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BUCKLING OF FLAT PLYWOOD PLATES IN COMPRESSION,

SHEAR, OR COMBINED COMPRESSION AND SHEAR1

Buckl ing Tests of FIat Plywood Plates in Cornpression

' l4r i th 
Face Grain 45'  to Load --  Loaded Edges

Clarnped, Others Sirnply Supported

By

Fores t  Produc ts  Labora to ty ,L  Fores t  Serv ice
U. S. Departrnent of Agricul ture

Surnrnary and Gonclusions

This investigation was undertaken for the purpose of developing a curve
for the deterrnination of the critical buckling loads of. flat plywood plates
with the grain direction at an angle of. 45" to the edges and with the
plates subjected to edgewise cornpression with their  loaded edges
clamped and the rernaining edges sirnply supported.

Frorn a plot of  the buckl ing vp. lues of 50 such test plates, a curve waa
developed sirni lar to the curve in f igure 103 of Forest Products Labora-
tory Report  No. 1316-G applying to sirni lar plates tested with al l  edgee
sirnply supported.

Upon cornparison, it is found that the curve developed in the present re-
port  has values for the abscissas 1.5 t i rnes those of the previous curve.

I
{he work here reported was done in cooperation with the u. s. Air

Force under  order  No.  (33-038)45-3018.  or ig ina l  repor t  publ ished

Z 
in L949.

-Maintained at Madison, Wis. ,  in cooperation with the university of'Wisconsin.
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Introduct ion

Frequent ly,  in closely designed plywood structures, long plywood panels
with the face grain at an angle of.  45" to the edges are subjected to an
edgewise cornpressive stress appl ied in the direct ion of the width of the
panel.  The edges of the panel are r igidly fastened to the framework.
Such a panel,  because of i ts s ize, has a low cr i t ical  buckl ing load that
can be increased rnanyfold by the addit ion of a few st i f feners at regular
intervals along i ts length. These srnal ler panels,  between st i f feners,
then have clarnped loaded edges and are sirnply supported by the st i f fen-
ers. I t  was the purpose of this invest igat ion to develop a rnethod for
cornput ing the cr i t ical  buckl ing loads of these srnal ler panels.

I t  was desired to ernploy the cr i t ical  buckl ing forrnula (6) of  Forest
Produc ts  Labora tory  Repor t  No.  1316,
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and to deterrnine the proper
the i r  loaded edges.

value of k" for plywood plates clarnped at

The value of this coeff ic ient is dependent upon the construct ion, dirnen-
sions, and elast ic propert ies of the plywood, as wel l  as upon the edge
condit ions and the direct ion of the face grain of the plate. In part icular,
i t  was desired to deterrnine a curve sirni lar to that shown in f igure I03
(Fores t  Produc ts  Labora tory  Repor t  No.  l316-G)  fo r  s i rnp ly  suppor ted
plates of plywood having the direct ion of i ts face grain at 45" to i ts edges,
but which would apply to sirni lar plates having their  loaded edges
clamped instead of s irnply supported.

Preparat ion of Specirnens

The tes t  p la tes  cons is ted  o f  th ree-  and f i ve-p ly  ye l low b i rch  and th ree-
ply yel low-poplar plywood rnade at the Forest Products Laboratory to
AN-NN-P-S l la  spec i f i ca t ions  and were  des igned so  tha t  the  ra t ios  o f
their  est i rnated cr i t ical  buckl ing stresses to their  proport ional- l imit
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s t r e s s e s  h a d  v a l u e s  o f  0 . 2 ,  0 . 4 ,  o r  0 . 6 .  T h e y  w e r e  c u t  f r o m  Z -  b y  5 - f o o t
p lywood pane ls .

The mechanical  and elast ic propert ies of the plywood were deterrnined
frorn coupons cut f rorn parts of the large panels adjacent to the test
plates and tested in accordance with tentat ive ASTM Method D805 -45T.

The coupons and the test plates were condit ioned to constant weight at
75'  I ' .  and 64 percent relat ive humidi ty.

Descript ion of Test Apparatus

The tes t ing  appara tus  is  shown in  f igures  150 and l5 l .  The p la tes  were
tested in a hydraul ic test ing rnachine of 100,000-pound capacity with
their  loaded edges clarnped and their  other two edges sirnply supported.

The c la rnps  cons is ted  o f  pa i rs  o f  s tee l  bars  2  by  2  inches  in  c ross  sec-
t ion and 30 inches long. The bars were clarnped to the ptrate by rneans
of  s ix  3 /8 - inch  bo l ts  spaced a long the  center l ine  o f  each pa i r  o f  bars .

The upper clarnp was bolted to the head of the testing rnachine. The
lower clarnp rested on a 1- inch-thick steel plate 12 inches wide and 30
inches long. This plate was central ly supported by a transverse I /2-
inch-diarneter hard-steel rol ler rest ing on the bed of the test ing
rnachine and was, therefore, f ree to t i l t  tongitudinal ly.  The two clarnps
were al ined in the same vert ical  plane. This arrangement al lowed good
alinement of the specirnen and distribution of the load.

The sides of the plate or the edges that were not loaded were sirnply sup-
por ted .  These suppor ts  were  I -  by  L - l lZ - inch  hardwood ra i l s  I /8  inch
shorter than the free length of the plate. Dovetai l  grooves 3/16 inch
deep were cut along the center l ine of one side of each of these two rai ls
as shown in f igure 150. The throat of each groove f i t ted the edge of the
plate snugly to give it sirnple support.

Two dial  indicators reading to 0.001 inch were placed so that they indi-
cated the deflection norrnal to the surface of the plate. The readings of
the indicator at the center of the plate were plotted for the deterrnination
of the critical buckling load when the plate was of such proportions that
i t  buckled into a single half  wave. The readings of the other dial  indica.
tor at a point approximately one -third the length of the plate gave a
better indicat ion of the cr i t ical  buckl ing load when the width of the plate
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was reduced on the subsequent tests,  and also when the
such proport ions that i t  buckled into a ful l  wave.

A sarnple plot of  typical  lateral-def lect ion readings and
buckl ing loads is shown in f igure 147.

plate becarne of

o f  the i r  c r i t i ca l

Preparat ion of Specimen for Test

The load-bearing edges of the plates were cut straight and paral lel  to
each other.  The plates were then inserted in the test ing rnachine and
pretested for uni forrni ty of bearing at a low ini t ia l  load of about 100
pounds. A feeler gage was used to deterrnine the exactness of f i t  be-
tween the bearing surfaces of the test ing apparatus and the edges of the
plate. If the fit was not satisfactory, the plate was retrirnrned. When a
sat isfactory f i t  was obtained, the plate was centered, rnarked, and
dri l led for the clarnping bolts and slotted as shown in f igure I50. This
was done so that the plate could be inserted and rernoved frorn the
clarnps without cornpletely disrnantling thern each tirne. .The plate was
then clarnped in place ready for test as shown in f igure l5l .

Tes t  Procedure

The plate was loaded at a constant rate of total  strain,  and readings of
the lateral  def lect ion of the plate were plotted at regular incrernents of
Ioad unt i l  the cr i t ical  load was indicated. The load incrernents chosen
were about one-f i f teenth of the est i rnated cr i t ical  load, and the rate of
strain was adjusted so that readings were obtained about every 5 seconds.
The plate was then rernoved frorn the test ing rnachine, and the width rrat l

of  the plate was symrnetr ical ly reduced by incrernents such that the or i-
ginal  width was reduced to one-half  in four or f ive operat ions. After
each reduct ion the plate was again inserted in the test ing rnachine and
its cr i t ical  buckl ing load was deterrnined as before.

The cr i t ical  loads were deterrnined from the points of inf lect ion of the
load-lateral-def lect ion curves as shown by f igure 147. This rnethod is
degcribed in Forest Products Laboratory Report  No. l5Z5-A.
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Explanat ion of Tab1es and Figures

Table 30 contains the dirnensione, elast ic propert ies, and constants for
the plywood test plates according to species and construct ion. Columns
l through 4 contain plate designation and dirnensions. Colurnns 5 and 6
contain the effective modulus of elasticity of the plywood in bendingr as
deterrnined frorn rnatched coupons, paral lel  and perpendicular,  respec-
t ively,  to the direct ion of the grain of the face pl ies cornputed accord-
ing to the formula

PL3
E"  o rE "  =

IX Iu|
4wh3y

where P is the load, L is the span, w is the width, h is the thickness,
and y iFtne d.efLectioiln the 

".rtu",-"nd 
L = 48h *tGn parallel to face

grain and 24h when perpendicular to face!rain.- Colurnn ? contains the
values of the-modulus of elasticity of wood in the direction parallel to

the grain as cornputed by the equation E1 = 
# 

("r* + Efx). Colurnns 8

and 9 contain values for the particularfiywood iFtaittJF?"orir the curves
of f igure 148.

Table 3l contains the data on the effect of the plate width on the buckling
loads, and the coordinates for f igure 149. Colurnn I  l ists the widthe of
the plates tested. Colurnn 2 contains the critical Loads obtained frorn
the tests.  Golurnn 3 contains the ;corresponding cr i t ical  stresses.
Colurnn 4 shows the values of k" that are obtained frorn

k "=
P" "

EL

which is a variation of equation l. Gol.urnns 5 and 6 contain the valuee
of the coordinates for the plot in figure 149. Colurnn 5 contains the
values for the ratio k"/(k.)-, which was obtained by dividing each of the

ratios in colurnn 4, table 31, by the appropriate value in colurnn 9, table
30. Golurnn 6 contains values obtained by dividing each of those in

z
h

7
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colurnn 5, table 31, by the product of the appropriate values in colurnns
4 and 8 of table 30.

In figure 148 the

tions of the ratio

Figures 150 and
rnethod of fitting
ready for  test .

values of the
Ef*

E"  +E.
Ilfi' I)<

l a l

constants k" and 
i  

are plotted as func -

The curve for k.-  i "  reproduced frorn

f igure  35 ,  Pores t  Produc ts  Labora tory  Repor t  No.  1316-8 ,  and the

values for the c '  
br

urve ;  a re  f ro rn  the  resu l ts  o f  ca lcu la t ions  made in  con-

nection with the sarnileport.

Figure I49 cornpares the plot of  the test values for the buckl ing of 45"
face-grain plywood in cornpression, tested with the loaded edges clarnped
and the others simply supported, to the curve f .or 45 " face -grain plywood
tested in cornpression with al l  edges simply supported. This curve is
obtained frorn that of  f igure 103, Forest Products Laboratory Report  No.
l316-G by  mul t ip ly ing  the  va lues  o f  the  absc issas  by  1 .5 .

Figure 147 shows the plots of the lateral-def lect ion readings of two typi-
cal platee and indicates the rnethod of deterrnining the critical buckling
load.

t 5 l
the

are photographs of the test set-up, showing the
test plate into the apparatus and the supported plate

Analysie of Results

The coefficient k" for each test plate u/as cornputed frorn the critical

buckling data obFained in the investigation by the use of forrnula l, i.e.

Pcr = k" Et

thus

hz
7
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in which a is the width of the. plate, h the thickness of the plywood, pcr

the observed cr i t ical  stress, and E" the rnodulus of elast ic i ty of the 
-

wood paral lel  to the grain.

The rat ios of this observed coeff ic ient k.  to the rnathernat ical ly deter-

rnined coefficient k"- for an infinitely ilng plate are plotted as ordinates

in figure 149. Thil.lues for (O"J are obtained frorn the upper curve in

f igure 148. This curve was detGrined by the energy method and is pre-
sented  in  f igure  35  o f  Fores t  Produc ts  Labora tory  Repor t  No.  l316-8 .

b
The abscissas in f igure I49 are *,  which is the rat io of the lengths of

b r
the plates tested to the lengths o?Ttre half wave of sirnilar infinitely long
plates. The values for bt  were obtained frorn the lower curve in f igure
148, in which a is the *IE-ttt of the test plate. It was desired to develop a
curve for the Gaded edges clarnped sirni lar to that developed for the sirn-
ply supported edges, as shown in the upper curve in f igure 103, Forest
Produc ts  Labora tory  Repor t  No.  1316-G.  Such a  curve  is  d rawn in  f ig -
ure 149 to f i t  the plotted points.  Frorn a corrrparison of these curves i t
was found that the values of the abscissas for the clarnped condit ion are
about I.5 tirnes those for the sirnply s.upported condition. The curve in
f igure 149 was drawn according to this assurnpt ion.

The plot of the test points confornrs approxirnately to the contour of the
curve within the range of the data. Sorne scatter is to be expected due to
the nonuniforrnity of the rnaterial and to inaccuracies in the experirnental
deterrninat ions of the cr i t ical  stresses.

Notation

The rnajor symbols used in this report are:

plywood plate, for compressive

= the length of the unloaded sides of a plywood plate, for cornpressive
loads, with al l  edges sirnply supported.

= the length of the unloaded sides of a plywood plate, for compressive
loads, with loaded edges clarnped.

= the length of the loaded sides of a
l o a d s .
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br = the half -wave length of a buckled surface in the case of an infinitely
Iong plate.

h = the thickness of the plywood.

Ef* = effective rnod.ulus of elastic ity of.the plywood in bending rneasured
perpendicular to the grain direct ion of the face pl ies.

Ef* = effective rnodulus of elasticity of the plywood in bending meaeured
paral lel  to the grain direct ion of the face pl ies.

Er = rnodulus of elast ic i ty of wood in the direct ion paral lel  to the grainrJ 
zo /zt (Er* + Efx)

kc = coeffici.; rJrrt", p"" = n" 
"" {

a

k
c@

P
c r

P " t

P

L

v

w

= value of the coefficient k" for an infinitely long plate.

= cornpressive load at *h; buckl ing occurs.

= cornpressive stress at which buckl ing occurs.

= load in stat ic -bending tests.

= span in stat ic-bending tests.

= def lect ion in stat ic-bending tests.

= width in stat ic -bending tests.
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Table 30. --Descript ion and pert inent proPert ies of the Platee tested

Plate
N o .

:Th ick- :  Length
:  n e g s :  b
: h , "

(2 )  :  (3 )
- : - - - - - - -

Inch : Inches

width
a "f*

E-
lx

Et b l

a

(  1 ) (4 ) :  ( 5 ) :  ( 5 ) (7 ) (8)  :  (e)

:  Inches :  1 ,000  :  I , 000  :  1 ,000
:p .  s . i .  : p .  s .  i .  : p .  s . i .

Yel low B i rch  - -  Three 1 /15- Inch  P l ies

3xJ l
3xJ2
3xJZa

13xJ l
13  x  J l a
13xJZ
13  x  JZa

. t78

.  178

.  178

.  178

25,5
13 ,25
25 .59
r2 .96

l ,  g l 9

1 ,819
1 ,819
1 ,819

0 .848
.848
.848

.BZL

.82 t

. 8Z l

. 821

.  968

.968

.968

.968

o .872
.872
.872

. 786

.786

.786

.786

t . 444
r .444
L .444
t . 444

:0. I 75  :  16  :
. 178  :  28 .O6  :
.  178  :  12 .94  :

17? t  I 87 .4 :2 ,248
173 :  187 .42  2 ,248
l73z  187 .4 :2 ,248

l0  i 2 ,
22  i 2 ,
10  i 2 ,

Yel low-Poplar --  Three l /16-Inch Pl ies

6x l
6x Ia
6xZ
6  xZa

zz
1 l
zz
1t

l ,  790
1 ,790
1 ,79O
l ,7go

tz0
rz0
IZO
IZO

Yel low Birch --  Five l /48-Inch Pl ies

.  110

.  110

.108

.  108

3r .62
14.4
3L .62
15 .06

l ,  5go
l ,  690
l ,5go
l ,  6go

525
525
525
525

z, ro9
2, LOg
z, Lo9
z, lo9

2Z
t0
z2
I I
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Table 11.--&e effcct of vartoug Ylaltbs oD tJre crltlca.l buckllng losdg of plFrootl pLatee.

hcbeQ : FoudrE : P.g.t. : : r :r  Ircbs : Potui le !  P.s. l .  :  :  :

rEJOil BrmE -- IERB 145-rnCE PLrtS
! l

EII.Cr BInCE -- rIVE 1A&rilcE PLrES

P l a t e l t o .  S r - J 2

2 2 !
1 9 :
1 6 :
L r 3
11 2

E . 6 0 :
L 9 . E o :
L 6 : q t o :
lt : I,0OO :
lO : 1r20O :

2 2 :
1 9 :
L 6 :
L t :
11 :

8ra
L'oT1
Lr765
2r4dr

r c :
8 :
6 z
5 t

l O : .
8 :
6 :
5 z

,ro
,7'
60
Do
0to

n :
L 9 :
L 5 :
L ' :
U !

IL ! I,IOO
9 : 11200
7 : r'foo

)-L/z z 1,?oo

1t+
r7o
22'
,6
4eo

2 , :
1 9 !
L 5 :
L r 3
u:

L6'
2L7
292.
4ao
6n

P l a t e I { o . 5 z J ? r

1.108 : I.2TL r r.lo ir
I .10o : 1.251 : 1.7fr : l
1.O)O : 1.2dt :  2.O? ::

.9Yl 2 L.LL, t  2.57 zz
,9r1 t t .o\T , , . to , l

Plate ![o. IJ r JI

: 118 z 2.217 : r.5[9 : ].1r9
, P9 : r.&4 z L.61 z t.T2
z L72 z L.725 : 1.195 : 2.d+
:  248 :  L .&2 :  t .L lT :  2 .*
z 3O .  L. rL1 z L.6L :  2 .T(

Elate I{o. L1 x, ila.

:  5lr8 z 2.L\7 : 1.48? i  1.49
r 699 z L.&, :  L.L19 : L.g.
: L,218 : 1.467 : 1.016 : 2.?o
: 1,48o : 1.450 : r .@lr :  2.gl

Ilate I{o. Lj t J2

. 2.\19 : r.589 : r. l+9
3 2.098 | L.br, . L.Tz
: 1.911+ t L.21 : 2.O\
: L.62 z L.L5L : 2.)2
: 1.800 : I.*7 : 2.gT

E l a t e l { o . D r J 2 a

: l*8 z 2.N1 z L.75 : t . \2
z 2\1 : 1.788 z L.218 z L.T2
: 80.5 . L.@, : L.t2) z P.Q
z L,6r :  1.5)o t L.dT1 z z.&

l. l fo :  L. lal  z l . 'J : : : .  1,o. :
. !6b : r .106 c 1;91 z:- t l -1/\  :
.991 r r.oa z ,2.2) zz' ,-L/2 |
.8 t *  :  .98  z . ) .06  :z  ,  3

: 124
z L41
: 184
t z\e
z 166

29Q
2D
,LO
,6
ls0O

6E
66
8oo
8D

,0o
,00
t6
,n
\n

,n
,n
6y
8@

P L a t e t r o . 5 r J l

rEroI{-PoE3R -- EREE 1/r6-rrEE l!ES

P l a t e l f o . 6 r l

L.TOO . 7L5 : l.Olro . L,Lgr,'r.gg !i
tr6oo z Lroyz. : r.or5 : r.rdr : 2.)6 z:
2r@o I Lr79j 2 .9fr: r.o?5 : J.lI ::
2r7Oo z 2,870 : 1.042 , I.Lgi 2 !..18 t:

P l r t e l f o . 6 z 2 a

It ! 11150
9 z lr20o
1 : rrltoo

,-t/2 2 L,6JQ
:

,8 |  I .L9, :  1.518 : t . l+lr : :
7L9 : t .O1l :  L.215 , I .75 ::

L'o65 : .905 z L.L)1 z 2.21 tz
I,578 : .828 t L.o)1 I 2.8? ::

P l , a t e I I o . 6 r I a

, ,\t : 1.IlrO : 1.lr5o
2 7L9 : I.OIL : 1.285
z LrO6f 2 .906 . L.Lfi
: Lr6a6 . .8r1 : r.o8'

P l a t e l t o . 6 r 2

lr5OO :
lr6oo !
?,OO :
2t]o,o :

,,, :
,8, !
6 0 !
TI' :
8 ' , o :

11 :
9 :
7 :

)-L/2 :

Ir8 . L.Ly r I.t?5 : r.rrr :i
L57 : 1.Olr5 : l.ff l  z L.61 z:
?2, ! .991 : r.261 : l.9l ::
tL, 2 .9d+ : 1.r?5 t 2.19 :z
42o : .88e , L.Le. t 2,82 zt

:  1 . 4 ?  : :
:  1 . 8 O  : :
: 2 ' 1 L  z :
:  2 . 9 4  : :

z L. rE :  I .4r l  :  r .42 : :
:  L .O$ ,  L. r r ,  :  L .65 t t
| .99L : 1.25I : L.)) zt
t .9J6 t L,2L6 : 2.4O ::
:  .8& |  L .Le r  2.84 : :
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Flgure  147. - -P lo t  o f  la te ra l  de f lee t ions  o f  typ lca l  tes t  p la tes
6  x  2  - -  22  inches  w ide  and 6  x  pa  - -  Z  inches  w ide ,  ind ica t ing
cr i t i ca l  buck l lng  Ioad a t  po in t  o f  i r r f lec t ion .z lrl 81561. F
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Figure 148.--The constants

o f  the  ra t lo .  
E f *  

.- 
Ef* + Ef*

symmetr ical cons truc t lon,
the face pl ies 45o to the
p r e s s i v e  s t r e s s .

k"o,  and b ' /ae bot ' t ' r  p lot ted as funct ions
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