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ABSTRACT

Two methods for predicting deflections of 3-ply plywood have been verified experimentally
and compared. Both methods can predict accurately the total deflection, pure bending
deflection and shear deflection even at a span-to-depth ratio 14:1 of 3-ply southern pine
plywood. The approximate method predicts deflections with as much accuracy as the exact
theoretical method. The approximate method has the advantage of being simpler in applica-
tion, and it does not require the knowledge or determination of Poisson’s ratios and values
of pure modulus of elasticity for the core (Exx) required by the exact method. Both methods
require accurate values of modulus of rigidity in “rolling shear” and/or an accurate value
of the ratio Gra/Grr. It is suggested that values of Gex for all commercial species, used for
production of structural plywood, be determined by an accurate method.

This paper presents partial results of a
larger study that concerns flexural prop-
erties of southern pine plywood including
plywood overlaid with fiberglass reinforced
plastics. More specifically, this paper pre-
sents two experimentally verified theories
by which the flexural stiffness of 3-ply
southern pine plywood can be predicted
accurately at short span-to-depth ratios. A
previous paper (Biblis 1969) presented: 1)
experimentally obtained values of effective
moduli of elasticity of 3-ply plywood strips
at five span-to-depth ratios smaller than
48:1; and 2) actual values of pure bending
and shear deflection determined by con-
sidering the plywood cross section to be
homogeneous. In this study, deflection at
short span-to-depth ratios of the same 3-ply
plywood specimens is predicted by two
independent methods.

BACKGROUND

Plywood, particularly 3-ply plywood, is
a simple form of sandwich construction.
The 90° alternation in grain orientation
between face plies and core causes large
differences in strength and elastic prop-
erties. Ratios of tensile wood properties

1 This research was supported jointly by federal
funds under the Mclntire-Stennis Cooperative
Forestry Research Act (P. L. 87-788), Ala. Project
No. 910 and Alabama State appropriated research
funds.

between parallel and perpendicular to grain
can be as high as 40 to 1 (Biblis 1966;

Wangaard 1950). Shear strength perpen-
dicular to grain (rolling shear strength)
varies from 0.19 to 0.61 of shear strength
parallel to grain (Biblis and Fitzgerald
1969; Munte and Ethington 1968). The
modulus of rigidity Gqr in “rolling shear”
ranges from 0.025 to 0.66 of rigidity mod-
ulus Gy parallel to grain (Biblis and Fitz-
gerald 1969; Munte and Ethington 1968;
March 1936).2

For testing plywood in flexure, ASTM
Standards specify a 48:1 span-to-depth ratio
for specimens with face grain parallel to
grain. Apparently, it is assumed that deflec-
tion caused by shear is negligible at this
ratio even for 3-ply plywood since no dis-
tinction is made for plywood with different
number of plies. In a previous study the
author (Biblis 1969) has shown that the
percentage of midspan shear deflection of
3-ply southern pine plywood with face grain
parallel to span is approximately 7.5% of
the total deflection. Flexure properties of
plywood (stiffness and strength) at a 48:1

span-to-depth ratio have been predicted

2In designation of modulus of rigidity G, and
Poisson’s ratio u, the subscripts L, T and R refer
to longitudinal, tangential and radial directions in
wood respectively. Gur is associated with shear
deformations in the LT plane. Grx is associated
with shear deformations in the TR plane along
the tangential direction.
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accurately in the U.S. Forest Products
Laboratory (FPL-059, 1964) by a theoreti-
cal method derived by March in 1936.
March’s method, however, can be applied
also to plywood strips with relatively small
span-to-depth ratios. Deflection caused by
shear can be considerable, even exceeding
the deflection caused by pure bending at
small span-to-depth ratios. It has been
shown by both March (1936) and Biblis
(1969) that the percentage of shear deflec-
tion of plywood strips with face grain
parallel to span is higher in 3-ply than in
5-ply plywood. This is caused by the influ-
ence of an extremely low modulus of rigid-
ity in “rolling shear” that occurs in trans-
verse plies. In these plies, with grain
direction perpendicular to span, shear
strains are relatively very large. In 3-ply
plywood, the ply with the smaller resistance
to shear deformation is located in the area
of maximum shear stress. For plywood
strips with face grain perpendicular to span,
the percentage of shear deflection is higher
in 5-ply than in 3-ply plywood strips (Biblis
1969).

An Exact Theoretical Method
for Predicting Deflection

March (1936) has developed a theoreti-
cal method by which the effective stiffness
of plywood strip even at relatively small
span-to-depth ratios can be predicted ac-
curately. March, in developing the method,
first used a differential equation for a flat
plate of plywood, and thus the midspan
deflection of a centrally loaded strip of
plywood was determined by treating the
strip as a thin plate.

Derivation of the differential equation
for deflection of a thin plate is based on
the assumption that transverse shearing
stresses are negligible when compared with
stress parallel to the plane of the plate.
This assumption, however, becomes increas-
ingly inaccurate as the span-to-depth ratio
of the plate decreases. In this case it
becomes necessary to include the additional
deflection caused by shear deformation
which was neglected by the thin plate
theory.
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March (1936) derived an expression for
total deflection that included a correction
for shear deformation by considering the
rectangular plywood strip centrally loaded
as before, but made up of two cantilevers
tixed at their junction at the center x = 1./2
and under the action of load P/2. Thus,
he suggested the following equation for the
total deflection y of a centrally loaded
rectangular strip of plywood:

PL3(1 - ,u’LTf"TL)B ( d2 )
= 1+es ). (1
48E,1 ez )W

1.2
where: y = midspan deflection

L = span
E, = effective modulus of elasticity
I=moment of inertia of entire
section = bd3/12
i and
oy, = Poisson’s ratios®
B = function of strip width
d = total thickness of strip.

The factor (1 - prrprn)B is a corrective
tactor for the effect of anticlastic curvature.
March reported that the quantity (1 - upr
pr,)B  approaches unity for moderately
long and narrow strips. When the effect of
anticlastic curvature is neglected, then the
midspan deflection for the strips described
is given by the equation:

d2
y = [PL?/(48E,1)] (1 + ef_;> . (2)

2
The factor (1 + e%) is a correction for

the effect of shear deformation. The term e
is a function of the appropriate Poisson’s
ratios and modulus of rigidity G. A special
formula is required to calculate values of e
for plywood of different number of plies.
March and Smith (1944) used the same
mathematical treatment and derived equa-
tions to predict the effective stiffness of a
strip of sandwich construction centrally
loaded and freely supported at the ends.

# The prr represents the numerical value of the
ratio of the strain along the T direction to the
strain along the L direction caused by a stress
parallel to the L direction.
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For sandwich beams with faces of equal
thickness, March and Smith derived the
following equation:

y=[PL?/(48D)](1+nd*/L*), (3)
where a simplified equation for term n is
n=[3/(2aG.)](c/d)(1-c*/d*), (4)
where a; = (1/E¢) (1 - proprn) (5)

E¢ = pure modulus of elasticity of
faces (with grain parallel to
span Epqp)

G. = modulus of rigidity of core
(rolling shear modulus Gry)

¢ = thickness of core.

In equation (3) for sandwiches with faces
of equal thickness, the term D can be cal-
culated by the following equation:

D =[b/(12a,) ] (d* - ¢* + pc?),
a  Eo(1-pppprn) _ E‘C.

(6)

where p= — =22 "2 —2¢. (7
P ae Ef(l - IJ«'['L,U«LT) E;’ ( )
therefore
b E.
D= d3 = ¢ ]
].231( C+E[C>,
and D= EfIf + E(AL., <8)

where E. = pure modulus of elasticity of
core (grain perpendicular to
span Erpr,)

I; = moment of inertia of faces

I. = moment of inertia of core.

The first term in eq. (3) PL?/(48D) rep-
resents deflection caused by pure bending;
the second term [PL#/(48D)](nd2/L2)
represents deflection caused by shear.

An Approximate Method
for Predicting Deflection

According to this method, the cross sec-
tion of a 3-ply plywood is transformed into
a hypothetical cross section of a homoge-
neous I-beam with grain direction parallel
to span. The transformation is made by
reducing the width of the core ply by the
ratio of modulus of rigidity perpendicular
to grain (rolling shear) to that parallel to
grain Gq/Grr. The ratio of the moduli of
rigidity was chosen as the transformation
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factor instead of the corresponding ratio
of moduli of elasticity (Err/Erg) because
in 3-ply plywood the weak core occupies
an area of maximum shear stress and causes
large shear deformation, particularly in
small span-to-depth ratios. It has been
shown by the author (Biblis 1967) in such
cases that the transforming factor of the
ratio of moduli of rigidity is more appro-
priate than the ratio of moduli of elasticity.

Elastic properties of the hypothetical
homogeneous I-beam, when subjected to
bending, correspond only to those parallel
to grain i.e. Err and Grg. Bending deflec-
tion of such an I-beam, when centrally
loaded and freely supported at the ends, is
calculated by the following equation de-
rived by Newlin and Trayer (1942).

y = PL?/(48EL) + (K'PL/G). (9)

The first term PL3/(48El;) represents
deflection caused by pure bending. The
second term K!'PL/G represents shear
deflection. The G is modulus of rigidity
parallel to grain Grr or Grr (depending on
orientation of annual rings). For calculat-
ing the term K!, Newlin and Trayer (1942)
suggested the following simplified equa-
tion:

&

Kl=1
101’

I -KOK (t ) (10)

g —-1
Ks? 4
where:

K, = distance ncutral axis to extreme
fiber

K, = distance neutral axis to flange
t: = width of flange
t; = thickness of web
= moment of inertia of I-section or

transformed section with respect to
neutral axis.

PROCEDURE

Detailed experimental procedure describ-
ing fabrication and test of the 3-ply ply-
wood and calculation of its effective stitf-
ness can be found in a previous paper by
the author (Biblis 1969). However, a sum-
mary of this procedure is presented here.
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Grade A rotary-cut veneer of southern
yellow pine was used exclusively. Veneer
was selected carefully in the mill to exclude
all visible defects. Three panels of 3-ply
plywood (%o in. faces and % in. core) were
glued with extended phenolic resin in a
plywood mill. Three static bending speci-
mens with face grain parallel to span and
with dimensions as specified by ASTM
Standards were machined from each panel.
Each specimen was tested in static bending
at the following span-to-depth ratios: 48,
28, 18, 14, and 11. After each test, speci-
mens were trimmed to the shorter length
and relaxed for 24 hr in a conditioning
room before being retested at the shorter
span. The load applied to each span was
only % of the estimated proportional limit
load for each specimen. Specimens were
supported freely at the ends and centrally
loaded, using an Instron testing machine.
Loading speeds used for each span were
according to ASTM Standards. Deflections
were measured with an electric deflec-
tometer attached to the core at mid-span
and recorded simultaneously with the cor-
responding loads on X-Y recorder.

Shear Deflection from Test Data

Values of pure moduli of elasticity E and
moduli of rigidity G for plywood of each
panel were determined by the method used
by Preston (1954), Wangaard (1964), and
Biblis (1965). Actual test values of mid-
span total deflection were separated into
pure bending deflection and shear deflec-
tion by the following equation:

y = (PL3/48EI) + (0.3PL/AG), (11)
where:

v = total deflection at mid-span

L = span of specimen

E = pure modulus of elasticity of ply-
wood (free of shear deformations)

I = moment of inertia plywood cross
section = bd?/12

A = cross section area of plywood = bd

G =modulus of rigidity of the entire
cross section of plywood in the
direction of span.
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Shear Deflection Calculated
by the Exact Method

The simplified equation (3) derived by
March and Smith (1944 ) for predicting the
deflection of a sandwich construction beam
was used for predicting deflections of 3-ply
plywood. This method was chosen, rather
than the method derived by March espe-
cially for plywood, for the following rea-
sons: (a) it is simpler and does not assume
several conditions to be applied (see March
1936); (b) 3-ply plywood indeed is a sim-
ple form of sandwich construction, espe-
cially when faces are of equal thickness as
in this case.

Poisson’s ratios urr and wrr required in
eq. (5) together with the other four ratios
MLR, UrT, M1R, UrT Were determined experi-
mentally for loblolly pine by a method
described by Doyle, Drow, and McBumey
(1968). For this, three types of loblolly
pine specimens (2 inches X 2 inches X 8
inches) were tested in compression—one in
compression parallel to grain, the other two
perpendicular to grain. The load was ap-
plied on the tangential surface in one of
the perpendicular-to-grain specimens and
on the radial surface of the other. Speci-
mens tested perpendicular to grain were
laminated from smaller sections to obtain
the desired grain orientation as shown in
Fig. 1. Axial and lateral strains were mea-
sured simultaneously during loading by
SR-4 strain gages attached to specimens
(Fig. 2). Values obtained for the six Pois-
son’s ratios are as follows:

M1t = 04030 Mt = 00203
Mir — 04560 My = 0.0370
Mrr = 03720 Mrr = 05980

Values of pure moduli of elasticity of faces
E; (grain direction parallel to span) and of
core E; (grain direction perpendicular to
span ) were determined experimentally from
3-ply unidirectionally laminated veneer
strips of the same thickness with those of
plywood. Laminated veneers were matched
to those of plywood, and both plywood and
laminated veneer panels were manufac-
tured simultaneously with the same process.
Values of pure E¢ and E. for equations (5)
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Fic. 1.

specimen for compression parallel to grain; (B) and (C) glued specimens for compression perpendicular
to grain, tangential and radial respectively.

and (8) were determined (3)
method used by Preston (1954).
Although a value of modulus of rigidity
of core G, (rolling shear modulus Grg) was
determined experimentally by testing uni-
directionally laminated veneer strips with
grain perpendicular to span at various span-
to-depth ratios, values obtained were con-
sidered unreasonably low and were not
used. Instead, a value for Gpp was derived
from the value of Gy r and a proper value
of the ratio Gyp/GrLr. After considering
values for the ratio obtained by other inves-
tigators, a value of 0.23 was accepted and
used in eq. (4). (American Plywood Asso-
ciation 1966; Fitzgerald 1968; Palka 1967,
Munte and Ethington 1968). Total deflec-
tion, pure bending deflection, and shear
deflection were calculated with eq. (3).

by the
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Compression specimens of loblolly pine tested for determination of Poisson’s ratios; (A) solid

Shear Deflection Calculated

by the Approximate Method
Equation (9) was used for determining
the mid-span deflection by this method. A
value of pure E was determined experi-
mentally by testing unidirectionally lam-
inated veneer strips with grain parallel to
span. Value at the proportional limit load
was used for P. The value of 0.23 for the
ratio Gyr/Grr (transformation factor) was
used. Total deflection, pure bending deflec-
tion, and shear deflection were calculated

with eq. (9).

RESULTS AND DISCUSSION

Amounts of total deflection, pure bend-
ing deflection, and shear deflection at mid-
span of 3-ply plywood were predicted by
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Fic. 2. Compression specimen under loading
perpendicular to grain (tangential surface); strains
parallel and perpendicular to direction of applied
load were measured simultaneously by SR-4 strain
gages attached to the specimens.

two methods at the following span-to-depth
ratios: 48, 24 and 14. Deflections for the
same span-to-depth ratios were calculated
also from test data and compared separately
with results obtained from each prediction
method.

Comparisons between actual deflections
and those predicted by the exact method
are shown in Table 1. Percentage differ-
ence is considered positive when the pre-
dicted value is larger than the actual.
Predictions of pure hending deflection are
in good agreement with actual values.
Values for specimens from panels 1 and 3
were predicted with an error of less than
0.45%. Average percentage differences be-
tween predicted and actual values is less
than 1.85.
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Predictions of shear deflections are in
good agreement with actual values except
for specimens of one panel, where the
percentage difference is 14.87. The per-
centage difference for specimens from the
other two panels is less than 2.0. The rather
large variations between percentage differ-
ences of specimens from different panels
are due to the fact that predictions were
based on average values of pure E and G,
while actual values of individual panels
exhibit variations because of natural varia-
bility.

Predictions of total deflection are also in
good agreement with actual values. Per-
centage differences between actual and
predicted vary from -0.13 to +6.58 among
specimens of different panels. The average
percentage difference between actual and
predicted total deflection even at 14:1 span-
to-depth ratio is only 3.21. The exact
method can predict total deflection of a
3-ply plywood strip with good accuracy
even at a span-to-depth ratio of 14. The
average actual percentage of shear deflec-
tion to the total deflection at 14 span-to-
depth ratio is 48.83 and was predicted with
1% accuracy.

Comparisons between actual and pre-
dicted deflections by the “approximate
method” are shown in Table 2. Separate
predictions of pure bending and shear
deflections are in good agreement with
corresponding actual values. Average pure
bending deflection was predicted with less
than 1.0% error, and average shear deflec-
tion was predicted with less than 3.5%
error. Predictions of total deflections were
in excellent agreement with actual values.
Percentage errors for predicted total deflec-
tions varied from -4.82 to +3.90.

Predictions of pure bending deflection,
shear deflection, and total deflection ob-
tained by the approximate method are as
good as those obtained by the exact method.
The approximate method has an advantage
of being simpler in application, and it does
not require the knowledge of the Poisson’s
ratios and values of pure modulus of elas-
ticity for the core E, required by the exact
method.
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CONCLUSIONS

1) Two methods, an exact and an approxi-
mate, have been verified experimentally.
Both methods can predict accurately the
total deflection, pure bending deflec-
tion, and shear deflection even at the
span-to-depth ratio of 14:1 of 3-ply
southern pine plywood.

2) The approximate method predicts de-
flections as accurately as the exact
method. The approximate method has
the advantage of being simpler in appli-
cation and does not require the knowl-
edge or determination of Poisson’s ratios
and values of pure modulus of elasticity
tor the corc E, required by the exact
method.

3) Both methods require accurate values
of modulus of rigidity in “rolling shear”
and/or an accurate value of the ratio
Gor/Grr. It is suggested that values of
Gy for all commercial species, used for
production of structural plywood, be
determined by an accurate method.
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