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ABSTRACT

It was the purpose of this thesis to derive expressions which

could be used to predict the buckling of plywood panels.

To solve the problen the plywood sheet was considered to be an

orthotropic p1ate. An expression was derived using the differential

equation of the deflection surface of an orthotropic p1ate. Boundary

conditions hrere used which considered the edge menbers to have both

flexural and torsional stiffness.

The expression derived was solved for a 7/4 inch plywood plate

with several different edge members. Special solutions such as sinple

support and free edge were also obtained from the expression derived.

These solutions were obtained with the aid of a cornputer. Charts of

all solutions obtained were drawn which nade simple and fast solutions

possible by hand for the complicated expression deríved.

Good quantitative agreement between previous published solutions

was obtained for the special solutions. The theoretical results showed

that the loca1 buckling of the plywood skin of the panel could be pre-

dicted by assuning that the plywood plate was simply supported on its

unloaded edges.

A series of tests on full size panels were run. Quantitative

agreement was not obtained fron these tests but recommendations for

future research were made which could lead to quantitative agreement.
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NOTATION

- length of plywood plate

b - width of plywood plate

t - thickness of plywood plate

ox - Uniforrn cotnpressive stress in x direction over the ends of
the plywood plate.

ob - uniform compressive stress in x direction over the ends of
the wood edge nenbers.

6c" - critical buckl-ing stress of plywood plate

Ex- - modulus of elasticity of orthotropic plate in the x direction

Ey - nodulus of elasticity of orthotropic plate in the y direction

vy - Poissonrs ratio of an orthotropic plate associated with strain' in the x direction due to stress in the y direction.

vl - Poissonrs ratio'of an orthotropic plate associated with strain
in the y direction due to stress in the x direction.

G - nodulus of rigidity of an orthotropic plate

I^I - deflection of a plate in the Z direction.

Mx - noment per unit length of an orthotropic plate along the edges
x=a, and x=o

Mv - mornent per unit length of an orthotropic plate along the edges
' y=b/2 and y= -b/Z

E6 - nodulus of elasticity in Uen¿irrg of the wood edge members in
the x direction.

Ebn - nodulus of elasticity in plane stress of the wood edge members
' in the x direction

A6 - area of wood edge menbers

16 - mornent of inertia of wood edge rnernbers about the y axis

G6 rnodulus of rigidity of wood edge rnembers

d depth of the cross section of the edge menber

e = width of the cross section of the edge menber

ì:');..:i:.-. a

r:. : '
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B - constant used to deternine the torsional rigidity of the edge
members

C - torsíonal rigidity of the edge nembers

E¡ - nodulus of elasticity para1le1 to the grain of wood

ET - nodulus of elasticity of wood perpendicular to the grain where
the deformation is tangentical to the annual rings

Ep - modulus of elasticity of wood perpendicular to the grain where
the defornation is radial to the annual rings

Glt - nodulus of rigidity of wood associated with shear deformation
in the LT plane from shear stresses in the ¡p and ¡1 planes

vLT - Poissonts Ratio of wood associated with lateral deformation
ín the 1 direction due to stress in the ¡ direction

vTL - Poissonts Ratio of wood associated with lateral defornation
ín the ¡ direction due to stress in the 1 direction.

gxp nodulus of elasticity of a plywood plate in plane stïess

I - moment of inertia of a one foot strip of the plywood plate

11 - moment of inertia of a one foot strip of the plies of a plywood
plate whose grain is paralle1 to the x direction

12 - monent of inertia of a one foot strip of the plies of a plywood
plate whose grain is perpendicular to the ¡ direction

:, ..'.:



CFI,APTER I

INTRODUCTION

1.1 Stâtement of problem.

A plywood panel when loaded in conpression rnay fail due to
buckling before the a11owable compressive stress based on the ulti-
mate compressive strength is reached. The true allowable compressive

stress should therefore depend' upon the buckling stïess of the plywood

panel

1.2 Purpose of thesís.

rt was the purpose of this thesis to derive an expression or

expressions which could be used to predict the buckling of plywood

panels and hence could be used to establish proper aI1owab1e compressíve

stTesses for these panels. rt was arso the purpose to run a snall
series of tests to examine the validity of any expressions derived.

i::l:,l::l:::rr
i; :. : r.1

i'i:-:ìr¡r:::;l



CHAPTER II

DERIVATION OF CRITICAL BUCKLING STRESS EQUATION

2.I Int-roduction.

The preceding chapter stated the purpose of this thesis. rn

this chapter the expression required will be derived.

2.2 Panel considered.

The panel considered is shown ín Figure 2.ra. The panel was

composed of a single rectangular sheet of plywood with two solid wood

members fastened along the edges which r^rere paral1e1 to the face grain

of the plywood. The edge nembers were equal and rectangular in cross
l

section. The plywood sheet was a units in length, 6 units in width,

and ¿ units in thickness.

2.3 Choice of axes and loading.

The choice of axes hias as shown in Figure 2.rb. The l axis was

para1le1 to the face grain of the plywood, and therefore parallel to
the edge mernbers.

The loading of the panel is also shown in Figure z.Lb. The

panel was assumed to be loaded with uniforrn compressive forces para11e1

to the ¡ axis over the ends x = o, and x = a.

2.4 Assunptions.

The plywood sheet was assumed to be an orthotropic plate con-

pressed in its niddle plane by uniform forces parallel to the ¡ axis.

The loaded edges of the plate were assumed to be sinply supported (see

Ì:,::,i..:::
.: -':, .
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Figure 2.tr(a)

P9,491 Çgnsidered

Figure 2.f(U) 
,

Load.ing and Choiee of Axes
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Figures 5.13, 5.14 arrd 5.15 for loading nethod). The plywood plare,
along its unloaded edges (v=!þ, was assumed to be restrained against

rotation and deflection by the two wood. members. The wood edge

members hrere assumed to be loaded by uniform compïessive forces.

2.5 Method of solution.

The nethod of solving the stability problem was to assume that
the plate buckles slightly under the action of forces applied in its
middle plane and then to calculate the magnitudes that the forces must

have in order to keep the plate in such a slightly buckled shape. This

was done by solving the differential equation of the deflection surface

of a thin oïthotropic plate for the boundary conditions pertaining to
the plate considered. Tímoshenko shows [Z-f1 * that the assumed buckling

of the plate is possible only for certain values of conpressive st1ess.

The smallest of these cornpressive stresses is the required stress for
which buckling first takes place

2.6 Differential Equation.

From equation (A-41), in Appendix A, the differential equation

deflection surface of an orthotropic plate, loaded by compressive

in the x direction, is

+ 2Hð4w
6xTa7

* Dyðfu
ðv4

(2-2)

Nunbers in square brackets are to the references on page 56.

of the

forces

D¡ð4w
ðx4

where

+ toxâ2w=o
âx2

ì (z-r)

12 (1-vyv¡)



Dy = EytS e-3)
12 (l-vyvx)

Dxy = cts e_4)
T2

2H = Dlvt+4Dxy+Dyvx (2-s)

E¡ is the Modulus of Elas.ticity in the x direction.

Ey is the Modulus of Elasticity in the y direction.
' c is the Modulus of Rigidity.

v¡ is Poissonrs Ratio associated with strain in the y direction

due to stress in the x direction.

vy is Poissonrs Ration associated with strain in the x direction

due to stress in the y direction.

As stated in Section 2.5 of this chapter the differential equation

(2-I) nust be solved using the appropriate boundary condítions to yield

the critical buckling stress.

2.7 Boundary conditions-

The panel to be studied was described in section 2.2. Now, the

boundary conditions, appropriate to the panel under consideration, will

be discussed and the appropriate equations developed.

a) Boundary conditions at edges x=o, and x=a.

At the edges x=o, and x=a, the plate is sinply supported; hence

the deflection and the moment are zero along these edges.

Thus

l^I=O

¡'.t-t.r

Mx = -Dx l-az* * vya2wl = o

Lã7 'V)
And

(2-6)
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where

M* is the moment per unit length along the edges x=o, and x=a.

(equation (A-32), Appendix A.)

Since D¡ does not equal zero, it follows that

ð2w+ v.,rð2w =Q ()-,7\v'v
Equations, (z-o) and(2-T) are the two boundary conditions re-

quired along the edges x=o, and x=a.

b) Boundary conditio,ns at edges y = *q

.-2
At the edges y = lU the plate is support.ed by edge nembers

assumed to have flexural and torsional stiffness. That is, the

bending and twisting of the edge mernber is considered.

The bending of these members is considered first. rt is
assumed that they are pin-ended and are cornpressed with a stress

o6 at the ends x=a, and x=o.

The differential equation of deflection is [2-1]

EbIb âfu * Absb ð2w = q.

âi4 ðx2
(2-B)

where

E6 is the Modulus of Elasticity of the edge menber in the x
direction

16 is the moment of inertia of the edge nernber-abolrt:ithe y axis.

A6 is the area of the edge mernber.

q is the intensity of the load transmitted from the plate to
the edge mernber.

-..r..::rií.] .;::::,-i.r,- :: : :-:j
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The expression for q is l2-rl (using orthotropic ptate expressions)
t- -ì

q = lDy lg . "4'î^l 1 aD*ygsÏ='- $=!Ð e-s)
LâyE âyax2l ' lflày, - ¿

rnserting the expression for q from equation (2-g) into equation (2-g)

the following equation is obtained:

suru ?aT + Abob ð2w = lo, lntg + vx ð3w It o Dxy â3w (y=]9) fà-rolàx4 ð*2 L3r' ryu*r_J çZãt ..

The twisting of the edge members is now considered. The angle of

rotation of any cross section of the nenber is l2-Il

äI^I

ry
and the rate of change of this angle along the edges is

à2wî::ã-oxoy

Hence the twisting moment in the nember is

C ð2w.--
o*oy

where

C is the torsional rigidity of the rnernber
i'

This noment varies along the edge, since the plate is rigidly i
connected with the member and transmits continuously distributed "

moments to it. The magnitude of these applied monents per unit length

is equal and opposite to the bending moments per unit length in the

plate. Hence, frorn a consideration of the rotational equilibriun of

an element of the edge menber, the following equation is obtained:
/_ \caia2*\--Mv

âx \ðxðy/\"z



Substituting the expression for

the above equation yields

'foffi)="W.".*,]
Equations (2-I0) and (2-I

conditions for the edge y= +

My (eguation (A-3S) Appendix A) inro

(2-rr)

1) are the two required boundary

---.T:::1X
:': :'

2.8 Derivation of critical bucklin stress equation l2-Il

In this section the equation

stress of the panels is derived.

that gives the critical buckling

Assuming that under the action

buckles in n sinusoidal half waves in

of the differenriat equation (2-1) is

of compressive forces the plate

the x direction, the solution

taken in the form,

w= f(y) sin (2-12)

where

f(y) is a function of y alone, whic-tr is deternined by the

boundary conditions along the edges at y=!+. Equation (2-Lz) satisfies

the boundary conditions, equations (2-6) and (2-z), along the simply

supported edges, x=o and x=a, of the plate.

Upon introducing equation (2-I2) into the differential equation

(2-I) the following ordinary dífferential equation of the fourth order

is obtained:

mrð
a

., ifm.'T'I
-î)

* lì*
Lç

- 2tt

Dy
4"2 tIi (y)

.e2

irÍ1r4 - tocr
ãF. t,

t:
l,
lll

I

lf rv(y) f(Y) = o (2-13)



where

o¡ is replaced by osy, the unknown critical

plate buckles.

stress at which the

(2 - 1s)

The general solution of equation (2-LS) is

f(y) = A1 
"ol. U, + A2 sin 

.Ç,y 
* A3 cosh cr, + A4 sinh

where

wi'Ztr2 +-Tã-

trÈ.2.,r2

T

Thus, the general solution of the differential equation (Z-I) is

w = sin gqx ( A1 cos 3y + 12 sin ßy + A3 cosh oy * A4 sinh ay) (Z-L4)
a

ry

H

4,

H

q'

'ñ2ït2 
fl H2T [ry,

Since the edge members r^rere assumed to be equal in every

respect, the deflectiofl, w, coltresponding to the smallest value

oct, is a syrunetric function of y. Thêrefore the teniis A2 sin

and A4 sinh oy, in equati on (2-L4), vanish and solution reduces

w = sin m-nx (41 cos ßy + Aa cosh ar)
a

of

ßy

to

To deternine the constants A1 and Ag in equation

boundary conditions along the edge y =+ are used.

This is done by introducing the solution for the

equation (2-15), into equation (2-L0) anð, (2-LI) (which

expressions for the boundary conditions) for a value of

(2-1s) rhe

deflection,

are the

by=z'

i

I..-.

I: :

I

- P* \ ir¡?n,2 *
Dv I ,az

zrz ljmz - !Å\ n2n2 + t osal
¿z I Dr2 Dy J "t2 ryl
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This gives the tÌvo equations:

rA1 
I 
-uOtO 4 cos ßy + Dyß3 sin ß, * vx 4 D, sin ß,
L a4 -E-

+ 4 D¡y ryß sin ßy + A6o6 ry*' ur] +

As l-toto $cosh a, + Dy o3 sinh u,
La4 :.-r',,

...a:.:)..' ,..':

: -::.r-": -

A6o6 m2tr2 .ori, ol = o7'J

,,ty m2n2 D" a sinh clu - 4 D*,. ú2 " sinh cl- +
Tru7Y

(2-16)

Ar | , 4ß sin ßy - Ðyß2 cos ßu - Dyu* ^2r1"o, oy-l +

LãT 
r ¿ r r -T 

_l

A3 
l_" rya sinh dy * Dys,2 cosh a, - Dyu* 

ry""rn 
.r]

= o (2-I7)

Equations (2-16) and (2-I7) are homogeneous linear equations

and non-zero values for A1 and Ag are only possible when the deter-

ninant, A, of this system of equations vanishes. Therefore A=o is

the buckling criterion, which leads to the stability condition

t-
| -U¡l¡ C a n4I4 + Abob C a m2r2 + Du2B2u3 a2

I t4 a2 m2n2L

Dy2 vyB2 a -D y 4D *rB2 u* Dy 2 vxa 3 - n 
12 v x2 ayfu1
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,roo*r"*,#7 tanh o, +

r
lnr2øsffi - Dy2u*ß3 *Dr2vy!u2 - or2u*2ßü- *
I M¿T¿ aLA¿

Dy 4 Dxy B a2 - Dy 4 Dxy vy ß m2r2 - c E6r6 g m4r4 +

a2 a4

c A6o6 g ,Pr4ran g, +-TJ r

T_-1
lor a ß3 o * ny c ß o3l tan ßy tanh o, +L' J

t:

l-toto Dy o2 úÉ+ A6o6 Dy o2 - Erru Dy ß2 n2T2 *

L ¿2 -7-

A6o6 32 ¡ f'l =o

Equation (2-18) is the critícal buckling stress eq

s olution gives the critical buckling stress, o.", of the

next thro chapters will be concerned with the solution of

( 2- 18)

uation. Its
panels. The

this equation.



CHAPTER III

TERMS IN CRITICAL BUCKLING STRESS EQUATION

3.1 Introduction.

In this chapter the constants which appear in the critical

buckling stress equation will be evaluated so that a solution will be

possible.

3.2 Elastic Constants of Wood.

Wood was considered to be an orthotropic naterial. An ortho-

tropic naterial is one which has three nutually perpendicular planes

of elastic syrilnetry. For wood, these planes are deternined by the

three principal directions, the longitudinal, radiaL and tangential

directions, as shown in Figure 3.2

The modulus of elasticity of wood perpendicular to the grain is

designated as E'¡ when the direction in which the deformation takes

place is tangential to the annuaL rings and as Ep when the direction

is radial to the annual rings. The nodulus of elasticity paralIel

to the grain is E¡.

The nodulus of rigidity is associated with shear defornation

in one of the three mutually perpendicular planes, the L, T or R

planes , and with shear stresses in the other two planes. The modulus

of rigidity, G¡1, refers to shear deformation in the ¡1 plane due to

shear stresses in the ¡p and p1 planes.

Because wood has three principal direction, there are six

different values for Poissonrs ratio. Let Poissonrs ratío be v¿6,

,::ì.1;::::::l::

:t:;;::-:':.:

"t-.._ 
.

t:li'1. :nì ; Li{ I i.:,
: 
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'F igure 3.2

Three Principal DÍrections of i^Iood.

Figure 3.3

Arrangement of . -PJywppA, Vg.neefË
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where a is the direction in which the load is applied

direction ín which the lateral deformation, due to the
occurs. Then the six combinations for a anð, b are the

elernents of the ..rnatrix:

Because wood is assumed to have three

the following relationship, which is called

is obtained:

j.^_1:1\¿!:jy-.i:L..rr,!. /¡ =L,.!¿!:¿)L!i:j::;:i¿=â+¡j:;i;il;j';-_;,¡::_-+:-:..:-llí.1::::::ii.t:.';.i::l:.:,i-iÈ.1-:,:,

and b is the

applied Ioad,

off-diagonal

planes of elastic symnetry,

Bettits reciprocal Theorem,

74

',:..:'

From this relationship the following equation is obtained:

vab
vba

E_LA

E¡

Et
E¡

(3-1)

The modulus of elasticity, EL, in bending used for Douglas Fir
was 1.95 x 106 psi. rt was found in reference [g-1]. rt has been

found ls-zl rhat a good average for 
ff 

ir 0.0s. Therefore, the value

of E1 used was 9.75 x 194 psi.

The value 13-21 of v¡1 used. was 0.45. Then, fron equation (3-1)

and the assumed Er value, vTL was d.etermined to be 0.o2zs.

It has been founð, [3-2] that a good average for Glt i, 0.06.
E¡

VTL

vLT

:,ì,.:t:l
' :._ 1_
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Therefore, the value of the nodulus of rigidity of Douglas Fir used was

1.17 x 105 psi.

The value of 1.10 x 106 psi. was found [s-g] for the nodulus of
elasticity, Eb, of the spruce edge nenber. A value of 70 x 103 psi. was

used for the nodulus of rigidity of the edge nenber.

J.5 ply,wood as an orthotropic plate. 
,,,,...i,,..,

The ordinary wood veneeï can be regarded as an orthogonal , 
-:.:ì.:l

anistropic, hornogeneous naterial to which the theory of elasticity and '.t,',';:,,:';,.,

the theory of bending of orthotropic plates applies.

Plywood conprising singre wood veneeïs at ninety degrees to each

other also can be regarded as an orthotropic plate, but a plate hetero-
geneous over its thickness. Because of this heterogeneity, if the re-
lations applicable to homogeneous naterial are for¡nally retained, the

modulus of elasticity of a plywood plate has different values for stresses

in its plane than for bending stresses. poissonfs ratios are also

different for a plywood plate compared to a single veneer. However, the

modulus of rigidíty, GLT, for a plywood plate is not affected because the ,¡,.,1.:t,;,,,

.,r. , ,

modulus of rigidity of each veneer is the same regardless of whether the 
,,:,,;,..'.r.:: ...grain of the veneeï is in the * direction or the y direction.

To take into account the effect of plywood construction on the ;tt1i¡:
nodulus of elasti cíty, sinple approximate equations hrere used. 13-1]

[3-2] [3-4]

The equation for the nodulus of elasticity of a plywood plate

in plane stresS iS 
Ì,,..-.¡,,,,;,,...
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E*p (unr t, (3-2)1t

where

E*n is the modulus of elasticity of a plywood plate in plane

stress

Exi is the modulus of elasticity of the 1th p1y in the ,ç

direction 
'..:,¡,.,,;,.,¡
l. l:.t 

:

t1 is the thickness of the 1th p1y. . .,

';:,:il;';::',, :

t is the thickness of the plywood plate

The equation for the nodulus of elasticity in the ¡ direction
of a plywood plate in bending is

Exr = fu*it¡ (3:3)

where

E¡ is the rnodulus of elasticity in the * d.irection of a plywood

plate in bending.

r is the noment of inertia of a one foot strip of the plywood plate. .,,,,,,1,r
;::;::;: ;;:

Exi is the modulus of elasticity of the 1th p1y in the x direction. '

tl'..tt""11 is the moment of inertia of the 1th p1y. .;,:::.: :

Since I = t3 for a 1 ft. stríp of thickness t inches, and referring
to Figure 5.3, equation (S-S) becomes

E*t3 = E¡I1+ E.¡12 (3-4)

where

11 is the moment of inertia for a I ft. strip of the cross

sectional area of the plies whose grain is parallel to the I d.irection.



L7

12 ís the moment of inertia for a 1

sectional area of the plies whose grain is

direction.

Since II tr 0.05, equation (S-4) becomes
E¡

Ex = .EL. (It * 0.05 12)
t3

sinilarly, the modulus of elasticity (Ey) in the y direction
of a plywood plate in bending, is

Ey =E (0.0s 11 + 12)
ts

ft. strip of the cross

perpendicular to the ¡

(5-s)

(3-6)

(3-7)

plate constants Dy, D* and D*,

Frorn equation (2-3) the expressio.n for D, is

D.,, = En, t3-_
J 4,.

12(1-vyv¡)

The values of vy and v* for 1 p1y have been evaluated in Section

3.2 of this chapter. These values do not apply to the entire thickness

but the product vy vx for 1 p1y can be used without serious error [5-1]

to apply to the entiïe thickness. Therefore, using the values of

0.0225 and 0.45 from section s.2 for v1¡ and v¡1r respectively, the

expression for D, becomes

Dr=t3Eu
11.9

Sinilarly, the

Dx =.t3 Ex

11.9

expression for D* is

(5-8)
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Froni equation (Z-4) the expression for D*, is

Dxy=Gt3-12

-:.:.i : : a.

As explained in Section 3.3, the modulus of rigidity (for any

given direction) is not affected by the heterogeneity through the

thickness. Therefore the varue of r.r7 x r05 psi for G¡T found for 
:,,:,:,I ply of Doug'las Fir can be used for G in equati on (2-4) and, hence, ,,:¡.: :

equati on (2-4) becomes ::::.i:r
i,.r,r., ,i

Dxy = 9750 t3 (3_9)

plate constants v¡D, and l-1.

From equation (3-7) v^DU is

u*Dy = tvvx t3
lt.9

( 3-1 o)

From equation (3-l) vtlEt equals vlrEt for I pIy. Therefore v*E,

evaluated for 1 ply is constant throughout the thickness and v¡.¡E.¡ or

(rrlFl) can be used instead of uxEy. Equation (3-10) therefore becomes

vxDy = g690 t5 (3-1 1)

From equation (2-5) and noting that fron explanation above

u*Ey = v*8, the expression for H is il¡.
; ': :.,1::ìat"il

H=v¡Dy*rDxy (3-12)

By substituting the expressions for v*D, and D*r, from equations (g-11)

and (3-9) respectively, equation (S-12) becomes

!.:'i,': 'ì.:

-:.-..''.:'

::::-:,... .: ::.:
-.:.'.. .,- .



H = 23,200 t3 (3-13)

constants f.or L/4 inch plywood.

The critical buckling stress equation was solved in this thesis
for r/4 inch plywood and tests were ïun using r/4 inch prywood.

Reference l3-5] tabulates values for 11 and 12 found in equations (g-5)

and (3-6) and also values for ti found in equati on (3-2) so the solution
of these equations is very simpre. The other equations nay be solved

easily also by a sinpre substitution for the thickness, t.
Table r gives the values of the constants for a r/4 inch prywood

plate used in solving the critical buckling stress equation.

TABLE I

ELASTIC AND PLATE CONSTANTS FOR 1/4 INCH PLYWOOD

3.5 Wood_ edge n_ember constants

torsional rigidity, C.

19

The torsional rigidity was calculated from [3-6]

c = ßdc3 Gb (3-14)

where

C is the torsional rigidíty of the edge menber.

' d is the depth of the edge member.

c is the width of the edge member.

ß is a constant depending upon the ð.fc ratj.'o of the cross section

Exp t I1 r2 Exltv Dy Dx I o*v H u*Dy

ps1 in. lin.4i in,4 ps1 ps1 in. lb . in. lb . Ln. 1b in.lb n.1b.

1. 19x106 1t 0146 00 106 1.84x106 2.24xI05 294 24I0 152 362 57 .6
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: i Ìr:'

and is shown in Figure 5.4.

% ir the modulus of rigidity of the edge member which is 70 x

103 psi as determined in Section S.2.

Table rr gives the values of the constants of the different edge

member sizes used.

TABLE II

CONSTANTS FOR EDGE MEMBERS

Spruce:Eb = 1.10 x 106 psi Gb = 70 x 103 psi

Si ze EuIu

i..-:...'...
,: :"1

A6

norninal in. xin. ín.2 lb. ín.2 lb. in.2

2x2

1x3

2x4

2,64 63.9 x 104 68.1 x 103

I.97 I2.4 x I05 20.9 x 103

5. 89 71.0 x 105 26.0 x I04

stress in edge member o6.

By a consideration that the strains are equal in the wood edge

mernber and the plywood plate the following equation is obtained:

ob = Ebp ûcr

E*p

(3-1s)

where

E6n is the modulus of elasticity of the edge members in plane

stress (equal to 0.90 tines the modulus of elas-ticity in bending)

Substituting values for E6p and E¡n into equation (3-15) the

exPression for o6 is 
i,,,.,,,i,r;' 

'

ob = 0.833 o., (g-16)
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CHAPTER IV

SOLUTION OF CRITICAL BUCKLING STRESS EQUATION

4.1 Introduction.

rn this chapter wirl be presented the method of solving the
buckling equation and some solutions.

4 . 2 Method of, solution 
1..,..., 

,

Due to the complexity of the critical buckring stress equation 
: r..:

,, 1.r '-'(equation 2-LB) a trial and erTor solution , utiTízing a digital com- i.,ì..t

puter was used. The full details of the computer programs used are
given in Appendix B.

rn the triar and error method used, a solution for ocï ü/as

chosen and the equation evaluated. This was done on the computer by

having two teïms of the equation equar the other two, (these are terms

sr = 81 + B2 and s2 = B3 + B4 in the programs) and having the computer

print out the difference between the two sides (DF = st - sz in the
prograns). As the sign of the varue of the difference changed it was 

: i::,:,,,known that a solution rtras pïesent in that particular ïange of trials :',:i:.i::.

and the answer was then zeroed in by selecting appropriate tríal ,,:.,..,,.,.

arswers wíthin that range.

Two types of programs were written for this method of solution.
The first type, called Type r in the appendix, consisted of tr,\io r?Do' 

i,,..,..-1,,loops. One loop was for the number of modes of buckling (m) and the 
j: :::':'

other loop was for the panel lengths (a). The first trial value of
stress was read with the first node and the loop was completed for the

panel lengths required. Then the loop was completed with the next mode
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required but with the same stress. This procedure was followed for all
v¡alues of trial stress submitted to the computer. This prograrn was used

to determine the prelininaïy ïange of stress values within which the

solution 1ay.

The second type of program, ca11ed Type rr in the appendix, was

used for the zeroing in on the ansureï once the prelírninaïy range was

established by the first pïogran. rn the second type, values of stress
within the range with the appropriate values of length and mode were

read in and the difference found again. The answer cbuld be found to

any accuracy by making the difference between values of stress read in
very snall.

The basic program for both types was identical. There were two
rrrf'l statements present to trap inaginary numbers. when an imaginary

number appeared, the calculation was halted and the program returned to

the next calculation. Thus, only real solutions.r^,eïe calculated.

4.5 Results of computer prograrns

Solutions of the critical buckling stress equation üiere found for
a 24 inch wide panel, r/4 inch plywood, with 2 x 2,s, 1 x s's and 2 x 4ts

as the edge members. The critical buckling stress for these panels at

various lengths are given in Tables Irr to v. The modes, and two con-

stants K., and þ, which will be explained in the next section, are also

given.

special solutions for a 24 inch wide, L/4 j-.nch thick plywood

plate were also found. These solutions weie for sinple support along

the loaded edges, x = o and x = â, and sinple and free support along the

edges y = t b/2. These solutions are given in Tables vr and vrr.



TABLE III

RESULTS FOR PANEL WITH 2 x 2 EDGE MEMBERS

24

BUCKLING

MODE (m)
LENGTH (a)

INCHES
BUCKLING STRESS

Le- 5 psl_.
(oc") K."

1

1

1

1

1

I
1

1

1

1

1

2

2
2

2

TABLE IV

RESULTS FOR PANEL WITH 2 X 4 EDGE MEMBERS

16s
203
178
115

90
65
44
40
28
28
23

16s
T7B
203
209

BUCKLING STRESS (o"r)
t 3 psi.

40.63
60.9s
8L126

r101;:58
121 . 89
I42.2I
162.s2
I82.84
203.rs
223.47
243.78
8I.26

101. 58
121. 89
r42.2I

1

1.5
2

2.5
3

3.5
4

4.5
5

5.5
6
2

2.5
3

3.5

2.86
3. 51
3.08
1 .99
1 .56
1.13

.76

.69

.48

.48

.40
2.86
3. 08
3.51
3.62

K"t

ri:'::::

BUCKLING
MODE (m)

LENGTH (a)
INCHES

1

1

1

1

1

1

1

40 .6s
60.95
8r .26

1,92,94
2Q5:I5
223 .47
243.78

I
1.5

2

4.5
5

5.5
6

165
203
296
259
209
L7B
153

2.86
3. 51
q .0e
4 .4.8
3.62
3. 08
2.65
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TABLE V

RESULTS FOR PANEL WITH 1 X 3 EDGE MEMBERS

BUCKLING
MODE (n)

LENGTH (a)
INCHES

BUCKLING STRESS
t 3 psi

(o"t) K""

1

1

1

1

1

1

1

I
1

1

2
2
)
2
2
3
3
5
3
3

40.63
60.95

101. 58
I2L.89
742.2r
762.52
182.84
203.15
223.47
243.78
60.95
8I.26

101;58
72r.89
142.2I
8r.26

101. s8
12r.89
r42.21
L62.s2

1

1.5
2.5

3
3.5

4
4.5

5

5.5
6

1.5
2

2.5
3

3.5
a

2.5
3

3.5
4

165
203
209
159
128
103

78
65
53
45

I84
16s
178
203
246
203
171
16s
77r
203

2.86
5. 51
3.62
2.75
2.2I
T.7B
1.55
1.13

.92

.78
3.18
2.86
3.08
3. s1
4.26
3. 51
2.96
2.86
2.96
3. s1

;:Ì:'j
t-;
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TABLE VI

RESULTS FOR PANEL WITH FREE UNLOADED EDGES

BUCKLING
MODE (m)

LENGTH (a)
INCHES

BUCKLING STRESS (ocr)
È 0.5 psi

Kc"

1

1

1

1

1

1

1

1

1

1

1

I
1

1

1

1

1

1

1

1

40.63

50. 79

60.95

7I.LO

8!.26
9I.42

101. 58

ILI.73
121.89

r32.05

I42.2I"
Isz.36
L62;52

I72.68
I82.84

193. 00

203.75

2r3.3r
223.47

233.63

1

r.25
1. 50

r.75
2,

2.25

2.s0

2.7s

3

3.2s

5.50

3.7s

4

4.25

4. 50

4.7s

5t

s.25

5.50

5. 75'

1. 00

.64

.45

.35

.28

.21

.77

.74

.11

.10

.09

.08

.07

.06

.05

.05

.04

.04

.04

.04

58

37

26

20

16

I2

10

B

6.5

6

5

4.5

4

3.5

3

3

2.5

215

2

)
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TABLE VII

RESULTS FOR PANEL WITH SIMPLY SUPPORTED UNLOADED EDGES

BUCKLING
MODE (m)

LENGTH (a)
INCHES

BUCKLING STRESS (o.r) K.rt 0.5 psi

1

1

a

I

z

2

2

2

2

3

3

3

3

3

4

4

4

A

A

4

5

q

q

r

5

-
q

30 .47

40.63

50. 79

60.95

s0. 79

60.95

8I.26
91.42

101.58

ILI.73
9r.42

101.58

TIL.73

121 . 89

132.05

L42.2r

I32.0s

I42.2I
rsz.36

L62.52

L72.68

L82.84

193.00

172.68

r82.84

195. 00

203.rs

2L3.31

223.47

233.63

.75

1

L.2s

1.50

7.25

1.50

2

2.25

2.50

2.25

2.50

2.75

3

3.25

3. 5C)

3.25

5.50

3.75
n+

4.25

4. 50

4.75

4.25

4. 50

4.7s

5

5. 50

5.75

185

165

177

205

220

185

165

168

177

189

185

173

r67

165

166

17I

175

r69

166

165

r66

168

172

T7T

168

166

r65

L66

L67

170

3.20

2.86

3.06

3. 55

3. 81

3.20

2.86

2.9I
3. 06

3.27

3.20

2.99

2.89

2.86

2 .87

2.96

3.03

2.92

2.87

2.86

2.87

2.91

2.98

2.96

2.9L

2.87

2.86

2.87

2.89
)oA
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4.4 Gtaphs of results

For comparison with published results and

stresses for various widths, it is convenient to

is called the critical buckling coefficient as a

aspect ratio.

to calculate critical

plot curves of what

function of the reduced

(4-1)

The critical buckling coefficient is defined as:

Kcr = o", b2 t
n2D

where

Kcr

ocr

D-

is the

is the

critical b'uckling

critical buckling

coefficient

stress at width b of the panel

IZ (1_v*vy)

The reduced aspect ratio is defined as:

(4-2)

(4-3)

given in Tables III

4.5 to 4.9. For a

panels solved were

a
6-

where

þ is the reduced aspect ratio

Values of K"" and þ for the panels solved are

to VII. Graphs of K., versus þ are given in Fígures

clearer comparison the values of Kq1 veïsus þ for a1l

plotted on the same graph in Figure 4.10.

4.5 Previous Solutions.

To test the validity of the critical buckling stress equation it
is useful to compare with known results if possible. The equation for

:.,:r:-,.ì.t.:,.:ii

E¡Ey t3
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a plylrood plate, sirnply supported at the unloaded edges, is
l4-r, 4-2, 3-L, s-41

35

(4-4)

The symbols used in equation (4-4) are consistent with those in
this thesis. Equation (4-4) may appear in a different form in the refer-
ences given because of different notation beíng used. Table vrrr gives
the values for a solution of this equation for a 24 inch wide, r/4 inch
thick, plywood plate. A graph of this solution is given in Figure 4.rL.

TABLE VIII

RESULTS OF SIMPLE SUPPORT CASE

BUCKLING LENGTH (a)

FROM PREVIOUS SOLUTIONS

ocr= nz fnra2+2H+Dx,4LþE
ñ2b21

"rl

MODE (n) INCHES BUCKLING STRESS (ocr)
psi

Kcr

I
i
1

1

1

I
?

2

2

2

3
3
3
4
4
4

10. 16
20:32
30 .47
40.63
50. 79
60.95
s0. 79
60.9s
8r.26

10 1. 5B
10 1. 58
I2I.89
r42.2r
742.2I
162.s2
r82.84

.25

.50

.75
I
l-25
1 .50
L25
1.50
2

2.50
2.50
J

3. 50
5. s0
4
4.50

977
294
I84.6
165.9
r77.0
204.9
220.0
r84.6
165 .9
I77.0
172.7
165.9
170.5
169.2
165.9
168. 5

16. 80
5.08
3. 19
2.87
3.06
3.54
3. 81
3. 19
2. 87
3. 06
2.98
2.87
2.95
2.93
2.87
2.9r

In considering a

solution could be found.

plywood plate with free unloaded edges, no known

For comparison, Eulerrs equation for a one foot
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.tl

strip column' with the flexural stiffness of a plate (Dx) replacing the
flexural stiffness of the corurnn (Er), was used. This equation is

^ --2vcï - ,' D¡

t^,

Table IX gives the solution of this

plate. The graph of this result is

equation for a I/4 incln plywood

shown in Figure 4.II.

(4-s)

LENGTII (a)
INCHES

TABLE IX

RESULTS OF EULERIS EQUATION FOR A PLYWOOD PLATE

BUCKLING STRESS
(ocr) psi.

K"r

10. 16

15.24

20.32

30.47

40.63

50. 79

60.95

8L.26

101. 5B

72I.89

I42.2I
162.s2

r82.84

.25

.375

.50

.75

1

7.25

1.s0

2

2.50

3

3. 50

4

4.50

924

4r1

23r

I02.6

s7 .6

36.8

25.6

14.4
g.2

6.4

4.7

3.6
,o

16. 00

7 .r0
3.98

.r.77
1 .00

.64

.44

.25

.16

.11

.08

.06

.05

The equation for the minimum value of the critical buckling stress
for a plywood plate with unloaded edges clanped is l4-I, 4-2,3-41

ocï = 
hV 

ssly'ñ + 2.474 v*D, + Q.s45 Dx¡ (4-6)
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Evaluating equation (4-6) for a 24 indn wide, I/4 ínch thick,
plywood plate, the minimum value of os1. was found to be 324 psi. The

critical buckling coefficient corïesponding to this stress is 5.59.

This critical buckling stress occurs at incrernents ol a/6 given by:

.664 (4-7)

Evaluating equation (4-7) and using the expression for þ at

which the mininun bucklíng stïess occurs is 0.664. That is, the ninimun

buckling stress occuïs at 0 = 0.664, þ = 2+ 0.664, 0 = 3x 0.664 and. so

on. This corresponds to a value of q = 1 for the case of simple support.

The nininum value for the clamped case is shown in Figure 4.rr.

4.6 Discussion of results.

In cornparing the results obtained from the critical bucklíng

stress equati'on with those from theknown equation for the simple suppoït

case, it can be seen that there is excellent agïeement. Also there is

excellent agreement between the free edge case from the critical buckling

stress equation with Eulerts load for a one foot stïip. This validates

the critical buckling stress equation quantitatively for these special

cases. rn trying to validate the equation for the other cases, the

results agree qualitatively with those found by Bleich [4-3] for an

isotropic plate supported elastically on one unloaded side and sinply

supported on the other. The graph of the critical buckling coefficient

as a function of the aspect ratio from Bleichfs results shows the curve

following the simply supported curve and then following a curve giving

a
b
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smaller K., values hiith increasing aspect ratio. , This is identical

r4rith Figure 4.10 which shows the different curves. The ones narked

sintple support and the ones marked 2 x 2, 1 x 3 and 2 x 4.

In evaluating the results from the cases with edge members, 11

can be seen that there are two types of buckling. The first type is

plate buckling of the plywood skin of the pane1. The second type is

column buckling,of the entire panel.

The first type isr usual'1y,'classed as local buckling. In con-

paring the various curves for this local buckling with that of the

simply supported: case, it can be seen that they are identical. There-

fore, for the range of edge members tested, local buckling can be pre-

dicted by considering the plywood plate to be simply supported at the

unloaded edges

There are two possible reasons for this agreement of local

bucklinþ with the case of'sirnple support. One, is that the torsíonal

rigidity of the edge members 'is negligible (which is usually'assuned

in calculations of this kind) and the edge netnbers are flexurally

rigid. The second possibility ís that any decrease in buckling

strength due to flexure of the edge ' members is countered by an increase

in buckling strength due to torsional rigidity of the edge rnembers.

However, it can be seen from the clamped case that àn increase in

buckling strength over the sinple support case also causes a decrease

in the wave lengths (a/O ratiol at which buckling occurs. From a com-

parison of the results it can be seen that there is no decrease, from

the simple support case, in the a/6 ratio at which the ninimum value of

the buckling stress occurs for the cases with edge members. Because of
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this, it would appear that the local buckling case agrees with the

simply supported case because the edge members have negligible torsional

rigidity and are flexurally rigid.

The second type of buckling'is corr¡mn huckling of the entire

panel. This type of buckling shoutrd be predíctable by an Euler equation.

This is a complex problem in itself due to the different moduli of

elasticity which exist in the panel. However, if a suitable equation

of the Euler type could be derived, the prediction of the two types of

buckling failure could be símplified. Instead of using the critical
buckling stless equation, the column type of failure could be predicted

by an Euler equation and the 1ocal buckling phenomena checked by using

the plate formula for the simple support case. This could, no doubt,

be done by hand calculation and the difficulty in using the crítical

buckling stress equation overcome. rf, of course, the Euler buckling

predictíon r^ras not accurate; graphs of the critical buckling stress

equation, as drawn in this thesis, for various edge menbers and thick-

nesses of plywood, could be used with no great diffículty.

.t :.: .::



CHAPTER V

TEST PROGRAM

5.1 Introduction

A series of tests weïe run on various panels. This chapter

outlines the test program used.

5. 2 Test speci"mens .

Eight panels were tested. The tests were designated as A to
H, inclusive.

The panels r{ere made of L/4 inch thick plywood wít],- 2 x 2

construction-grade spruce as the edge members. This is consistent

with the theory derived to this point. The edge mernbers ürere glued

to the plywood using a casein grue and were also nailed.

The first panel nade (for test A) was 42 inches wide. After

this panel was tested, 6 inches were cut from one side, another edge

member fastened and a 36 ínches wide panel (for tests B, c and D) was

made. This was done on all panels until the final panel, (for test I{)
which was 18 inches wide, was tested to failure. The general panel is

shown ín Figure 5.12. The lengths and widths of the various paners,

corresponding to tests A to H, are given in Table X.
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TABLE X

CHARACTERISTICS OF TEST SPECII\4ENS

No. of Gauges
on Plywood

43

Test 1

Inches
w

Inches
End

Stiffeners
n

B

C

D

E

F

G

H

48

48

48

48

48

48

46.5

46.s

42

36

36

36

30

30

24

18

74

T2

72

L2

10

10

8

6

Yes

Yes

Yes

Yes

Yes

No

No

No

To predict the buckling road, diar gauge readings were taken at
the centre of each panel on the opposite side of the plywood to which

the edge members were fastened. To give the load on the eclge members

at buckling, strain gauges were fastened to them. Two gauges were

fastened to each member and these gauges were nrmbered I to 4 as shown

in Figure 5.I2.

strain gauges were also fastened to each side of the plywood as

shown in Figure 5.12. The exact number of strain gauges on each panel

are given in Table x. The purposes of the strain gauges fastened to

the plywood was to help in predicting when buckling occurred. This was

found not to work so they were merely used as a check on the stress in
the panel at buckting.

Tv/o types of strain gauge were used. Both types were glued to

the plywood or edge mernbers. The type used on the plywood was an A_J_s6:.



This gauge r4ras easier to apply than the A-1=s6 type used on the edge

members.

In order to simulate as closely as possible end conditions of
si mple support anð. a uniform load distribution, the panels weïe tested

in the apparatus shown in Figures 5.ls to 5.16. Two by twors were

used to hold the paner in the channels, as shown in Figure s.r4, for
tests A and $ while angles, as shown in Figures 5.15 and 5.16, were

used for the other tests. End stiffeners, to help prevent the panel

from tÏ¡isting, were used for tests A to E, but removed for tests F to

H. These end stiffeners are shown in Figure 5.I2.

rn preparing the panels for testing, the end bearing surfaces

had to be as flat as possible. This was achieved by clarnping two angles

at each side of the panel at the ends and sanding the ends fLat, using

the angles as a guide. This gave a very flat and smooth surface but

took a long tirne to do

rn testing the panels, the load rùas',,taken,:just,,beyond rthe esti-
tnated buckling load. This load was reached in stages with dial readings

recorded at the various stages. The panels (except the last panel for

test H) were not tested to failure because they were cut down and used

again as explained earlier, and the purpose of this thesis was not to

test the ultimate strength of these panels. Strain gauge readings were

taken with a Budd digital strain indicator. This indicatoï is shown

in Figure 5.14.
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Figure 5.14 Photos of Test Apparatus and Specimens
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CHAPTER VI

TEST RESULTS

. 6.I Introduction

Presented in this chapter are the theoretic ar and experimental

results of the test program outlined in Chapter V.

6, 2 Theoretical results.

Given in Table XI are the theoretical values of the eight tests.
Note that a and b differ from the values given for the length and width

TABLE XI

THEORETICAL RESULTS OF TEST PROGRAM

TEST ab
INCHES INCHES

Kcr oct
psi

A

B

C

D

E

F

G

H

44.75 38.75 .683 3.42 7s.8

44 .7s 32.7s .807 3. 08 9s . 5

44.75 32.7s . 807 3.08 95.5

44.7s 32.7s . 807 3.08 9s. s

44.75 26.7s .988 2.86 L33

48 26 .75 1 . 06 2.86 r33

46.50 20.7s I.32 3.1I 240

46.s0 14.75 1.86 2.86 437

of the panels in Table X. This is because the values used for a and b

are the prywood dimensions less the widths of edge members or end
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stiffeners. The values of a, for tests

the values of 1 given in Table X because

on these panels.

F,GandH

there are

, are identical to

no end stiffeners

C.

6.3 Experiinental results.

The experimental results have been presented fulIy in Appendix

Table XII gives a sulnmary of these results.

TABLE XII

EXPERIMENTAL RESULTS OF TEST PROGRAM

TEST Kc" Kcrosr (ipsi)
Edge Menber

oqï (psi)
Plywood Readings

A

B

C

D

E

F

G

H

165

278

427

516

4r2

558

501

70s

7 .45

8 .96

T3.78

16. 6s

8. 86

72.00

6. 50

4.6L

17s

214

404

528

247

326

320

26r

7 .90

6.90

L3.04

17. 05

5.18

7 .0r

4.rs

L.7l

The experinental and theoretical results of the test progr¿rm are

given in Figure 6.17.

6.4 Discussion.

From a comparison of

it can be seen that there is

the test results and the theoretical results,

not very good agreement between them. The
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",

experinentarry deternined buckling loads aïe generalry very rnuch

higher than the theoretical values.

One of the reasons for this is that there r^ras gïeateï restraint
on the edges during the test than was assuned for the theoretical ,, ,,

analysis. That is the ïeason the 2x2rs lvere replaced by the angres,

and the end stiffeneïs were rernoved. However, there doesnrt seem to
..:i.have been nuch effect on the test results by these actíons. Tests ,,.,

'.:" ,C and D gave higher values than test B when the angles were used after 
;.,::.,.test B. A1so, whenr. the end stiffeners wer'e removed after test E, test ::;,:':.

F gave a higher buckling load than test E. Thís would seem to inply
that these factors did not give as much restraínt as hras thought. The

loaded edges could be restrained by the channel and knife edge arrange-

ment. It was noted during the tests that, in fact, the paner did

rotate under this amangement, but under very high loads. No rotation
was noted at the lower loads. rt is believed that considerable re-
straint is inherent in the end loading arïangement used.. Also the

êdge inembers seem to give considerable restraint to the plywood, 
.;t.,.,:_,contrary to what was mentioned previously. This is one area that --:". ;:

tl ,t .,
could be investigated in any future tests. , ,..,,,,

Another rnajor problem in evaluating the results was that it was

very hard to tell when the panels had buckled. with the exception of
tests C and D, no extrene buckling deflection was noted. This makes ,ii,.''
the evaluation of reliable buckling loads difficult. strain gauge

readings were taken initially to help to deternine when the panels

buckled. These were discarded because they were of no help

rt is suggested that, in any future tests, the panels be nade 
. _,.
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smaller and with heavier plywood. The large panels used in these tests
or r/4 inch plywood are too flexible and are readíly susceptibre to the
effects of initial curvature and twisting. smaller panels of heavier
plywood would be more rigid and would probably give a better buckling
behaviour without the effects of inítial cuïvature. These effects of
initial curvature are great and present many conprications. A compar_

ison of the test results, obtained by using the edge nenber readings,
with those using the plywood reaclings, shows the difficulties in
obtaining reliable results.

one useful piece of information obtained from the tests is that
the buckling [íf, in fact, the panels can be considered to have buckled)
did not destroy the load-carrying capacity of these paners. rn all
cases the load supported by the panel was in excess of the theoretical
buckling 1oad. The panel for test H, which was loaded to failure,
sustained a load of 14,750 pounds. This compares with a total theor-
etical load at buckling of J900 pounds.



CHAPTER VI]

CONCLUSION

7.1 Introductíon

Most of the conclusions and recommendations for future research

have been presented arready, but a sunmaïy of these points will be

presented here for cornpleteness and compactness.

7.2 Conclusions.

1' The critical buckling stïess equation was validated quantitatively
for special cases and qualitatively for the general case of edge members.

2, Local buckling of the plywood skin of the panels can be predicted,

based on the theoretical results, by considering the plywood plate to be

simply supported.

3. The panels tested had considerable post-buckling strength, if,
in fact, the panels buckled as indicated from the results available.

4. The test apparatus used did not satisfy, closely enough, the

assumed end conditíons of simple suppoït in the theoretical analysis.

-7,3 Recommendations for future research.

1. The possibility of an Euler-type equation beíng used to predict

corumn buckring of the panel could be investigated. This would then

replace the use of the critical buckling stress equation for predicting

this type of buckling.

2. For future tests different end apparatus should be investigated.

3. The torsional stiffeners of the edge members should be thoroughly

investigated.
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4, For future tests smaller paners with thicker plywood sheets

should be used to help eliminate the effects of initial cuïvaËuïe.

5. A theoretical analysis could be made with o6 = o and, then,
tests run loading only the plywood. This would elininate some com-

plications of end bearing in the tests and would help to validate the
critical buckling stïess equatíon using a simprer test than used here.

6' rf snaller paners are used, strain gauges shourd be placed at
the quarter points of the diagonal on the plywood sheet. rt has been

found that these give excellent resurts in predictíng when the plywood

buckled.
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APPENDIX A

ORTHOTROPIC PLATE THEORY

Introduction.

rn considering the stability of plywood panels appropriate

equatíons of a thin orthotïopic plate in buckling are needed. The

equations needed are the differential equation of the deflection
surface, and the rnoment-displacement relations. rsotropic plate
theory is well established and known, and has been thoroughly treateð.

by nany authors [A-1] and l4-3]. Orthotropic plate theory has not been

dealt with so thoroughly in the literature and, even though its devel-

oprnent follows closely that of isotropic plate theory, its,furl devel_

opment will be presented here for completeness.

The development of orthotropic plate theory presented in this
appendix closely follows the development of isotropic plate theory used

by G. Gerard lA-21. Equations pertaining to orthotropic plate theory

used are from references lA-11, [J-j], [4-1] and tA-J] .

Orthotropic plate considered.

Figure 4.18 lA-21 shows an orthotropic plate loaded by various

forces in the plane of the plate. The thickness of the plate is small

in comparison with the dimensions of the plate in its plane. At the

boundaries it is assumed that the edges of the plate are free to move

in the plane of the plate. The deflection of the plate is assumecl sinaIl

in comparison with its thickness.
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Nx.<.--

NOTE
N* has d.imensions of
force / unit length

Figure A.J-B
LOADTNG AND DISPLACEMENTS
ORTHOTROPIC PLATE

(positive as shown)
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Equilibrium equatións.

when the plate buckles it deflects 1ateralIy out of its plane

into a deflection surface depending upon the external loads and re-

straints at its edges. This deflection causes internal bending

moments and shears in the plate. The forces in the prane of the plate

produce components which act in equilibrium with the shears. Equili-
briun of the middle-surface forces will be considered. first. Then the

equilibriun of the bending and shear forces will be considered for

simplification.

middle-surface forces

The forces and displacenents of a differential elernent d*drof

the plate after buckling are shown in Figure 4.19 [A-2]. In considering

tl:,e z-di'rection components of these forces, it is assuned that

sin ðv¡ = ðw

ðx ð¡

since the deflections are small. The projection of the N¡ forces on the

z axis is

l-rv* * aNx d;l f-u* * a2w dxl dv - Nx ðw d,,
| _ | t_ _ | r ¿

L â¡ I Ln,. àx2 I âx

Retaining only the lower - order terms involving N¡, the z component of

the N¡ forces becomes

Nx ð2w dxdy
ðx2

Sinilarly, the z component of the Ny forces ís

Ny ã2w dxdy

ðx2
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ây
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âx (ay)

ItIx
âd
âx 3lf"+

âx
a (ar^¡) ax
ax (âx)

_âtt
ây + âNx d.x

ðx
âNxy d.x

âx

âw+
Ðx'

Q (aw) ay
ay (âx)

+ ðNyx dy
ãy

â¡.¡ + A

âv ây
(¡"1 ¿i
( av)

Figure A.lp

FORCES AND DTSPLACEMENTS OF
ORTHOTROPIC PLATE AFTER BUCKL]NG

âNv d.v
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The z component of the N¡, forces is

N¡y ð2w dx dy

ðxãy

The z component of the Nyx forces is

Nyx â2w dxdy
ðxày

summing the four z components of force, and notin g that, by taking
rnoments about t]'e z axis, Nyx = Nxy, the z components of the middle-

surface forces are

f- -t

l*:< & * 2 Nxr ð2w + ¡¡y â2gl d* dy

L ,-, ðxây ,d ' (A-1)

bending noments and shears

The bending moments and shears of a differential erenent d* dy

of the plate after buckling are shown in Figure A.20 [A-2] The z

component of these shears is

[-to" . g3,-l dx dy

L à¡ ay_J

(^-2)

The equation for equilibrium of the z-conponent forces is the sum of
equations (A-1) and (A-2):

âQx+ aQy*N¡ à2w+ 2Nxy ã2w +Ny ã2w= o (A-3)
âx ðy ðx2 ðxày ðy2

By taking moments about the x axis of Figure A.20, and usirig

the right-hand rule for positive rnoments, the following equation is
obtained:
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/' t- MYx + ðMyx/ rÃ. ^--,/! VÈ âY

ï

[\ilx + ãI¡lx dx
ðx

Qx + âQx dx
äx

I4xy + âl,lxy dx
âx

NOTE
M and Q have dimensions of
moment / unit Length and.
force / unít 1ength
respectively

My + âMy cly
ây

Figure 4.20

MOMENTS AND SIIEARS OF ORTHOTROPTC
PLATE AFTER BUCKLING

(positíve as shown)
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ð Mxy dxl,-l
& dr]
ð¡l

['-

t"

dy *y dy+M

i-q,

L'

*MYd*

_$,d; d¡dy=o
ðyl

- [** a2w + 2 Nxr a2w * r'ry az*l (A-8

L a,.z a*ây ,rr)

+A (A-4)

By simplifying and neglecting the term containing the higher-order

derivative of Qy, equation (A-4) becomes

SMxI*ðþ.-Qy=o (A-s)
â¡ ðy

similarly by taking moments about the y axis, the following equation

is obtáined:

+â dx*

(A-6)

ax

By performing the operation ð/ây on equation (A-5) and ð/âl on equation

(A-6), adding the two resulting equations, afld noting that Myx = Mxy,

the following equation is obtained:

ðMx + 2 ð2$xy * a2_-þ_= â_3n,* a Qy (A-7)
àx2 ôxây ày2 ðx Ay

By combining equation (A-5) and equation (A-7), the equation for the

equilibriurn of the z-conponent forces is

a2l{x +2a2Mxy * àZMy =

ðx2 âxðy ày2

MOMENT - Displacement equations

As stated in the introduction to this appendix it is necessary

to have certain appropriate equations of a thin orthotropic plate in

buckling in order to solve the stability problen of plywood panels.

ðM¡+ðMyx-Qx=o
,'
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To obtain one of these equations, the differentiar equation of the
deflectíon surface, it is necessaïy to express the force-equilibriun
relation Fq. (A-g)] in terms of the lateral dispracemenr. To do rhis
the monents in equation (A-g) must be expressed in terns of the dis_
placement, w. The monent-displacement relations are also needed for
writing boundary condition equations. The equations derived i_n the
preceding part of this appendix are valid for isotropic as well as

orthotropic plates. In the foll0wing part of this appendix the ex_

pressions which peïtain specifically to orthotropic plates appear.

The stresses distributed on the x and y faces of a differential
element, dxdy, are shown in Figure 4.21 lA-21. The z-component stresses
are smal 1 in comparison to o¡, o, and r,,¡y since the plate is thin, and

can be neglected.

Fron Hookers Law,. the relations between stïess and strain are:

ex=:I-vyoy
Ex Ey

,Ç,=o,-vxox
Ey Ex

Vxy = lXL
G

(A-e)

(A-10)

(A-11)

where

vy is Poisson's Rati-o associated with strain in the x direction
due to stress in y direction.

v¡ is Poissonfs Ratio associated with strain in the y direction
due to stress in x direction.

, ,. ..,,

: : t't:j
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Figure 4.2ì-

STRESSES ON X AND Y FACES OF DTFFERENTTAL
ELEI\GNT OF BUCKLED ORTITOTROPTC PLATE
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E * is the Modulus of E lasticity in the x

E, is the Modulus of Elasticity in rhe y
G is the Modutus of Rigidiry.

fn terms of stresses, equation (A_g) to

direction.

direction.

(A-11) aïe:

ox=Ex (.ex * vy ey)

1-vyv¡

oy = Ey ('e, + v* 'e¡)
(1-vy v¡

,.*y = C Yxy

These st'esses distributed over the sides of the element

reduced to couples, which are equal to moments on the sides, as

It,2
('

Mx= \ o7zd7
)

-lt,2

(A-12)

(A-13)

(A-14)

can be

follows:

(A-1s)

My= Irty z u7 (A-16)

M*y = r¡çy z d7 (A-17)

l¡,2

I
-ft,2

t1,2

5
-Ttt2



strain-displacement re1 ations

e*=!
x

Ey=âv
î-oy

Yxy=âu+ôv
-ðY d¡

The following assumptions are made

1. plane sections remain plane

2. The middle surface remains unrestrained because
the plate is thin.

5. The plate can move in its plane

4. The deflection is'snall in cornparison with itsthickness.

Theref,ore, from Figa-re A.22 [A-2], the following relations resulr:

riu _ _z dW

A¡ç

v=-zðw
ìi-oy
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(A- 18)

(A- 1e )

(A- 20)

(A-21)

(^-22)

By substituting equations (A-21) and (A-22) into equations

(A-18) to (A-20) the relations between strain and raterar displace_

ment are:

e:¡ = -2 Ð2W
i.-ô
o Ã.2

e'y = -7 ð2,
ày2
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Figure 4.22

DISPLACEI\{ENTS FOR A. SLIGHTLY BENT ONIiIOÍNOPIC PLATE
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Yxy = -22 ð2y (A-2s)
âxây

By substituting equations (A-2s) and (A-24) into equation

(A-72), the equation for o¡ becomes

ox = -Ex 
I 
az* * uu n2*l z tA-26)' 

-t
l-vyvx [âx2 ày2)

similarly, by subsr-ituting equations (A,-23) and, (A,-24) into equation

(A-13), the equation for oy becomes

oy = -Ey [g2I^/. u* â2d 7'.i
l-vyvx l_ð¡2 ðyzJ

(A-27)

By substituting equation (A-2s) into equation (A-14) the equation for
txr '*v=-22(#J G ¡^-28)

Now, by subsrituting equarions (A,-26), (A-27) anð. (A-28J into
equations(A-15),(A-16)and(A-17)respective1yandperfornringthe

integrations, the following equations for moments are obtained:
-Í-Mx = - Ex t3 _ lazr * "" 4gl (A-2g) '.:,.,:.r,r.,,..

l-r- 
-l12(1-vyv¡ l_3¡2 ðyz| , ,, , ,

My = - E, t3 lnrg . ux g?tl (A_30) 
:

-:-t-
12(1-vyvx [ðy2 ày2J

MxI= -2Gt3 ð2w (A_31)

72 ðxðy i,..,;i,,,ii.¡,..i:,
;r !'1 1:i.:l !'r:ìì-:ir t:1

Rewriting equations (A-29) to (A-sl), introducing new notation, the

following equations are obtained:

Mx = - t¡ [-azw * vy ð2wl (A-32\
Lâx2 w) 

,,,,,,
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My=-Dy +vx

**r=-t ð2w
ðxðy

D*=E*t3
12 (1-vyvx)

Dy=Eyt3
12 (1-vyvx)

Dxr=Gt3
T2

=Nxð2w+2Nxvð2w+
àx2 axèI

azwl

,-,l
[az'

6*
DxI

(A-33)

(A-34)

(A-3s)

(A-36)

(A-37)

where

The quantities D¡ and Dy represent the flexural rigidities of

the plate in the x an¿ y direction ïespectively and are analogous to

the flexural rigidity ef of a beam.

Equations (A_32) to (A-54) are the noment-displacernent relations

needed in solving stability problems of orthotropic plates.

Differential uation of deflection surface of orthotropic late in
co]nDTess l_on.

Now, substituting into equation (A-8) the expressions for M*,

My and M*, of equations (A,-32) to (A-34) respectively to obtain the

force-equilibrium relation [Eq. (A-s)] in terns of lateral displace-

ment w, the following equation is obtained:

D* ?aT + (Dx ry * 4 D*y * Dy u*) ð4w + Dy ð4w
ðx4 ðx2ày2 ðy4

Ny ð2w
àv2

(A-38)
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rntroducing nehr notation into equation (A-3g), the following equation

is obtained:

D*ð4w+2H ô4w *D,rðfu
ãx4 ðx2ðy2 ãy4

= Nx ð2w * , Nxr fu* Ny â2w

ðx2 ãxðy ðyZ

(A-3e)

where

2H = Dx uy * 4 D4r * Dy u* (A-40)

Equation (A-39) is the differential equation of the defrection

surface of a thin orthotropic plate in buckling under the action of
forces shown in Figure A.19.

rf the same orthotropic plate is loaded only by compressive

forces in the x direction, Ny = Nxy = o, and N¡ = o¡t, where N is
now positive compression, equation (A-3g) reduces to

D¡ â4w + 2H ð4w + Dy â4w + t o¡ â2w = o (A_41)
ðx4 ðx2ðy2 òy4 ðx2



APPENDIX B

COMPUTER PROGRA¡4S

Introduction.

Given in this appendix are the details of the computer pro_

grams written in Fortran rv to solve the critical buckling stress
' equation (2-18). Given herein are the pïogïams written out, the flow

charts, the symbols used and a userrs guíde to input and output data.

Synbols

The symbols used in the prograrns and their corresponding

symbols fron the critical buckling stress equation are given in
Table XI'II.

Flow Charts

The flow charts for programs Type r and Type rI are gíven in
Fígure 8.23 and Figure 8.24 respectively.

Prograns.

Each program consists of thro païts. The basic part is identical
for all programs. The part which precedes the basic part is different
for the Type r and Type Ir programs. There are two different pïogïams

for each of the Type I and Type II parts. These are designated ifE spec.rr

andr?F spec.'r Followíng are the different parts which make up any one

progTarn.
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TABLE XIII

SYMBOLS USED IN PROGRAMS

syMBoL rlsso r¡¡
CRITICAL BUCKLING STRESS

EQUATION

SYMBOL IIISED IN
FORTRAN IV PROGRAMS.

Ebr¡

C

a

b

t

A6

ob

.ocT

Dx

Dy

Dy2

Dr2vy

Dr2v*2

Dy O DxY

Final number of modes

D, 4 D¡, v*

Initial length of panel

u/Dy

EI

,C

ALONG (LONG)

SPAN

THK

AREA

ST

L

DX

D

D2

DVX

DVX2

D4D

N

D4DVX

INITIT



Figure 8.23

Program Flowchart fype f

PRTNT
MODE,

LENGTH,

PRTNT
CONSTANTS
D2, etc.

DTVTDE
SPAN I,ITDTH

BY2

CALCULATE

, STRESS TN
BEAM

( st=0.833x2 )

CALCULATE
TENM 3

PRINT
DE, LENGTH,

TERM 3,



S1=81+82

s2=83+Bh

DTF'FERENCE

=51-52

PR]NT
MoDE, tENcTH,

z, ALPHA,
A, S1, 52,

DF.

Í=fNTTIL



' ':'\"
Figure B.2l+

Progra.n Flowchart Type If

PRÏNT
CONSTANTS
D2, åtc.

DTVTDE
SPAN I4ITDTH

BY2

PRINT
MODE, LENGTH,

TERM 3
AM

PRTNT
ALPHA 1,
ALPHA

BETA

P$ÍMIi"
MODE, T,,ENGTH,

Z, ATTPIi,A

BETA, 51
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BASIC PART

i

AM=AMØDE * * 2X9 . 87 / ALØNG* X 2
T7=H**2-DX/D
T2=T1*AM
TS=TIfK*Z/D
T4=T2+T3
TERMl=AM*T4
WRITE (3, 25)MøDE, LøNG, TERM1, AM
IF (TERMI) 12 ,7 ,7

7 CøNTINUE
ALPHA1=SQRT (TERMT)
X1=H*AM
X2=X1+ALPHAI
ALPHA=SQRT(X2)
TERM2=-X1
TERMS=TERM2+ALPHAl
I,IIRI TE (3, 25)MØDE,LøNG, TERM5, AM
IF (TERM3) 12,8,8

8 CøNTINUE
BETA=SQRT (TERMJ)
wRrTE (3 ,23) ÆPHAl ,ALPH,A, BETA
B 1 = ( ( -E I *C *ALPHA*AM*AM) * (AREA*ST * C*ALPHA*AM) + (D 2 * BETA* BETA*ALPHA*

IALPHA*ALPHA* 1 . /-nu) - ( DVX * BETA* BETA*ALeHA) - I l+o " e r ra* BETA*ALpF1A) +
2 ( DVX*ALPHA*ALPHA*ALPHA) - ( DVX2 *ALPHA*AM) - ¡ d+IVX"ALPHA*AM) ) * ( TANH
5(ALPHA*Y) )

B 2= ( (02 *BETA*BETA*BETA*ALPHA*ALPHA* 
1 . /AM) - (DVX*BETA* BETA* BETA) +

1 (DVX*BETA*ALPHA*ALPHA) - (DVX2*BETA*AM) + ¡n+n*eerA*ALpHA*ALpHA) _
2 ( D4DVX*BETA*AM) - (C *E I * BETA*AM*AM) + ¡ cIRdcR*ST*BETA*AM) ) . ( s iNtsETA*y
3) /cØs (BErA*Y) )

B 3= - ( (D*c* BETA* BETA*BETA*ALPHA) + (D* c* BETA*ALPHA*ALPHA*ALPHA) ),k
1 (S rN (BETA*Y) /CøS (BETA*Y) ) * (TANH (ALpHA*y) )

B 4= - (( -E I * D*ALPHA*AI,PHA*¡M) - (E I *D * BETRN ÈÊrA*¡¡I) + (AREAX ST* BETA*
lBETA*D) + (AREA*ST*D*ALPHA*ALPHA) )
S1=81+B2
S2=83+84
DF=S1-S2
WRITE ( 3, 9 ) MøDE, LøNG, Z, ALPHA, BETA, S 1, S 2, DF

12 CøNTiNUE
GøTø5
END
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TYPE I IIF SPEC.II

I FøRMAT(8F10. 0,/I]0, 5F10. 0)
2 FøRMAr(r10)
3 FøRMAr(F16.1)
9 FøRMAT(rH ,2r5,4815.7 ,/2815.7)

20 FØn¡atr(1H,8F10.0,/I10,5F10.0)
21 FøRMAT(IH ,r10)
22 FøPJ4AT(lH ,F16.1)
23 FøRMAT(IH ,3815.7)
25 FøRMAT(1H,2I5,2815.7)

READ ( 1, T)D2, DVX, D4D, DVX2, D4DVX, TFIK, DX, D, INITI L, SPAN, EI, C, AREA, H4 READ(1,2)N
s READ (L,3)Z

WRITE (3,20)D2,DVX, D4D, DVX2, D4DVX,THK,DX, D, INITIL,SPAN, EI, C,AREA,H
wRrTE (3,21)N
WRITE (3,22)Z
Y=SPAN/2
ST=0. 833*Z

6 Dø 12 M@DE=I,N
AMØDE=MØDE

Dø 12 LØNG=INITIL,240,20
AL@NG=L@NG

TYPE I 'IE SPEC.I'

1 FøRMAT(8F10 .0,/110,F10 .0,28L5.7 ,2FIO.0)
2 FøRMAT(r10)
3 FøRMAT(F16.1)
9 FøRMAT(lH, 2T5,48L5.7, /2875.7)

20 FøRMAT(lH,8F10. 0/I10,Fl0.0,2E15 .7,2F70.0)
21 FøRMAT(IH ,I10)
22 FøWtgr (lH ,F16.1)
23 FøRMAT(IH ,5E15.7)
25 FøRMAT(lH, 2I5,2FL5.7)

READ ( 1, T) D2, DVX, D4D, DVX2, D4DVX, THK, DX, D, INI TI L, SPAN, E I, C, AREA, H
4 READ(1,2)N
5 READ (I,3)Z

WRITE (3,20)D2, DVX, D4D, DVX2, D4DVX,TFIK, DX,D, rNrTIL,SPAN,Er , C,AREA,H
WRITE(3,21)N
WRITE (3,22)Z
Y=SPAN/2
ST=0. 833*Z

6 DØ 12 M@DE=I,N
êrlt{ØDE=M@DE

Dø 12 L@NG=INITIL,240,20
ALØNG=LØNG
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TYPE II ''F SPEC.''

1 F@fi¡aa1¡8F10. 0,/sF10. 0)
2 FøRMAT(I10,2F10.0)
3 FøRMAT[lH,r10,2F10.4)
9 FøRMAT(1H ,2I5,4E15 .7,/2815.7)

20 FøRMAT(lH,8F10.0,/5F10.0)
23 FøPJúAT(lH ,3875.7)
25 FøRMAT(lH, 2r5,2815.7)

READ (1,T)D2, DVX, D4D,DVX2,D4DVX,THK, DX,D,SPAN,EI, C,AREA,H5 READ (1,2)MøDE,ALøN?,z
wRrTE (3, 20)D2, DVX, D4D, DVX2, D4DVX, THK, DX, D, SPAN, E I, C, AREA, H
WRITE (3, s)MøDE,ALøNG, Z
Y=SPAN/2.
ST=0. 833*2
LØNG=AtØNG
AM@DE=M@DE

TYPE IT I'E SPEC.II

FøRMAT (8F10. 0, /F10 .0,2815. 7,2FI0.0)
FøRMAT ( r I 0 , 2F 1 0 . 0 )
FøRMAT (lH, I70,2FI0 . 4)
FøRMAT(IH,2I5,4815. 7, / 2875.7)
FøRMAT (IH ,8F10. O , /FI}.0,815 .7 ,F5. 0,2F10.0)
FøRMAT(lH ,3815.7)
FøRMAT(1H,2I5,2815.7)
READ ( 1, I) D2, DVX, D4D, DVX2, D4DVX, THK, DX, D, SPAN, E I, C, AREA,H
READ (1, 2)MøDE,ALøNG, Z
WRITE (3, 20)02, DVX, D4D, DVX2, D4DVX, THK, DX, D, SPAN, E I, C, AREA, H
WRITE (3, S)MøDE, ALøNG, Z
Y=SPAN/2.
ST=0. 833*2
LØNG=ALØNG
AM@DE=M@DE

1

2
3
9

20
23
25
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TYPE I INPUT DATA

The input data are submitted according to three Format state_

ments (1, 2 and S). The constants D2, DVX, D4D, DVX2, D4DVX, THK, DX

and D are read in on the first card. The g constants are punched in
fields of 10 columns each. These numbers must have decimal points
punched but may be punched anywhere in the fierd and may have any

number of decimal places. The second card contains the constants

rNrrrl, SPAN; Er, c, AREA, and H and are read according to the last
part of Format statement number 1. The fírst constant, rNrrrl, must

be punched in the right-justified position with no decimal. The tast
five constants may be punched in the same manner as the numbers on

the first card, having a decinar point. The third card is read

according to the Forrnat statement number 2. 0n thís card is punched

the number of modes that are required to be run through in the calcu_

lations. This number nust be right-justífied in the ten-column field
and punched with no decimal point. The fourth card is read according

to the Format statement number 3. On this card is punched the stress

(z) which is assumed to be the solution of the equation. This number

may be punched anywhere within the first 16 columns, with any number

of decimal places and with a decinal point present: rf more stjresses

are desired to be submitted, sinrply punch them out as in card 4 and

submit thein as cards 5, 6, etc.

There are two types of Format statements for statement ngmber 1.

The so-called "E spec.r? and "F spec.'r These Format statenents are for
the first two cards of the data deck. The change between the nF-rr and

"E:''1 type specificati-on occurs in the second card (i.e. the field
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specification after the slash (1) ín Format statement 1). The

constants Er and c are sometimes very large and thus thettF spec.,,

is inadequate for these rarge numbers. The rE spec.'r is used. for
these large numbers.

rn punching out the input data for the'E spec." on the

second card the numbers are the same as before for the first two

fields. For the constants, Er and c, two fields of fifteen columns

each are used. The nunbers aïe punched with 7 decimal places present.

Then E is punched, deuoting that the exponential form is pïesent.

After the letter E, the pov/er to which the number is being raised, is
punched. For example, .99gg9g9 x 1040 is punched as .9999999 E 40.

The constants, AREA and H, are punched in columns 50 to 60 and

61 to 70, respectively. These are punched with decimal points and

are right-justified.

A r?Dort statement must be punched out with each set of data

and placed in the prograrn. The statement is Do 12 LONG = rNrrrl , _,
The final length of the panel that is to be dealt with in the

calculations is punched in the first blank space. In the second. blank

is punched the increment in which the rength of the panel is to be

increased from the initial to the final length.

TYPE IJUTPUT DATA

The output data are printed according to six Format statements,

(9,20,2r,22,23 and 25). The first four input data cards are printed

out first according to statements 20 , 2r and 22. This enables the

user to determine if the computer is reading the input data correctly.
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The next line is printed out accoïding to statement 25. This line gives

the nurnber of nodes (MODE), the rength of the panel (LONG), TERM 1 and

AM. rf TERM I is negative, the next line consists of the next length

of panel, TERM 1 and AM, and so on,.' But, if TERM 1is positive, the

calculation continues and the next line of print consists of MODE,

LONG, TERM 3 and AM. rf TERM s is negative, the calculation is halted

and the next length is run through. But, if TERM 3 is positive, the

calculation contínues and the next line of print-out consists of the

values for ALPFIA 1, ALPHA, and BETA according to statement 2s. The

next two lines of print-out data consist of MODE, LONG, z, ALPHA, BETA

and 51, and then 52 and DF.

Then the progran continues with the next length and so on. After

the lengths of panel have been run through with the first mode, they

run.through again with the next mode of buckling.

The pattern, which is followed in the print-out of the output

data, was arranged so that the user coul d analyze the calculations of

the equation easily and quickly (i.e.the user could. cut up the output

data according to stresses so that at the top of each sheet the stress

being used was printed out.) This was nade possible by sirnply having

the first three data cards printed out again, and then the next stress,

which was read in, printed out at the end of the cycle of the outeï
rrDo?r loop

TYPE II INPUT DATA

aII

are

The input data

The first card is

are submitted according to Format statements 1

identical to that of the Type I program. The)

and
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second card contains the constants spAN¡ Er, c, AREA and H. These

constants are punched in the same nanner as those on the first card.
The thírd card is read according to Foïmat statenent 2. on this
card is punched the number of modes of buckling (MODE), the length of
the panel (ALONG) , and the stress (z) which i.s assurned to be the

solution of the equation. These three numbers are punched in fierds of
ten columns each. The first mode must be punched in the right-justified
position with no decimal point within columns 1 to 10. The next thro

:

fields (11 to 20 and 2r to 30) contain ALONG and z ïespectiveLy. These

numbers are punched in the same manner as the numbers on the first two

cards. rf more stresses are desired to be subinítted, sinpry punch

them out as in the third card with ALONG and MODE and submit thein as

cards 4, 5 etc.

There is also an'E Spec.rrand,F spec.r'for Type rr program.

They are similar to those of the Type I pïograms.

TYPE II OUTPUT DATA

The output data are printed aciording to the Fornat statements

3,9, 20,23 and 25. The first three input data cards are printed out

first, according to statements 20 and. s. This enables the user to
determine if the computer is reading the input data correctry. The

next line is printed out according to statement 2s. This line gives

the number of modes, the length of the panel, TERM 1 and AM. rf term

1 is negative, the next three lines are the same as the first three

lines. But, if TERM1 is positive, the calculation continues and the

next line of print consists of MODE, LONG, TERM 3 and AM. rf TERM 3
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is negative, the calculation is halted, and the next lines consist
of the data froin the first three input cards. But, if TERM J is
positive, the calculation, continues and the next line of print_out
consists of the values for ALpFTA 1, ALPHA and BETA, according to
statement 23. The next two lines of print-out data consist of MODE,

LONG, z, ALPHA, BETA, and s1, and then s2 and DF. Then the program

continues with the next mode, length and stress and prints out the
first two input cards once again.



APPENDIX C

TEST RESULTS AND SAMPLE CALCULATIONS

Introduction -

Presented ín thís appendix are the results of the tests that
were out lived in chapter v. sample carculations are presented for
test A. All other tests are calculated the same way.

TEST A.

Given in Table xrv are the values of the deflection, taken

from the dial gauges, for the corresponding value of the total load

on the panel. By total load is meant the load on the plywood plus the

load on the edge members.

From a plot of the values given in Table xrv, as shown in

Figure c.25, the value of the total buckling load can be seen to be

about 3000 Ibs

The readings of the gauges (1-a) on the edge menbers are given

in Table XV.
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TABLE XIV

DEFLECTIONTOTAL LOAD VS

TOTAL LOAD
(lbs.)

FOR TEST A

DEFLECTION
(ins . )

200

500

1000

1 500

2000

2500

2700

2900

3000

5100

3200

3300

5500

4000

4500

TABLE XV

EDGE MEMBER READINGS AT SOOO

0

.026

.056

.0q6

.r22

.I52

.164

.177

.184

.792

.225

.235

.25L

.310

.376

Gauge No.

Strain Reading
(-ve.COMP.)

LBS. FOR TEST A

in/ in x 1o -6 -276 -254 -t88 - 159
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The average of the readings from Table XV is

2r9 x to-6 in/ in

Therefore the stress in the edge members is

2Ig x 19-6 in/in x 1.10 x 196 psi = 24I psi
Therefore the force in the edge mernbers is

24I psi x 5.28 irn.2 = 1272 lbs.

Load on plywood at buckling is

5000 - 1272 = 1728 Lbs.

Therefore o." is

1728 = 165 psi.F:
. Table xvr gives the values of the strain readings for the

gauges on the .plywood.

TABLE XVI

PLYhIOOD READINGS AT 3000 lbs FOR TEST A

Ln/ in x 1o-6

(-ve. comp.)

(tve tens. )

The average of the readings from Table XVI is

-95 x 1o-6 inTttt.

Therefore o", is

-95 x 1O-6 in7.n x 1.84 x 106 psi. = 175 psi.

Gauge No. 1 2 3 4 5 6 7 8 9 10 11 T2 T3 L4

Strain Rdg. -126 -125 - 186 -76 -4r 62 64 32 -48 -I49 -223 -253 - 156 - 100



.r.'t:r:::l:j

TESTS B TO H

TABLE XVIT

TOTAL LOAD VS DEFLECTION FOR TESTS B TO H.

TOTAL DEFLECTION (INCHES)

LOAD (1bs.) TEST B TEST C TEST D TEST E TEST F TEST G TEST H

300 0
400000000,:

i ..., . .t.:800 .006 - .009 ::. ; :.1000 -.019 l

L20O ..008 - .004 .004 .025 , .1400 .027 -.022 , ' ,,

1600 _.041
2000 .038 - .032 .017 _.009 .009 .0322200 -.057
2400 _.011
2600 .054 -.040
2800 - .072 .028 .018 .0463000 .062 -.044
3400 -.085
3600 .078 -.046 .044 -.015 .029 .063
4000 -.098
4200 .098 -.043
4400 .063 -.01s .046 .081
4600 -.106
4800 .L29 -.035
52OO -.025 -.II2 .088 -.010 .070 .105
5400 .L7r
s800 .002 -.II2 ,,;:: :;:6000 .203 .12r .001 .102 .r28 ,. , ,

6200 .033 ,::,,

:ä33 .24\ End å?u3r"r-'tou ''r' ''
6800 .16J .022 .143 .160
7000 -.084
7200 .324
7600 0 .2I4 .056 .L97 .L97
7800 .378 .160
B20O .262 ,,..,',',.
8400 .113 .239
9200 .203
9600 .2s6
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Note that in Table xVrr positive values of deflection mean

deflection in the direction opposite to that side of the plywood

which has the wood members.

From a plot of the values given in Table xvrr as shown in

Figures c.26 to c.32 the values of the critical buckling load are

as given in Table XVIII.

TABLE XVIII

CRITICAL BUCKLING LOAD FOR TESTS B TO H.

TESTBCDEFGH

Pcr. (1bs.) 4200 6400 7400 5200 7200 5000 5800,

In Table XIX are given the strain readings of the gauges on

the edge members.

TEST

TABLE XIX

EDGE MEMBER READINGS AT CRITICAL BUCKLING LOAD
FOR TESTS B TO H.

GAUGE N0. (RDGS. inlin x 10-6, -vê COMP)

B

C

D

E

F

G

H

1

-310
-450
-482
-364
-494
-339
-684

-292 -276 Danaged
-409 -464 Damaged
-465 -48L Damaged
-366 Damaged 360
-497 -s67 -sr2
-344 -359 -33s
-473 -311 -342
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THIS MARGIN RH$ERVEÐ F'OR EBINÐENC.
tÉ'SHEETts READ THts way(Ho.R¡zôNfalI.v), tHts MtJsr ÞE TGp,
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THE$ MARGãN RESËRVËÞ F@R tsåNÞENG. IF SHEEl IS REAÞ lHIS WAY(HORI2ONlÁLLY). lHIS MUgl EI TCIP.

lF sHEEl ls READ lHE OTHER WAT (VCnrlcaruv), lHts MUsT BE LEFT-HAND SlÞ8,
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THIS IWAMCEN RËSËRVEÐ F@R EB!ruÞING. IF sI{EET ¡s REAÞ lHIs wAY(HoRIzoNfÁLLY), lHIs MUgl BÊ ToP.

rF sHEETls REAÞ rHE ôlHER wav (ve*rtc¡rry), THrs MUsr EE LEFT-HANÞ SIDË.
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T'HE$ MARCIN RESËRVEÞ F'@R B¡NDgruC" IF SHEEl IS REAO lHIS WAY(HORIZôNîÂLLVJ. lHIS

lF SHEETiS tEAÞ THE ÒTHER WAy (VexrrcarrV),

MUsr Êr TOP.

rHts Musr BE LEFT-HAND SlÞÉ.
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TH[$ NñARC¡N RËSERVËÞ F@.R BINDENG. IF SHEET Is READ lHIs

IF SHEET IS REAÞ THE

wav(HôRtzôNrÁLLv), THrs MUsr BE TOp.

OTHER wAy (ve*rrcarrv), THts MUsT BE LEFT-HÃND SIDE.
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Table xx gives the values of the critical buckling stress

calculated fron the critical buckling load and the edge nenber readings.

TABLE XX

CRITICAL BUCKLING STRESS FOR TESTS B TO H

FROM EDGE MEMBER READINGS

TESTBCDEFGH

osa (psi) 278 427 516 4I2 S58 501 T0S

Table XXI gives the values of the gauge readings attached to the
plywood.

TABLE XXI

PLYWOOD READINGS AT CRITICAL BUCKLING LOAD

TEST

FOR TESTS B TO H

GAUGE NO. RDGS. in/in x 10-6 (-ve COMpr * ve TENS.)

I234567891011L2

B 87 74 3I -126 -88 13 -28 -36I -603 -225 _151 _20

c -2 -28 -I2I -279 -270 7 -53 -387 -672 -423 -284 -119

D -95 -446 -613 -811 -706 -89 -54 -21 -366 -IsL 56 -167

E -1BB -6 3 -47 -50 -I43 -2I8 -164 -224 -303

F -262 -225 -2I0 -29I -145 -179 -I72 123 -43 -36I

G -32L -268 -230 44 -33 -I42 -190 -25s

H I7I -39I -648 -500 -115 37

.: :. -:4.
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Table xxrr gives the critical buckling stress values calculated
from the plywood gauge values.

TABLE XXII
: : :: :

CRITICAL BUCKLING STRESS FOR TESTS B TO H

FROM PLYWOOD GAUGE READINGS

TESTBCDEFGH

oga (psi) 274 404 528 24r 326 s2o 26L




