >5) (2:20)

When the width-thickness ratio (b/%) 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. LaTterar 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 a conventional wing. A restraint
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coefficient of 1.0 will be applicable unless the con-
struction s 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 soctions are used for beams
(I-beams or box beams), the static-bending
strength properties given in table 2-6 must be
multiplied by a “form factor” for 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 (FF,) is given by the formula:

b—b" b

FF,=0.58+0.42 (K T*‘b“) (2:21)

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

FF,=0.500.50 (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 et 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 effact of various slenderness
ratios on bending. The allowable stress, F,.,
under combined load is found as follows:

(1) For the cross section of a given beam, find
the proportional limit 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 ¢'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 C and the curve of the
slenderness ratio corresponding to the
distance between points of inflection.

(4) Draw line ED.

(6) 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
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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. TUnless
the tensile load is relatively large, the compression
flange should also be checked, using the modulus
of rupture corrected for form factor,

2.33. SHEAR WEBs. See section 2.73.

2.34. Bram Secrion ErFrciency. 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=A6h2— VAR —4 AT bhwD

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.

(¢) 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
{(e) may be followed.

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

(¢) Carry out steps (a), (b), and (¢) 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. GexeraL. The torsional deformation of
wood 1s related to the three moduli of rigidity,
Grr, Grr, and Grp. When a member i twisted
about an axis parallel to the grain, Gur 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,

Gpp is not involved. No general relationship has

been found for the relative magnitudes of Gy,
GLT; and GRT (tﬂble 2“‘9)

2.41. Torstoxar 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
Cirele_ .. ______ | 0=?;27r:g‘l' | f,z:_BDT .
Cireular tube___________________ B=gfé {,z%
EIlipsc‘e L e e=%§%j’b—p j’,=% at ends of short diameter
Square* .. 9=%5%? (approx.) f.=§%‘ {approx.)
Rectangled_ _____________.___.____ 0&%’ {approx.) f.=%}5;;;%52!12 at midpoint of long side

V2a=major axis: Zh=minor axis,
2 2a =side of square.
1 2u=Ilong 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 venger with
the grain direction of adjacent plies at right angles.
Depending upon the method by which the veneer
1s cut, it is known as rotary-cut, sliced, or sawed
veneer. Generally, the construction i1s 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. Axavrysis oF Puywoon StrExeTa Prop-
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 (e¢). 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 (°
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 constric-
tions of plywood are given in section 2.54, hased
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 2 |

Qroup II
(medium density) 2

l 'Group I
(low density) 3

American beeeh_ ______________ ! Birch (Alaska and paper)_ _______._.... ‘ Basswood.

Birch (sweet and vellow)______. ' Khava species (so-called ‘‘African ma- | Yellow-poplar.
. *  hogany”). ;
Maple (hard) . . _ i anns J Southern magnolia. _ _________________ Port Orford White-cedar.

Mahogany (from tropical America),

Mapie (soft)___________.
Sweetgum._ ... ________.
Water tupelo. ______._._
Black walnut___________

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

Spruee (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 js desired, or where the plywood is to be steamed and bent into a form in which it is to remain, species of Group I and 17 should be used,

* Group 11T species are used principally for core stock and cross-banding. Howerver, where high bending strength or freedom from buckling at minimoem
weighn 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

Eit,

i=1

(2:24)

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
Ex, (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
for panels 7
E,,—measured parallel to (with) the
face grain

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

1 i=q

Ji=7 2 El

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 £ (namely, E,, E,, E,,, or E,,).

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

construction and sll plies of the same species, the following relationship will
be found helpral:

Ei+Er=E.+Ei=E+Er=Ey+Ee=FEre+Fre

If the veneers are quarter-sliced rather than rotary-cut, the term Ep should .

be replaced by Eg.
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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 neutral axis to
be used in determining I, 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:

=i (2:26)

where

¢; =distance from the extreme compression

fiber to the center of the i*® ply.

(3) In caleulating 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 Ej 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 relativelysmallerror. 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
E;: and E’,, will be different. The value
of E’,; may also be calculated from the
following formula:.

2L, 1 2 tE. [/, 2
B = Efz+_—1 th (C "§+t.r) ~1% T(C "%‘E{

[Al 2
(2:27)
where - '
th., !
!_l thr(t_ztf)-{_t?
T2 tE,

1

tE,

=distance from neutral axis to extreme
fiber of the outermost longitudinal ply.
E7 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 Gy, Gz, 2and Ggs.
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As mentioned in section 2.131, little informa-~
tion is available on this elastic property,
and a ‘“‘mean’” modulus of rigidity s or-
dinarily used for wood. Similarly for
plywood, a value of modulus of rigidity
based on the ‘“mean’ modulus of rigidity
for solid wood may be used.

For plywood (all plies the same species)
having the facegrain parallel 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 Gr... ~They are deter-

mined as:
Gt 35 Gt (2:28)
i=1
waz } § Gi Iz (229)

where the summations are taken over all
plies in a section perpendicular to either
the a 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,

G o= Gypr=Grr for rotarv-cut veneer.
Grpz= Gpr== G, for quarter-sliced veneer.

(5) Poisson’s ration (u). Although there 1s
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 acting in the w
direction and thus normal to the uzf

plane, or
> f<Ez) () (2:30)
where
(E,);=modulus of elasticity of the :* ply in
the z direction.
(1yz);=Polsson’s ratio of contraction along

the z direction to extension in the w

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
L (2:31)

f'(Ew)i(nuzw)i

_M

Hzw™ f

‘If all plies are of the same species of rotary-cut
veleer

227 EL.U-'I‘L/E::
Hzwp— ELP-TL/Ew

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

Mgz = ELMRL/Ez
HBzw=— EL#RL/ E‘w

These formulas give close approximations of the
apparent Poisfon’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 associated with flexure are

2" T(ED tuo):

IE},, 2 (2:32)

K ripr™

Hrzw™= (233)

IEwaI (E Pzw)

i=1

These equations yvield 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. Approxrimate methods for calculating the strength and stifiness of plywood 1

Direction of stress with respect to

Property direction of face grain

|
1 : o

! Portion of cross-sections] area to be con-
I sidered

Allowables expressed in proportion of
strength values given in tabie 2-6

!
.[Parallel (F,.,) or perpen-
Ultimate tensile___________: dicular (F,,.) ..
+45°_

:(Parallel (F,..) or perpen-

Ultimate eompressive_____ _ :
) :t45° (Fculﬁo)--- -h——;—--
| H
Paraliel or perpendicular
Shear____________________ (Froz).
+45° ...
Shear in plane of plies_____ Parallel, perpendicular, or
. £45°
-
|
Load in bending_ _________ Parallel or perpendicular__ _
Deflection in bending___ ... - Parallel or perpendieular_.. _

Deformation in tension or | Paraliel or perpendicular. _ .
compression, I

Bearing at right angles to
plane of plywood.

dicular (Fo..)_ o ________

i

Parallel plies? only_ . ________
Full cross-sectional area_ . ___

Full cross-sectional area_ .. ___
Full eross-sectional area______

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,
ete., and stressed plywood
panels when plywood ter-
minates at joint—use shear
area over support.

Bending moment M=KfI/c'
where /=moment of inertia
computed on basis of par-
allel 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=0.85 for all other
plywood.

Deflection may be caleulated |

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
caleulation may be simpli-
fied, with but litile error,
by taking the moment of
inertia as that of the par-
ailel plies only),

Parallel plies? only________.. :

Lioaded area. _______________

Modulus of rupture.

One-fourth modulus of rup-
ture.

Maximum erushing strength
or fiber stress at propor-
tional imit, as required.

One third maximum erush-
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
resuits obtained differ considerably from those obtained by the more accurate methods given in this bulletin.
2 By “parallel plies” is meant these plies whose grain direction 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
pl¥wood 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. Approxrimate 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. Moisture eorrections 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, Fi.:, 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 fensile
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 F.., 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 PLYwooD. As in solid wood, the strength
and elastic properties of plywood increase with
an increase in specific gravity. The magnitude
of this strength increase, however, cannot be
determined by the same convenient exponential
equation given in table 2-1.

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

Aireraft 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. STreEss-STrRAIN RELaTIONS FOR WooDp
aND PLywoop. When stresses are applied to wood

_Sln___ﬁ cos* § __I__pr,
=B T E +[Gw, E,

w

2 oz
a’33_4[E +E+E

sin?® @ cos? 8-

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:

elxanfl‘;‘ al:‘fEJl_alS, 512
Co=0s fi+qmfot @23 foz
Cee="0z f1-+ Gag_fa‘f‘ae,sfslz

(2:34)

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

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

J2 and e, are stress and strain in the direction of
axis 2

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

sin* g , cost 8

= E + E

9

< Moz L2 2
——— 1°
[GW Ew]su cos

sin? 4 cos? 8

G [cos? 8—sin? §]2

. ME'__I_TI_-G‘}*] sin” 8 cos?® 8—%’ [sin® 8+ cost 4]

!
A=A 2=
1 2ppr 2 L
asa‘—'“la:ra_‘—_g—"“"f:l sin & cos® ¢
. L wT o 1w
| 1 f-)'wa
R K iy

2 e

1 2:' mn® §cos @
— = — % |8
wT Ew E.’L’

. 1 2 .
sin® 8 cos 9_[.(;’;—_;5’?_?,,] sin 8 cos® @

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=bllgl+ bzzez'f‘blsesu

f2= bose, -+ bages+ bzaf’szz

(2:35)

_fs12=-” bae,+ bszez":‘ basesm

in which

bnz% [E, cos* 6+ E; sin* 0+ (2 E, p,,,+ 41 Gy) sin? § cos? 6]

bggz% [E; cos* 8+ K, sin? 04 (2 E, pz+ 42 Gy) sin? 6 cos? 4]

1
533=K (Ew+ Ez

—2 Eypze) sin® 8 cos? 8-+ G, (cos® 8—sin? 6)2
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Figure 2-12. 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 4 to the direction of the face

grain, then fi=7.,.=0 and equations (2:34)
reduce to:
er=an fi
32=Gzzf:
Es2=0n fr
If the strains are known, equations (2:35)

completely define the stresses in a like manner.

The usual transformation equations for stresses

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

fr=11 cos’ 8-+ 1, sin? 04 2f,;, 8in 6 cos @
fu=71sin? 6L f, cos® §— 27,1, sin 6 cos 8

formr=—fisinfcosé+ f; 8108 cosf+ [, (cos’d—sin®6)
(2:36)

2
Z

and

er==¢; cos® f-4¢, sin’ §+¢,, sin § cos f

grp=2¢€; SIn°* §-+¢, cOs*° §—easin @ cos f
€or 1= 2¢,5infcosf+ 2e,sinfcosd + e {cos?f—sin’f)
(2:37)

where 8 is measured positively from the 01 axis
to the 0/ 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:

23 2, . cos® 8, cos?ég,
sin®g; sin*g, 'lsin®é8; sin?ég,

Cor2™ cosfy cos b,
sin 6; sin 6
s _ £4 —e I:cos 8; _cos 84]
£, ST 6, cosf; _sin 6, cos B, 'Isn g, sin 4,
sin fy  sin 6,
c0s f;  cOs 6,

p (2:38)

o

Figure 2-13.

2

Azes for transformation equations.

/

Figure 2-14. Arbitrary directions in which linear strains are known.
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and if
f,=45° and 8,=90°,

Cap=2e3—e,—¢,, e;=¢

2.560. Mohr's stress-and-strain circles. N 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 265
treats extensively the general problem of the use
of Mohr’s circles in connection with wood and
plywood. Only a limited general treatment is
presented herein.

2.5600. Obtaining strains from . given stresses.
Assume a stress distribution in a ptece 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. -

O=3(/1+ 12 (2:39)

R= '\"(fl _0)2+ (fs21)2

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.

[4 =f_u'____f£_ 2 —ii.__f_w e __fvru‘
10 Em Ez: Hzw = Ez -Ew Marz g T Gwz
(2:41)

t
where u,, and u., 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=§(em+e,> (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=% (e1+es)

T:\/% (31“33)2'*‘%‘ {ea—e3)° {2:44)

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

equations: _
o= €xllre _
“ 1_(#1-1:2#::11:) fz

Jo=E

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=3 (fut 12 (2:46)
BE= '\f',(fw—c)2+gsm)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-

Ez ﬁ_‘r CouMur
I (Parz.urw)

(2:43)

fszw= wzb szw
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. ELEMENTS 6=(0° or 90°).

59
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2.600. Elements in compression (8=0° or 80°).
When a plywood prism i1s subjected to a 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

A f e B 45
P/ ‘4-»“_]{“,,— ELC ch (2 40)
Face grain perpendicular to applied load
P/A:-_]'w=EEz fez (2:49)
Le

60

The allowable stresses at the proportional limit
Fepw 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
Fo, 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 construetions,
the compression allowables for the 15 pereent
moisture content condition may be obtained from
table 2—-13.
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Figure 2-19. Stress circle resulting from equations (2:45)

2.601. Elements in tension (6=0° or 90°). The
allowable ultimate tensile stress for a pivwood
strip (designated 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)
Fnrz=55 n—1 _9" §=; suitt (250)
t 161129

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

greater than 35 and in which i, 15 the thickness of
the itv 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. ELEMENTS (§=ANY ANGLE).

989770°—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:

Fou= \/[00326
FCHID

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

sm"’ﬁ
Fﬂuf

+|:sm8 COSB:]

(2:51)

F“‘B_ M chp cos'd-+ I-‘cu.r 5111*6'!‘4:!’315:2 sin’ 67 "”0
(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[Cosz ] smﬂ?] [smﬁ 0059]2
F;uw Flu,'[ FEW:

(2:53)

and the tensile strength of wide elements, by

Frus=n Flu.’ cos* 6+ F\..7 sin*0+-4 F,,. sin’f cos?s
(2:54)
where

Fi and F,,=ultimate tensile strength of
plrwood 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

1
F, 2:55
= cos? 26 ( )

/ V(o) st 20455 Foud?

When face grain is in compression

1

b=
2 cos® 28
\/<Fcuw -—{_Fruz ) Sln 26+ FS‘WZ

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

F

Foss= S R (2:57)
fuw
\/ +(FM)
P (2:58)

s4ac
Izuuz
-‘~//].-+- (:-I:sztu:)

2.613. Elements in combined compression (or
tension) and shear (f=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 (2:533) to
(2:58) are special cases of this general equation.

SRR
Fe F Fos
where

JulFy=ratio of the internal tension or com-
pression stress, parallel to the
face grain, to the allowable ten-
SIOn O compression stress in the
same direction.

J:/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.

Tswe/Fspz=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)

=1, cos? 8+ f, sin®6— 21.;, sin 6 cos §
Je=711 sin? 641, cos? §-+27,;, sin 6 cos @

Fouz=(fr—12) sin 6 cos 8+ f,,» (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 clarify 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 shown in
figure 2-23.

Thus in equation (2:60) fo=/Ffiv, fo=fiz, i=F;
and fr=fu2=0; and the equations reduce to:

Sue=1 cos®8
fiz=1 sin*@
Fswz=F,8in 8 cos b
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Figure 2-238. Orientation of plywood element for derivation of fermula (2:58).

Substituting these terms in the combmed Ioadlncr

equation
: ST ¢
e T+ =]+

the following is obtained:
f: cos? :r ,:j, sin? ¢ ] l:f, sin 8 cos 6|
[ Iuw + F!u:c + swz ]
Dividing through by f, and setting its value equal

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

F =
\/"cosz B] :I [sm 8 cos 6]
LFIHU Ftuz FRIDZ
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 referehce 2-67.

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

For rotary-cut veneer,

EL T
7 (EZ+26>

three-ply; Epn=55

(2:53)

{2:61)

—E—%(Oﬁ —~+99)

2:62
125 (2:62)

five-ply; E, =

£r= 190
seven-ply;

Ern=g75 (99 +244)

ET ]

E,— 343(99+ P (2:63)
nine-ply;

,w=_99(244 Z+485)

E.= 2444485 Ey 2:64

fI_—()g E (..l- }

For quarter-sliced veneer, F,/EL should be re-
placed by Egz/E; (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=
fr=1.18 —— Yo (2:65)
Face grain' perpendicular to span
Me!
=091 —— 5 E’ L (for 3-ply) {2:66)
Fo=1.11 M;c B (q,n 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. E, may be
used in place of £y, in formula (2:67)
with only slight error.

E, 1s taken for the species of the outermost
longitudinal ply.
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The allowable bending stress at proportional
limit (F,,) and the modulus of rupture in bending
(Fpu) 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 Ej, or E,, in
the ordinary beam formulas. E’, is used only for
determining strengths in bending and not the
deflection. For 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:—:— [Eflr (‘.054 G+ E_rz Sirl4 6+
f
(2 Epeptyzw+ 47, Gryz) sin? 6 cos® 6] (2:68)

i which Ar=1— b rrorli 200
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 the 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

_0.857°E,, - N
FCHW— (face grain parallel to length)
(2:69)
Fc=g."(8‘£,7;_)E2}I (face grain perpendicular to length)
2:70)
’ P i
(L /p)cr—S.DO‘\ ..
or 3.55+ /5202 respectively
Short columns
F N4

where

K= (I”/P)cr
Fou=F,u 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 \\ N
\ —-"//\ e K=10
3.0 \\ A\ 3 — K=08
\\\-———" e i e T K=06
' — T K04
20 ‘/> - —T ] K:0.2
"~ T T — K:0
10 = : ‘
ob. 08 T4 l.6 2.0 2.4 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 analvsis 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 critera
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 2.72 and 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 {f=0° or 90°). The ecriti-
cal buckling stress of flat rectangular plywood
panels subjected to uniform compressive stress 1s
given by the following formula (ref. 2-55).

7 g B (1)2
cer [ a

Qe
N, (2:72)

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+ 2k:| (2:73)

7.0
/
6.0 \// . et e K= 1.0
SZTA NN S g S K:08
l&\ 50 \/ A\\\--_.-/ - K:=06
0 (\ \\\,_____ | K =04
\ / \\*-——/A\“-—-—/ K=02
4.0 ] g Ty . ' J— -
\\/ "-—-/ K =0
3'00.5 08 10 12 I4€ [6 |8 20 22 24 26
4

Figure 2-24.

Plot of equation (2:73)
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Figure 2-26. Plol of equation (2:75).
in which 2 :
m W E L, G c—_—.ﬁz(.), T‘2+%+10]C)
Lk 2N, G .
- VE &, For three half-waves (2:75)
AND Ho=y55 (254201
r== E 120
2

m=the number of half-wave lengths in the

shape of the buckled panel defined by
the inequality,

Amm—1) <r<Am mF 1)

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

25 (5 (P +] e
;\m@o\/m

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

For one half-wave
Hc——— (3r2+ —]-Sk)

-~ For two half-waves

68

For four half-waves

7 353
Hc—204 <r2+—-+34k>

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 (s 3 oy
H = g (3r +ot Qk)
For two half-waves
H. “1_8?6 (1 6r
For three half-waves

2 51
H~7T <2r2-|~F—I—1O!L)

For four half-waves

7t ., 1059
Hc—m(lﬁr +

123
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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. 2-50).

E13 E2)1/4 ( )
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 @
and b are assigned to the dimensions of the panel

1 K,
in such a way that »-_3 T

For=H, (2:77)

) 15 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-

Ve

Plot of equation {2:78}.

lowing interaction formula (ref. 2-50)
(72) +e=
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 3=0° or 90°.
2.715. Compression, 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 described. Curves for the cases in which
B8=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 F. —K.F ‘ B (3): >

", r=4y z] { = 2:80
flat rectangular plywood panels subjected to ° ErerErl a ( )
either uniform compression or uniform shear where

stresses 1s given by the following general formulas. K. and K, are fﬂCt_'C'TS 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

Fow=E,[Ep+E,] (5)2 (2:79)

2z
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Figure 2-28. Curves for caleulaling the buckling shear stress in orthotropic rectangular plaies, with simply supported edges

whose azes of elastic symmeiry are parallel to the edges. (Taken from paper by E. Seydel, Zettschrift fur Flugtechnik
und Luftschiffahrt 24, 78-83, 1933.)
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Figure 2-29. Curves for calculating the buckling shear stress In orthotropic rectanguler plates, with clamped edges, whose azes

of elastic symmetry are parallel o 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 a 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

H

shall be considered as a 8==0° case when the face
grain is perpendicular to the edge having dimen-
sion ¢ and as & 8=90° case when the face grain
is parallel to the edge having dimension e (fig.
2-42).

One method of obtaining K or X, is by the use
of figures 2-30 to 2-36 as explained in section
2.7151. Approximate values of K, or K, suitable
for ordinary purposes may be obtained 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 1s 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, Qalculate E;meEH in ac-
cordance with section 2.52, read K;« or K, and
bja from figures 2-38 to 2-41 and correct for
panel size by means of figure 2-37.

2.7151. Combined compression (or tension) end
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
types 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

E,. .
of =% of the buckling constants for two

Bt By
plywood constructions whose values of the ratio

En
Ept+Ey.
under consideration. The values of these ratios
for the plywood -constructions considered in
figures 2-30 to 2-36 may be calculated with
sufficient accuracy by assuming E,=0.05 H,.

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. o, K., lies on or outside the curve.

are fairly close to that of the plywood
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" Nine-ply construction.

83



—

 —

r— o

—

- C

r— O

3
fl[’ 3 s :‘;E Y'uu‘ M
-
/ / Y] \\L\Ez T
% N 'mu —
/] 2 TN
[] - '%: \\\
i | A N - g 7 2l
[ )
¥
1444 -
w
I 0
/ '%‘ i -2 A//
[0 | Zon
A, - -3 ,uu‘ S
—3) _:é / Ll 4 _l
:: 5 - 2
& = 4 "
i
-5
N 4
SCALE FOR % AND ¥
e}
9-PLY (LEFLENETE B 600
<
B
[ \'\\ - 4 ’ T
1
!! - ) £ TIESE x-
i [T
P4
! 'me
1 It
1 —
] o !
‘ | ! 1 -i ’ (k)= ’
Y T
l e |
]l =S
i
Y
l i i -
=
k ¥ X
”5-; —ig /4// - kil
e W _—
§ 5 47 ]
| )
-s-car.t gﬂﬁémﬁ?r

7 M 50613 ¥. (5) )
9=PLY [1EEEEEL 8090

84

Figure 235 (e, f, g, hj—Continued.

\\\ N}
~ ._:;,3
| \\\ 5 =
| N
i -
/ b N F
7 T T/ ;
I] it \
- 44 -3 -2 N ;I 0 f\ Wf
] % j /
/ =

/ IG:%: X ,

- = e - / T
__g _§ // Yim —
I <1 L] .

& E '// W:% :'-—

I A,

\ - )
e B
o | 2
LSCALE FOR % AND 7
£}
Q-PLY (11110 1:0:0:) e 75°
|
IS ‘
]
i ~ , -
I , 3 bt
l bt \é— L
I _b"{ WL
/ P — \\ Wil
/ S LN
] - F ] _1 o . V{x,)-
/ 13} , v !_

/ oE (] /// L
- g/'—§ 1 /,g o 5
. ,;\ 1y

3 3 A s

] P

[k ;

SeaLe %ﬂ 4@ ani >

(h}

S-PLY (12:2:2:2:2:2:2:0)8m0°



— .

o

CL

r— 7 - .0 .

r -

r— -

]'

LA
l ik oo

I
/
|
/
/

x
o

fe ]

o7 >
7\\1
.
v for fa :

e

£ehve o

CURYE T
|t

‘
N B / : ‘
Y S g —1 L==n
> g Wit / 1=
| - e e
g
// § | ¢ prd ,
- e A
— . \ /
-
l 4/ ol
{ AT
=i a 5 2 = [ A F4
SCALE Fon % aw0 ¥ FCALE FOR %a AND T
(i} (Jj}
FPLY (1:2:2:2:2:2:2:2:1) 045" 9 Py (Paiziz2:2:2:2:) 8= 90°

Figure 2-35 (i, )—Continued.

f | I~ |
- \ . / I ™. é”j»—-—— i [T -
- ] < : i B
?
l / \\_\ . 3 ¥ S l! 100 z¥ ‘mu' F—'
\;: L Lo : - \ I
/ I v \\- ._'\_:.. g :um :.. / ‘mu ! \k\
]
I : N
/ a ‘mu T \ N ’ 7 f il ? I/Jf’fcf-z
5 e 5 : ! ] 7 2 A/ )% H d //
/ v ! e -/ | e?/ ?‘;\ 5 : U /
e e :' ! " /’ Y
/ Enlnniemu Y A B akml A
of | ‘ﬁ-'-;.J: L L / l " 7 X ]
—s— % //; el g bt
I :\ A a S ! ! ’_
§ : E\ // "
EEADZESRN N T
T
t [ -4 ) i1
-0 4 - 0 i P
SCALE Fom Y AxD Y SCALE FOR Y AND ¥
@ 2
-PLY 80 AND S 90 eo-PLY Bef5"

Figure 2-36 (a, b). Curves of critical bucking constants for infinitely long rectangular plywood panels under combined loading.
Edges simply supported. B=uangle between face grain and direction of applied stress. Infinite-ply construction.

939770 —51——T 85



T r— r— -

[

r o

-

S

r o

86

Figure 2-36 (c, d, e, f)~—Continued. '

M~ ’y '
I
/ N2 % N //
T AT X T 4
fi TN = ,
Imu 2 8 / , ™ 2 1ii4
/ ™ 7
/ {7/ A : RNNIEE &
il I v / / Y] . \zk 'mn
i ™.
u Y
il L . | . (xﬁ;../} . // / é ;m”$ o, \\
| N
J\/ u\ Y it f '/ I \
1 : ) L T e [
: :\ 40' X Ty / Y 1 i/
& — i 22— i = ; ALIR S A
S 3 A 7 MR 7 /
G AT X% T — &% L] 77 [ 4
| A IR/ g :\\ A D
CENE A1
-4 \ // g as 3 ;—
-3 —
/ it
[ LA
-5 4
- I\
Jf‘fﬂlf 2‘01’?;‘3#!{; 7 - 1 ..;iﬁ.lf ‘i’ﬂﬁ‘ 9’{’: ﬂNDz'l’ i
' {c) (2]
e -plY £:30° ePLY g-45"
| [
L | i o™
= - 3
// \\ ;E‘ :‘HH: i {l \\ ‘j‘;ﬂ_ »
l . \\x_ e X ! ST ‘%‘ ——
” 2" /] 2 O: : %
I 1 \\ / ! Y 1 \ ‘mug
/1] g LN / =2
1 e N ]  FAREN
- 3 Z | 0 [ A 2z 5 B 3 -z / [7] f\ 2|
('(r-"')__ i ][-’(c)-
/ BT i I ,
==
i W A / = T
.\/ q\ [T 2| — = um| -Z ¥
— -2 — S8 // i e
“/ m\ L~ y % u,\ )
L o e g‘ - - w 3 : .
I8 PN I L) e
] - 'fﬂﬂ‘ '— \ — // -
-5 -5
- 0 ] F « o 1 2
| seaLr ror & anp > SCALE FOR % AND 7
(e) )
w-PLY Fe=GO" es-pLY A<75°




[

.

r—

S S

— .

— r - r.

o 8 7 P ?’—' 5 4 3 2
09 ' . [ . Lh*"-:..________ L\"\
T
08 f [~ —
07 Ir el — ] \
Ly

\

1 -
SIMPLY SUPPORTED £DGES \\J/
06 ) ' H "

;&L‘Q 0.5 : ; ' // / / 4

e

] | 1
/ ~— CLAMPED EDGES
} . 1 t

T

|
4
l | / .J/ /.

, |
I} o/ 02 03 04 05 pe a7 0.8 0.9 1o 2 1.3 L4 L5
-]
bl
b
vy
9 8 7 ] 5 < 3 2 /
4 ' —
<N
N .
~ éngf
s
08 e e
///
%‘ a6
AW}
o
04
oz
%
0
7 0.2 o4 06 o8 4] l2 r4 16
J)
-5':'

Figure 2-37. Corrections for panel size: Top, when 8=0°, 45°, or 90° and panel is subjected lo shear stress; boitom, when the
panel is subjected to compression with the edges simply supported and B=0° or 90° is a computed curve (ref. 2-50).

87




‘popoddns Apbws sabpg  '0f,q fo uorputwiagap dof 40oyYs wiofiun 4apun
UOHPONEUOY pRolapwis fo soqpd Buey fjepuur fo Burpyongr cgu—g aunbury

pareoddns
fipdway sobpsp  2(*31) fo worpnauiogp H0f 4DIYS wsfrun sopun wolprgy
“wod qungswenis fo sapyd Buoy fipayuifui fo buwippng ~(fo1) gp-z smbiy

X4 M4,
.
O/ S6D €0 580 GV SO L[O S%0 S0 §SD s0
0
0
o - 90
/
/Ilrll.l...ll.. 0
llll. :
3> s
12550 ; .
‘N.W«A _
= -~ ~ \\me“ 1
Vi e Y CE N R
AT THAHO
\ g7
Vi 0z
44
v

1 -1 ) 1 __]

1

A, M

e M

e
0 S60 60 S0 80 SL0 L0 $90 90 S50 w.m

zo0

= : (4"

N 20
N .

o7

,f,‘“‘/

\\/; \//

P

o o€

8" —{z¢

(4]

9t

—1

88

]




payiod
~dns. Apdwers sofpsyp v/ ,q fo wonnuiucssiop iof worssaiduod wutoftun sopun
wonnsuod pngunculis fo ssymd Buop Mmuafur fo Burpyongy pv-g sunbrg

7

0l 560 60 SP0 F0 S0 L0 §90 90 650 SO

o
0
70

] : 90

/ -
~> .
.I. ° Q.VAQ N QQ
T |eSh=g \V o D_Gn

\

—— [4)

\_ - vi

e7

oz

l

PO IS [ B RS RN SET R R

89

, ‘paptoddns
fipduirs sabpsp 2 (031) fo uotppuineopp cof uorssaidiueod weofiun iapun 1o
“onagsued  puolgswadis o smupd Buoy fippufur fo Buyyong cgv—g sunbiy

2Rk
E
07 560 60 90 80 SL0 L0 S90 90 6§50 .m..m

20

/

yd
/ .
|

|
rm(;

0z



"D 0} p3)jwivd s uppsd 200f ‘6= ¢ 10f ‘v 07 wwmorpusd.sd 81 Wl 20vf ‘Y=g 404 "2fipa 4oyna fo uorsuaup o 9 fow D ‘uvays up papooy spund uy ‘Fh—g sunbry

L06=8/ =5

I | ﬁw | | Q
A -« D > | D > 6

¥ e e —— e R R gy 1
P 7>

S [ D EEY B DS T R TR R AN R S SR SRR TS S

90



Table 2-14. Buckling constanis for plywood !

i
P THREE-PLY
Shear Compression
L
) Face 0°
grain 0° 90° . 0 and a0° 15°
-~ angle Face grainin Face grain in ag°
L tension compression
Nomi-
T ik | Ue ¥ia (K w b/a (e bia (Kw ba Vie | (Kdw | tia | (Koa | bYa
L‘ ness
(1 2 (3) (4 {5 (6) ) (8) )] (10} (11} 12) (13) e8]
I Inch
0. 035 0.60 ¢+ 2.13 2.05 ' 0.80 ! 0. 57 0. 95 3. 50 1. 74 1. 88 0.71 0. 33 0. 86 0. 84
. 070 .80 ¢ 179 2,11 . B8 .78 1. 86 3. 3¢ 1.72 1. 62 . 82 . 62 1. 08 .9
- . 100 .75 7 1.85 2. 10 . 66 .73 1. 03 3. 38 1. 72 1. 67 . 80 . 60 1. 03 .90
. 125 .88, 1.70 213 .71 . 87 1. 10 3. 27 1.71 1. 55 . 87 . 65 1. 17 .93
.. 135 .94 1,65 2. 14 .72 .93 1.12 3.22 1. 70 1. 50 .89 . B7 1.23 .94
. 185 .95 ¢ 1.64 2.14 .73 .94 1.13 3.22 PLT0 1. 50 .90 . 68 1. 24 .94
v | |
- FIVE-PLY
L |
‘ 0. 160 1. 25 1. 42 2,13 0.83 1. 29 1. 26 2.91 1. 66 1. 31 1.02 0.77 1. 49 0. 97
b . 190 1. 35 1. 36 2,12 .87 1. 41 1. 30 2.81 1. 64 1. 26 1. 04 . 80 1. 56 .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
i . 2350 1. 30 1. 38 2. 12 -85 1. 35 1. 28 2. 86 1. 64 1. 28 1. 04 .79 1. 33 . 98
L . 315 1. 29 1.39 212 .85 1. 34 1. 28 2. 87 1. 65 1. 29 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)
E Any 140 1.32 2. 10 0. 89 1. 46 1. 32 275 Le62 1. 23 1. 06 0.82 1.54 0. 99
- NINE-PLY (all plies of equal thickness)
Any 1. 52 i 1. 26 2.06 0. 94 1. 63 1. 37 260, 1.59 1. 17 1. 09 ! 0. 86 ' 1. 66 0.99
g | 1 ! | ‘
i
b ELEVEN-PLY ({(ail plies of equal thickness)
| | ]
L Any 1. 59 ;L 22 2.03 0. 86 1. 72 1. 40 2.52 1 1.38 1. 14 1. 10 0.88! 1.70 ; 0. 99
| | |
1 o
P ! The buckling constants listed in this table correspond only to the plywoed thicknesses and coastructions listed in table 2-13 that cdrrespond to Army-
E Navy specification AN=-NN-P-511b (Plywood and Veneer; Aircraft Flat Panel). The values in this table were computed as follows: For each construetion
S

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

o —

-

panel to its width (a).

{~  The curve marked 8'/a is the ratio of half the
L wave length (b") of a buckle in an infinitely long
This ratio is to be used in
conjunction with figures 2-37 to 2—41 in obtaining

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 exact determination of these buckling
» constants or to determine the buckling constants of 2 plywood construction different from those specified in AN-NN-P-511b, see section 2.7,

the correction factors for panels of finite length
to be applied to K, -

The curves in figures 2-30 to 2-36 marked v
give the slope of the panel wrinkles with respect
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to the O-X axis indicated on the stress sketches.
The procedure in the use ot these figures is as
follows:

(1) From the analysis the shear stress (fs)
and the compression (7.) or tension stress
(=fc) acting on a particular plywood
panel will have been calculated.

(2) Determine the ratio f,/f, and, on the figure
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:r

(3) The point at which the constructed line
crosses the curve gives the critical buck-
ling constants K, and X.. at which an
infinitely 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 #'/a for the point on
the b’/a curve which is obtained by pro-
Jecting horizontally from K,. deter-
mined in step (3).

(5) From the pane! dimensions compute b’
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 Joads 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 & hypothetical
panel that will fail at its buckling load.

2.722. Compression (B=any angle). The ab-
scissa of figure 243 is obtained from the equation

a Fcu@
p— — 9.
a, ‘\’ ﬁjccr (HSI)

n 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 ohtained from the equation

LA
O

a,

(2:82)

in which F, is obtained from equation {2:50)
(2:57), or (2:58) 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 WeBs.

2.730. General. Beams are 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 beavy shear
frames with hinged corners will give shear strengths
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 2423,
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2.731. Allowable shear stresses. The sallowable
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-;z— 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 a/a,
values greater than 4.0, the a/b curves may be
extrapolated as straight lines to meet at a point
corresponding to a/a,—10 and F,/Fu=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 90° 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 ¢/b in the form
of a family of curves. The a/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/e, 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 Fyu. No accurate ecriteria
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 yicld
stress is reached. The buckling curve established
by these tests is shown in figure 2-45.

2.74. LicuTexiNe Hores. 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. Tors1oNAL STRENGTH aND RIGIDITY oOF
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.:
. T
J s—m (2:83)
where
t=thickness of one web
b'=mean width of spar (total width minus
thickness of one web)
C’=average of the outside and inside peri-
phery of the ecross 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

6=4G’tb’(0’— 262

(2:84)

2.76. Prywoop Panxers UxpER NorMaL Loabs.

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
ported.

edges simply sup-

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,=copstant 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 @ and &, and £, 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.
(6) Uniform load—all edges clamped.

w,=0.031 K, (2:86)

pat
E#
where

K,=constant from figure 2-46 (a)

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

- E N\ Pa?

wazo.gau.ﬁg ‘E—.E E‘E (2:87)

where
Ky=constant from figure 2-46 (a).
2.762. Large deflections.
(@) Uniform load-—all edges simply sup-
ported. ~
The relation between the load and
defiection is given by the formula:

Tk i
p=K4ELwUE+K5ELw,,3&—4- (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
Meax. =N Ew, E%“é (long narrow panels only)
(2:89)
where
M =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 temsile 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)

() Uniform load—all edges clamped.

The load-deflection relation, formula (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
A; from figure 2-46 (¢) is substituted for A; in
formula (2:89).

Table 2-15. Talues of constants in the approximate deflection
Jormulas for plywood panels under normal loads !

Uniferm load all Tniform laad all

edges simply
Panel construction 2 ‘ supported | edges clamped

i : i
/ey K, 1 K (b,’aﬁl e | K»

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

[6=90°)9=50°) 9=90°); #=90°}

1.5 L7 54 20 3.6 6.0

2.0 B 4TI>B60 25 T

>3.0 S R W U A

#=90° ! >10| 65| 3133 10 33| o

5 ply, §=0° 1,0} {see (see 1.0 (see (see

=007 6:=00°) i#=00°)|g=90°)

1.5, 24 6.5 2.0 8.3 8.2

>200 L5] 60]|>30. T.o o.4

§=50° 1.9 6.2 123 10 287 1.7
[ >15! 50 10,0 >20

ol 265 155
!

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

2 is the angle between the face grain direction and side b of the panel,

2.77. StirFeNED FLAT PLYWOOD 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:

1 i4+d
200t ERE, E
cthEad T T ES

Z,=

(2:91)
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- 7 -

r— (- 7 - r -0
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in which
a=VP+P—1

) ¢=§ \lEWEZ(G_m.—

e¢=1if the edge of length b is simply, sup-
ported

2pe

c==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

(ED),= [d“’—t—S(t-{-d 2Z ) +th B, 2,0 (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 minmimum stifiness
of the stiffener that will accomplish this purpose
is defined in the following sections,

2.7721. Stiffened panel subjected to edgewise
compression, stiffener perpendicular to the direction
of the stress and parallel to side ¢ (8=0° or 90°)
(ref. 2-30).

_t_' (Fcrm__Fcrp) (293)

(Elser=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 /mfurﬁAL 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 (8=45°). The stiffness in the neighbor-
hood of the stiffener added to the plate by the
stiffener is assumed to be the stifiness of the stiff-
ener alone
1
12

(BEDy=-— Ek &8 (2:94)

and the critical stiffness of the stiffener is approx-
imately

El, =12 2:95
( )ur_40b (G'crm_.a'.crp) (-‘ ;Z)}

i which

a=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 in which the values of ¢, and ¢, are ob-
tained from the critical buckling stresses of the
panel, considered to be unstiffened 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°).

tab® 2dh E,
TP (14 )~ o
(2:96)

(EI)sar=

in which (E[,, is the critical value of (E7), 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:

Es 7 .
f.:cr:'E‘Tb Fcrm (297)

The load carried by the panel and the stiffener
at the critical stress of the panel is:
E;
Py=Fn | at+2: 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 a 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 edgewise
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 is assumed to be the stiffness of the stif-

fener alone and 1s given by formula (2:94). The
critical stiffness of the stiffener is:
(EI)MF% b (Fon—F.)  (2:00)

in which (El).. 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 a and & 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 panel
and B==0° or 80°,
o EReL )
(EI)sc.r~8 Kl(Li (2100)
in which

(ET),.,~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)

Fig 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 (7T}, is equal to or greater
than (E@).,.

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

il : 101
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Figure 2--49. Curve for computation of ultimale load on a panel having a vertical stiffener.
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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 i,

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

D_ Eff  E.f forstiffeners ;éqralllel

»=Ton Ton or perpendicular

7 4 to the direction of

the face grain of

3 3 =

D,= }‘%’t v Bt the panel, respec-

128, 7 12X, tively. .
Griat®
DSt

Dypey 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 mto account as described in
section 2.52,

Dy, Dy, and Dy, 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 subscripts 1

- and 2 denote directions parallel and perpendicular,

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

Pccrzlec\ D.ineDze'a% (2~101)
Po..=12H. [D\}Du}* % (2:102)
in which
k_____-Dwe #‘fme+2Dwze
v Dy, D;
b /DAY
T a D2,>

2.7731. Determination of D, .. The stiffeners
being closely spaced, the usual engineering formula
that takes into account the location of the neutral

axis, can be employed.

nhd 3@+d)?
Dm:Dw_l_l_QE K, [d2+ﬂth,+ 1] (2:103)
gEgt

in which
g= the width of the panel across the stiffen-
ers and is equal to e 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,.. When 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.
D2 h D,
ch2:|—g [1_ D-"—‘C+1:I

r=u-(=3) -

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

2.7733. Determination of D;..

sze= {[g—ﬂh] Dzt [h_ f(t+d)]ch}

(2:105)

oy i

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

2.7734. Determination of prrpe.

_ ‘\/.Ufwz nu_ferweD:e
K frwe=— T
we

(2:106)

in which the values of u,- and ., 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-
g 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; i1s 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 maximum 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 having the same
flange dimensions as the outer flange of the stiffener,
and the same web thickness as the stiffener, but
of a 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:

_dRE(t+d—2Z,)
Ge= SUEZ

(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 _ttd (2:109)
2 ts Eb+1
dh E,
If this is not the case, then
D,.=D, +1 hd 5 BB, E,(t-+d—2Z.)?

(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 failure 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. STRENGTH 1¥ COMPRESSION OR SHEAR; OR
ComeINED  ComprEssioN (or TexsrioN) anNp
Suear. When failure by buckling does not oceur,
the ultimate 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. Circurar THiN-WaLLep Prywoop Cryi-

" 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 cylinder (to
be modified for design as described later in the
section) is given by the formula:

Fccr=Ku{Efw+Efz] (2'111)

~3 | o=

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

_E'Tf}_Ez 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. E,+ZE: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 plvwood for which the ratio m is small or

nearly equal to unity.

107



-

"uoissadueod oo ui saapunfio poom#yd wpyr 'Buo] tof sauns (po1pLONY ], §4-3 aunbrg

01 60 g0

22+'7
77

Lo 90 £0

144

/]

29

ro 4

109

a00

£00

0

w00

900

i
<

600

4 ore

1o

a1

£

-4 3 _) ) ]

-3 3 ¥ .1

/0



- . .ol

r_—-'..

r""'*‘ .

-

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) ecircum-
ferential. In using figure 2—54, however, to obtain
the design buckling stress, the proportional-limit
value F,, should be that for the plvwood at 45° to
the face grain. F,,,;, may be taken as 0.55 Fiu;,
where F.; is determined by section 2.610.

2.8213. Compression—effect of length. If the
cylinders are not long, an adjusted value by XA,
designated by K,.. should be used in formula
(2:111)., Values of K,, can be determined from
figure 2-55 in which L is the length of the eylinder,
and the subscripts 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

Frm Ko (Epe-t Ep) ; (2:112)

in which the value of K. depends upon values of

E,
W, U, my and 6
1 Grt Goe
V=3 E.+E,.
. LA
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
g are given in figures 2-57, 2-58, and 2-59. The

nomenclature is illustrated in figure 2-36. (Ref.
2-03)
2.824. Combined torsion and bendin.g Cases

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

(Fstcr> (Fbcr> - 0
where:

fse=applied torsional shear stress
fr=applied bending stress
Fy-=pure torsion design buckling stress
Fye,=pure bending design buckling stress

2.83. CurveEp PanELs.

2.831. Axial compression. The buckling stress
is that of a complete eylinder, 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.

It 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)

(E3E,)Y*
FSCT H.‘I 5RJ’

(2:113)

(%)24—}{,( Bt Eny

{2:114)
or

Fscr [Efw+Efz [K +K :| (7 110)

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

2.84. LongITupixaLLy 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. Azial compression (or tension). The
compressive stress in the plywood is:

. PE,
f°_nth,,—{—2th,,

(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

f=__ PE
T nhdE,F2nriE,

in which P is the total load on the stiffened
cvlinder, K, and E, apply to the plywood and the
stiffeners, respectively, in the direction of the axis
of the cylinder, r is the mean radius of the plywood
cylinder, n 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:
2GwTr
= - 2 (2:118)
nh &, T + 7 Gap(rgt—7r,9)
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and that in the stiffener is:

2@ Tr
" :
nhG, = ! +7|'Gab(7"34_?'24)

To 1

Jo=

(2:119)

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, Gy and G, are the moduli of rigidity of the
ply¥wood and the stiffeners, respectively, with
reference to longitudinal and circumferential axes,
and I is the applied torque.

DIRECTION OF
FACE GRAIN

--—...._.——

2

Figure 2-66. Illustration of the meaning af the symbols
used for cylinders subjected to torsion.

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

eylinder, 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 wil)
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 Joads 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 cvhinder, neglecting the effect of
the stiffeners. The torque at which buckling
occurs can be found by setting this stress .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 mav be
increased, (Ref. 2-96)

2.85. STIFFENED CURVED PANELS.
stiffener bisecting the panel.

2.851. Axial compression.

2.8511. Stiffener azial. The critical stress in
the plywood is 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 =
equal to unity, and solving for P.

2.8512. Stiffener circumferential, The eritical
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

A single

(ED,>0.4F,.rh? (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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