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ABSTRACT

MEASURING YOUNG'S MODULI, SHEAR MODULI, AND
POISSON'S RATIOS FOR WOOD BY A TNESION TEST

By

Ghanbar Ebrahimi

To develop a single test method for determinig all
elastic constants for wood in a given plane, Young's moduli,
shear moduli and Poisson's ratios were determined from the
loading of tension specimens at four angels to the grain
and at four stress rates and compared with those determined
from tension and compression tests made both parallel and
perpendicular to the grain and from plate shear tests.
Stress rates ranged from 0.3 to 20 Psi per minute; nominal
angles of loading to the grain were 20, 35, 50, and 65
degrees. Specially fabricated strain gage rosettes were
used to measure strains parallel, perpendicular and at 45
degrees to the load in tnesion specimens. Measurements were
made on a radial-longitudinal plane for Liriodendron
tulipifera, Sequoia sempervirens, and Tilia americana, and
on a tangential-longitudinal plane for Pinus lambertiana.

Except for one specimen, the shear moduli calculated

from the specimens loaded at an angle to the grain were from



Ghanbar Ebrahimi

86 to 130 percent of the values determined from plate shear
tests and were from 93 to 116 percent of the plat shear

test values when only specimens loaded at 35 degrees or less
were considered. Shear moduli increased the most with angle
of load to grain for the two species which had the greatest
amount of ray tissue oriented parallel ot the surface of the
reference plane.

Young's moduli parallel to the grain and Poisson's
ratios were not accurately predicted from the specimens
loaded at angles to the grain. However, modulus of elasti-
city perpendicular to the grain could be calculated fairly
closely from these same specimens; particularly, at the
larger angels of grain to load. For the range of stress
rates employed, the rate of loading had very little effect

on elastic constants.
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LIST OF NOTATIONS

The following symbols represent used notations in the
text; they are, however, properly identified when first

introduced.

L Longitudinal direction
R = Radial direction

T = Tangential direction

Og = Stress in the R (radial) direction

oy, = Stress in the L (grain) direction
TRL = Shearing stress in LR plane

O, = Stress in the x direction

oy = Stress in the y direction

Xy = Shearing stress associated with xy plane

6 = The angle of rotation for axis

€ER = Strain in the R (radial) direction

e, = Strain in the L (grain) direction
YpL = Shearing strain in LR plane

€ = Strain in the x direction

ey = Strain in the y direction
ny = Shearing strain in xy plane

E. = Modulus of elasticity (Young's modulus)

i=1L,R,T
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[
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RL
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Shear modulus
i=R,T

Slope of strain-stress curve
i=1,2,3

; : strain along R-axi
Poisson's ratio = long R-axis

strain along L-axis

(when uniform o_ is applied)

L

. . strain along L-axis
Poisson's ratio = Jd

strain along R-axis

(when uniform o_ is applied)

R

Maximum strain
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INTRODUCTION

Use of wood as a structural material is complicated
by the facts that it is elastically anisotropic and that some
of its elastic properties are not well documented. There are
twelve elastic constants for wood: three Young's moduli,
three moduli of rigidity and six Poisson's ratios. Among
these elastic constants of wood, moduli of elasticity were
more thoroughly investigated in the past. The reasons for
this could be ease of measurement of Young's moduli and the
greater need for them in timber design. In the more rigorous
design procedures of modern times, however, more information
is needed with regard to Poisson's ratios and shear moduli.

Several different methods are used to determine the
elastic constants of wood. The Poisson's ratios and Young's
moduli are usually measured by making tensile or compression
tests both parallel and perpendicular to the grain on properly
instrumented specimens. The shearing moduli are determined
by conventional method of shear plate testing. Consequently
at least three sets of specimens are required to measure the
elastic parameters of wood associated with any one of its
three principal planes. The use of excessive sets of speci-

mens and the inherent variability in the structure of wood



can make it difficult to analyze the elastic properties of a
particular specimen of wood.

It is possible that some of the current standard test
procedures could be improved to measure moduli of rigidity.
The expression from which the shear modulus is computed, was
derived from small-deflection plate theory. The useful range
of that deflection is limited by the assumptions in this
theory. Thus if corner displacement of the plate reaches to
a limit beyond which middle-plane stretches non-linearly, the
validity of the derived expression is no longer acceptable.
Less-dense species of wood are probably good example for this
case. Therefore a separate formula based on large-deflection
theory is needed to compute their shearing moduli. Such a
formula has not been published yet.

To avoid some of the problems mentioned above,
transformation equations for stress and strain were utilized
by Greszczuk [24]* to develop a single procedure to determine
the elastic constants of anisotropic materials among which
wood is included. A combined theoretical and experimental
investigation on the applicability of this test method,
followed by the design of appropriate off-axis tensile test

specimen is the subject of this work and presented here.

*
Numbers in brackets indicate references.



Objective
Development of a single test method for determining

all the elastic constants for wood in a given plane.



CHAPTER I

MEASUREMENT OF ELASTIC CONSTANTS

For best and intelligent use of engineering
materials, their elastic properties are closely investigated.
In doing so various experimental techniques are applied to
examine elastic constants. The number of elastic constants
needed to define a given material depends on whether it is
isotropic or anisotropic; i.e., whether its properties are
independent or dependent on the direction of measurement.

Measurement of Elastic Constants
in an Isotropic Material

For an isotropic material there are four elastic
constants of which any one can be determined from a know-
ledge of two of the others. The constants are Young's

modulus E. bulk modulus E shear modulus G, and Poisson's

BI
ratio .. The following relationships exist between these
constants.
9E_, - G 3E, - 2G
p-_8"° .+ g-._&E  ,.2B7%
(3E; + G) 2(1 + w) 2(3Eg + G)

To measure these constants for a given isotropic
material, tension, compression and torsion tests are made

on a proper specimen. Because of the vast usage of



isotropic materials such as metals in modern industry,
numerous test systems and data monitoring have been
developed for measuring the elastic parameters of this
group of engineering materials.

Measurement of Elastic Constants in
Manufactured Filamentous Composites

Filament-reinforced composites consist of a rec-
tangular array of parallel filaments embedded in a matrix.
In planes parallel to the filament axes, the filament rein-
forced materials have five elastic parameters. Two Young's
moduli, one shear modulus and two Poisson's ratios. A know-
ledge of four of the parameters associated with one of these
planes is needed to completely define the elastic properties
in that plane.

These elastic moduli for filaments composites can be
analytically determined from a knowledge of elastic proper-
ties of constituent materials (filament and matrix).
Greszczuk [25] did this for fiber glass embedded in an epoxy
matrix. A reasonable agreement (within 10%) between these
analytically predicted elastic moduli and their experimental
values was observed.

To experimentally determine elastic constants of
filament-reinforced composites, several methods are avail-
able. Tension and compression tests are conducted for the
determination of Young's moduli and Poisson's ratios [24].
For the same elastic moduli, dynamic tests can also be used.

For shear modulus, the plate shear test is the common one.



On properly constructed sample of fiber composite material,
triaxial tests could also be made for evaluating their
elastic moduli. It is difficult to conduct triaxial test
as well as it is somewhat expensive because of requiring
sophisticated equipment [24].

One of the latest techniques to measure elastic
parameters of filament-reinforced composites, utilizes the
anisotropic properties of these materials to generate shear
deformation in tension specimens loaded at selected angles
to the main filament axis [15, 24, 60, 80]. An advantage
of this test method is that, all five elastic constants of
a given filamentary composite material can be determined
from one type of test specimen. To find the potential of
off-axis test, Greszczuk [24] has applied this test technique
to measure the elastic moduli of fiber glass. According to
his report "good agreement is found to exist among the
various properties obtained from tests of specimens with
various filament orientations as well as between experimental
values and theoretically predicted values of the elastic
constants." In addition,off-axis test was regarded well

suited for measuring shear modulus.

Measurement of Elastic Constants in Wood

Wood Structure

Wood is a natural product consisting of concentric

layers of growth shells. It is produced by trees which grow



under diverse ecological conditions that affect their growth
rates, shape, structure and strength. Hardwoods are woods
from broad-leaved trees and softwoods are woods produced by
conifereous species, which have needle-like leaves.

Anisotropic properties of wood arise from its cellular
structure. Most of the cells are long, hollow tube-like
structures, and,with the exception of vessel segments in
hardwood, have closed ends. Depending on the species, any-
where from 70 to 95 percent of the cells have their long axis
parallel to the length of the stem to which they belong. The
remaining 5 to 30 percent of the cells are oriented from the
center of the stem outward in tissues called rays.

Three mutually perpendicular reference directions are
recognized for the measurement of wood properties. The grain
direction (L) is the direction of the length of the majority
of cells, which is parallel to the length of the log con-
taining the wood. A radius of the circular cross-section of
a log is designated as the radial direction (R). The long
axes of rays are in the radial direction. The third
reference direction is the tangential direction (T). It
would be perpendicular to a radius and tangent to the circu-
lar cross-section. Reference planes in wood are denoted by
the directions which define them: the RT plane is the cross-
sectional or transverse surface of a log where most cells
are viewed in cross-section; the RL plane or radial surface
is defined by a radius of the log and the grain direction;

the TL plane or tangential surface is defined by a tangent



to the log cross-section and the grain direction. Rays are
seen on side view on the radial surface and in cross-section
on the tangential surface.

Besides the anisotropy due to the cell orientations,
wood is non-homogeneous because of the number of cell types
present, their variability in cell wall thickness and dia-
meter, and their variability in cell wall structure. Hard-
woods have more cell types than softwoods and so are more
complex with respect to relative arrangements and numbers of
cell types present. Hardwoods are also more variable with
respect to the amount of ray tissue present.

There is variability of wood in the radial direction
from several growth patterns. Some species have very large
differences in the anatomy and physical properties of wood
grown in the early part of the growing season (earlywood)
as compared to the wood formed towards the end of the
growing season (latewood). Also, wood formed in the first
fifteen to twenty years growth of a tree has shorter cells
and differences in cell wall structure from that grown later.
If a tree is leaning when it grows, the wood formed on one
side of the tree is different from that on the other side.

It is difficult to obtain a tangential surface on a
wide board because of the curvature of the growth rings.

This is not a factor in obtaining a radial surface.



Elastic Constants for Wood

Although twelve elastic constants can be defined for
wood, all of them can be determined from a knowledge of any
nine; i.e., there are only nine independent elastic con-
stants. A Young's modulus exists for each of the three
defining axes R, T, L. For each major plane there are two
Poisson's ratios dependent on which of the major axes in the
plane is loaded and a shear modulus.

Experimental techniques which are used to measure
the elastic parameters of wood are similar in principle to
those applied for evaluating elastic constants of metals.
But there are some differences such as size and shape of
specimens and number of constants that are to be measured.
Also, measuring equipment for wood testing must possess
sensitive load measuring devices, and deflection or strain
sensors have to be of low resistance to motion. Test proce-
dures for determining different elastic constants of wood

are reviewed in the following paragraphs.

Measuring Modulus of Elasticity

Standard Test Methods.--Several methods for deter-

mining Young's moduli parallel to the grain are described in
ASTM standard D143-52([1]. Of the methods mentioned, the
compression parallel to the grain test gives the best results
[42, 59] although the assumption of a state of pure com-

pressive stress in the specimen may be inexact [76]. Young's
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moduli could be obtained from a tension parallel to the
grain test, but the standard sample for this is difficult
to fabricate [17, 50]. Values of Young's moduli obtained
from a bending test have to be adjusted for a shear deflec-
tion component, which makes this calculation subject to
additional variables [42, 58, 59].

The only standard test for obtaining modulus of
elasticity perpendicular to the grain in ASTM D143-52 is a
compression perpendicular to the grain test. Although the
test prescribes loading in the tangential direction, it
could be used equally well for loading in the radial
direction. Load-deflection curves for perpendicular-to-grain
loading in compression are not as linear as for parallel-to-
grain loading. Little information exists on stiffness in

tension loading perpendicular to the grain.

Other Tension and Compression Tests.--Other than the

standard tension specimen, tensile samples of very simple
construction have been used to determine Young's moduli and
Poisson's ratios of wood [66, 67, 68, 69]. Strain measure-
ments were made by two-strand wire strain gages [64]. Rec-
tangular tensile samples containing a hole at each end to
apply load at an angle to the grain direction, were also
LT’ GTR)' Young's
moduli (EL, ER, ET) and Poisson's ratios (“LT’

used [63] to determine shear moduli [GLR’ G
LR’ Wor) ©F
wood through measuring deflection on this type of specimen

and computing required strain data. Sliker included rate of
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loading as a factor in determining moduli of elasticity in
tension. In one paper [68] he found that the effect of rate
of loading on modulus of elasticity increased as the angle
between the grain direction and the load increased. 1In an
example in another paper [69], modulus of elasticity perpen-
dicular to the grain was more than 10 percent less at a
stress rate of 0.561 psi per minute than at a stress rate
20.6 psi per minute.

In compression testing, standard tests for computing
Young's moduli and Poisson's ratios are simple in principle
and specimens are readily manufactured. Therefore not much
effort was made to improve this procedure except by modi-
fying specimens dimensionwise for studying particular factors
affecting compression strength of wood [37] and by methods

in applying load to specimen [10].

Dynamic Testing.--Moduli of elasticity (E;» Eps ET)

can also be obtained from dynamic tests. Some types of dyna-

mic tests for this purpose are flexure vibration, vibration
of a column and pulse transmission. Dynamic tests are
reported to be less accurate for determining elastic

moduli than are static ones [40, 42, 78]. All three Young's
moduli measured from dynamic tests were about 10 percent
higher than their static value [6, 78]. Hearmon [28] sug-
gests that for evaluating moduli of elasticity from vibration
tests, frequency of many modes be measured and statistically

analyzed. There are some advantages of dynamic tests as



12

(a) they are nondestructive, (b) individual specimens can
be tested more than once, (c) Young's moduli and shear
moduli may be measured from a single test sample, (d) speci-
mens can be tested in service scale with pulse methods.
Russian investigators [3] have recently used an
impulse method to determine elastic moduli of wood. They
conducted vibration tests and static tests with the appli-
cation of strain gages. Their report indicates that the
results from impulse technique differed from that of strain

gage by 4 percent for E 17 percent for ET' E_ was

L’ R
estimated 12 percent smaller by impulse method. A disad-
vantage of this procedure is that it requires some infor-

mation of Poisson's ratios as well.

Plate Testing.--Plate tests have been used for

determining Young's moduli, shear moduli and Poisson's
ratios of orthotropic materials and studies were made on the
validity of this test technique. In conjunction with the
idea of plate testing, Hearmon and Adams [30] have compared
the experimental values of modulus of elasticity, shear
modulus and Poisson's ratio from tests made on plywood
plates and theoretically predicted values of these constants.
They report that the general agreement between these two
sets of values was close (within 10 percent), although in
some cases, fairly large (30%) discrepancies were observed.
They relate these to the variability within plywood itself.

The aptness of plate testing (with 6% differences in value
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of modulus of elasticity) was confirmed in another study
{79], but it must be realized that this experiment is appli-
cable for orthotropic materials in which linear strain-stress
relations exist over a definite rancge of stress.

To evaluate components of compliance matrix
(Sij' e, = Sijoi) by making tests on orthotropic plates,
Tsai [73] has proposed three steps of testing. Bending a
beam (strip) sample with orientation of an elastic symmetry
axis at 90 or zero degree. Twisting square plates, one along
and another at 45-degree with respect to an elastic symmetry
axis. He claims that, the procedure is easy to implement
and reliable data are obtained. The idea was carried into
effect for determination of elastic constants of plywood and
sandwich boards and corresponding report shows that
excellent agreement (maximum error 3.3% for all compliance)
between theory and experimental results was observed [16].
Plate test was applied to measure Young's moduli, shear
moduli and Poisson's ratios of solid wood by Gunnerson et
al. [26]. Their observations confirmed the existence of
large two-way bending moments in the plates. It was
believed that two-way bending effects were created by a tri-
angular load pattern and could cause large deformations in
the plate sample. These two-way bending effects were noticed
to vary from plate to plate depending upon grain orientation.
Finally by making use of orthotropic plate theory, a cor-

recting method was found to treat two-way bending effects
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which may improve this test procedure, but the calculations

for Poisson's ratios remain inaccurate.

Measuring Shearing Moduli

Shear moduli of wood could be determined through one

of the following experimental procedures.

Plate Shear Test.--This method of test was recog-

nized as being the most useful to determine shear moduli of
plywood and solid wood [42]. The expression from which
shear modulus is computed, was derived from linear, small-
deflection, plate theory. It is valid for an orientation
of the principal axes of elastic symmetry in x, y plane
[21], but the useful range of deflection is limited by

the assumptions in this theory. If corner deflection
reaches to a limit beyond which middle-plane stretches
nonlinearly, the aptness of derived expression for shear
moduli is not acceptable. In a study of shear modulus of
particleboard and plywood by plate shear test, Biblis and
Lee [7] observed more accurate values of shear modulus
can be obtained by measuring the required deflection at

extremities of diagonal of plate.

Torsion Test.--In torsion test on wood, it was

noticed that at least two of the shear moduli are involved
[27, 42]). Kuenzi [42] states that it is possible to perform
torsion test on two sizes of matched specimens and compute

apparent shear modulus by solving simultaneous expressions.
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The accuracy of doing so is questionable unless extreme
care is exercised in matching samples and in measurements.
If involvement of two shear moduli in torsion test
is true, then plate shear and torsion test on a given
species should not produce the same results. Despite this
observation Tang et al. [70] report "the results calculated
from rod twisting are in close agreement with the values
obtained from the experiments of plate deflections." They
concluded this from the testing of scarlet oak and graphi-

cally comparing the results of the two test methods.

Flexure Test.--Theoretically it is possible to

compute shear modulus by making a flexure test on a beam
sample [58]. A complementary compression test on a matched
specimen is needed to obtain true Young's modulus of test
piece for this calculation. No experimental verification

has been made.

Vibration Test.--For vibration test the same objec-

tion as to torsion test exists [42]. That is a mixed
measurement of two shear moduli would be made by vibration
test. Becker [5] has attempted to apply torsional vibra-
tion, to determine shear moduli. In this method of testing,
he measured the torsional rigidity along an elastic symmetry
axis to obtain the values of shear moduli.

Ashkenazi et al. [3] have recently studied an

impulse method of measuring shear modulus. Their report
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indicates that the results of impulse method differed by

30 percent from that of their control method.

Measuring Poisson's Ratios

All six Poisson's ratios of wood can be directly
measured by making tensile or compression tests on wood
samples and recording strains parallel and perpendicular

to the load direction. and Hpp are very small quantities

HRL
and are difficult to measure, but they are subject to the

following relations:

L - IR

RL LR EL
E

V] = u _T

TL LT EL

Other than strain measurements technique, according
to Carrington [12], Poisson's ratio is numerically equal to
lateral curvature divided by longitudinal curvature in a
flexure test. This procedure was of less interest, perhaps
because of lack of accuracy and has not been applied in the

past.



CHAPTER II

EQUATIONS

Elastic constants of synthetic anisotropic materials
have been determined by loading the materials in a direction
other than parallel to one of their axes of symmetry [15, 24
€0, 63, 80]. This test method is capable of evaluating up
to five elastic parameters for a given anisotropic material.
The basic stress and strain transformation equations for
determining elastic constants are described in the following
paragraphs and in References 24, 56, 57.

If normal and shearing stresses or strains in a
plane are given with respect to a set of coordinate axes x
and y, stresses or strains associated with another set of
coordinate axes R,L in the plane which has a rotation angle
of "6" from the initial set of axis, can be obtained through

transformation equations.

- 2 ) o C
f GRW cos 6 sin © sin26 0y
o = si% 9 co% 8 -sin26 o (1)
< L p 4 y 3
LTRL ‘ L_-!551n26 ksin26 cosZB_ LTxy‘
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cos 6 sif o %sin26 [ ex1
. 2 2 .

sin 6 cos B -%sin26 4 ey»
-sin2¢ sin26 cos26 1 Lny

stress in the R (radial) direction,
stress in the L (grain) direction,
stress in the x direction,

stress in the y direction,

Tyx = shearing stress associated with xy
TLR = shearing stress in LR plane,

strain in the R (radial) direction,
strain in the L (grain) direction,

Y = shearing strain in xy plane,

yX
shearing strain in RL plane,

the angle of rotation for axis.

(2)

plane,

Figure 1 indicates the referred to axes and direction of

rotation.

Now if R and L are the axes of elastic symmetry of

the material, relationship between the components of stresses

and strains could be written as:
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o or,
€=——u —
R ER LREL (3)
S
L  Ep RL E (4)
T
RL
YrL = & — (5)
LR
where: EL = Young's modulus parallel to L axis,
ER = Young's modulus parallel to R axis,
GLR = GRL = shear modulus for RL plane,
. . Strain along L-axis
= ' = — T
HRL Poisson's ratio Strain along R-axis
(when uniform Or is applied)
_ . . .~ _ Strain along R-axis
LR Polsson’s ratio Strain along L-axis

(when uniform o_ is applied).

L

In order to evaluate GLR' EL and ER some measure-
ments of stress and strains need to be made. A uniaxial
tension test on off-axis (Figure 2a) sample would provide
the required data as explained next.

If a uniaxial stress is applied, o, = Txy = o0 and

Equation 1 will be simplified into:

o] o sin26 (6.1)
Y

R
2
o, = oy cos 9 (6.2)

TLR = %oy sin26 (6.3)
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R
28

0 X

Fig.| Relationship between coordinate axes and two orthogonal ones
rotated through angle 6

(a) Orientation of strain (b) Appearance of gauges
gauges on test specimen in forty-five degree rectan-
gular rosette.

Fig. 2
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When strains are measured with a rectangular rosette
with gauges parallel and perpendicular to the load and with
a third gauge at an angle of forty-five degrees to the other

two (see Figure 2), the strains are as follows:

ey = El
€x = E3 (7)
ny = 282—81-63

€. = ¢ cosze + € sinze - %(2e,-e,-e,) sin26 (8.1)

L 1 3 2 "1 73 *

€, = € sinze + € cosze + &(2e,-€,-€.,) sin26 (8.2)

R 1 3 2 "1 "3 :
YRL = (262-61-63) cos26 + (51—33) sin26 (8.3)

Thus normal stress and strain associated with sym-

metric axes R and L are obtained.

Shear Modulus

An equation for determining shear modulus from off-
axis tensile specimens can be derived from Equations 5, 6.3,

and 8.3.
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G =TL_R

LR YLR

sin26

c .- %oy in

L .

(sl 53) sing29+ (252-51-53) cos29

G,p = L

LR 2(Sl-s3) + (252-81-53) (cotb- tanb) (9)
Sl = El + Oy

Sy = € 0, (9.1)

S3 = €3 < Oy

Moduli of Elasticity

Modulus of elasticity parallel to the direction of
loading of a test specimen equals simply stress divided by

strain:

o
E=_Y =21 (10)

If the grain direction coincides with the load axis,
then the modulus of elasticity of the wood parallel to the
grain is obtained from Equation 10. If the perpendicular
to the grain direction is parallel to the load, then the
modulus of elasticity perpendicular to the grain is obtained.
E_ refers to modulus of elasticity in the radial direction

R

and E_, to the value in the tangential direction. Moduli of

T
elasticity at angles other than parallel or perpendicular
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to the grain are related approximately as described by
Hankinson's Equation:
E_E
E.= L R 5 (11)
BLSige + E

Rcos 6

A technique in data reduction on off-axis test for

L ER and/or E

expression for each by combining and simplifying the sets

determining E is to derive computational

T
of Equations 6 and 8 as well as 3, 4. 1In doing so at least

one Poisson's ratio of the plane being tested, must be

known. Then by making use of Maxwell's Reciprocal Theorem

ER

(brp = HrR f;) and Equations 3, 4, 6.1, 6.2, 8.1, 8.2 the

following relations are obtained:

S A
L EL RL ER
':i&—b EB(O_R)
L EL LR EL ER
-, °Rr
Ez_b-'_; —_—
L EL LR EL
2. .2
EL - oycos g “LRoy sin
R 2. . 2 o .
Llcos &+ €.sin 5] (25:2 € 53)51n60056
2
1l - “LR tan” 6 (12)
E, = 2

L Sl + S3tan 6 - (282-81-83) tan$
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In similar fashion:

1

2 LR 2
Sl + S3 cot 9 + (252-81-83) cotb + 7%? cot”o (13)

Sl' Sz' S3 are defined by Equation 9.1.

A third method for calculating Young's moduli
requires data from two off-axis tension specimens with dif-
ferent angles of load to grain. From combination of
Fguations 3, 6 and 8:

L. %R, - 91.°R

E oo 172 2 "1 12 2 "1 (14)

€ (o} € =
Ry'Ly - Ry L, R "LyRy 1 Ry

The quantities UL's ......ER'S are computed from test data

by the following expressions.

2 2 2 .
= = i - - - 26
OLl 0y1cos 61 ELl 63151n 61 + ellcos 91 %(2821 631 Ell) sin20,
g. =20 sin26 € =€ c0526 + € sin26 + %(2e__-€__-€_.) sin26
R1 yl 1l Rl 31 1 11 1 21 11 31 1
o =0 c0526 € = € sin26 + € 00526 - 4(2¢_.-€__-€..) sin26
L y 2 L 32 2 12 2 22 32 12 2
2 2 2
2 2 2 .
- : = ; - - sin26
0R2 Oy251n 62 eR2 €32cos 82 + 512s1n 62 + 5(2522 532 612) 2

Poisson's Ratio

In a given plane such as the RL plane, there are two

Poisson's ratios MLR and Hpr,® is the ratio of strain in

LR
the R direction to that in the L direction when a force is
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applied in the L direction. is the ratio of the strain

HRL
in the L direction to that in the R direction when a force

is applied in the R direction. and Mg are related by

YRL

the equation:

LR - RL
E. ER (15)
Mg c€an be determined from the zero-degree specimen

by dividing strain perpendicular to the load by strain
parallel to the load. And Mg €an be determined from the
90-degree specimen in similar fashion. When the 1load is
applied perpendicular to the grain, however, the strain
perpendicular to the load is difficult to measure so that
MRL is often calculated from measurements of the other three
quantities in Equation 15.

A second method for determining Poisson's ratio is

to combine data from two off-axis tensile members with

different angles of axis to load as follows:

uLR = o:lezz : 0:2621
2 71 1 2

(16)
T
LyRy = IRy
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Maximum and Minimum Strains

To compute the magnitude of principal strains, the

following equations are applied:

E, _ €.,2 Y
o = 2 (25) (3
(17)

Y

ex + € Ex _ € 2 Yxy 2
Ny T

™
Il

The plane on which the maximum and minimum strains

act are defined by the Equation 18.

_Txy
Tan 20 = ——*¢ (18)
X y
€ = maximum strain
max u t ’
€ ._ = minimum strain,
min

© = angle, locating the direction of principal

strains with respect to x,y.



CHAPTER III

PROCEDURE

The strategy for the project was to determine
elastic constants from strain gauge rosettes mounted on
tensile specimens. Each specimen was to be loaded four
times, each time at a different rate to see if rate of
loading would affect the results. In order to determine
safe load limits for the specimens with rosettes, a set of
matched specimens was loaded to failure. Shear moduli and
Young's moduli parallel and perpendicular to the grain were
also determined by Standard ASTM tests for purpose of

comparison.

Test Materials

Four species of wood were chosen for testing.
These were basswood (Tilia americana L.), yellow poplar
(Liriodendron tulipifera L.), sugar pine (Pinus lambertiana
Dougl.), and redwood (Sequia sempervirens [D. Don] End L.).
Major considerations in this selection were uniformity of
cell structure and availability. In addition, quarter sawn
or vertical grain boards were favored because the curvature
of the growth rings would not be a factor as they would be

in plain sawn or flat sawn boards.

27
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Selected trees of basswood and yellow poplar were
cut down in the experimental forests of Michigan State Uni-
versity, to obtain 5/8-inch quarter sawn boards and nominal
2 1/2 x 2 1/2-inch squares. The diameter breast high of the
yellow poplar tree was 36 inches and that of the basswood
was 32 inches. Out of a log from each of these species, a
single segment 32 inches long was cut and split parallel
to the grain into pie-shaped pieces. The revelant pieces
were individually mounted on a positionable carriage and
sawn radially into $/8-inch thick boards and 2 1/2-inch
squares. These were end coated and stacked for air drying.

A quarter sawn redwood board (1" x 11" x 14') was
selected from the available vertical grain boards of this
species in the lumber yard of a wholesale company. Parti-
cular attention was paid to straightness of grain and uni-
formity of growth rate. Moisture content of redwood board
at time of purchase was measured 10 percent by a moisture
meter.

A flat grain board (1 3/4" x 17" x 16') of sugar
pine was already available in the laboratory of wood techno-
logy at Michigan State University.

Test materials were stored in the conditioning room
(68°F, 65% RH) for three and a half months. By the use of
moisture meter, the moisture content of the conditioning
materials were inspected at interval until equilibrium was

reached. Their moisture contents and specific gravities
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were determined by the oven-drying method prior to the
specimen fabrication (Table 1). Equilibrium moisture con-
tents of nominal 2 1/2 x 2 1/2-inch squares from basswood
and yellow poplar were slightly higher (0.66%, 0.93%) than
for the 5/8-inch material which indicates they might still
have had a slight moisture gradient. The number of rings
per inch of test materials were found as 7, 8, 12, and 17
for basswood, yellow poplar, sugar pine and redwood,

respectively.

Table 1l.--Average Value of Moisture Content and Specific
Gravity of Conditioned Test Pieces.

T

Specific Gravity¥*

Moisture
Species _ i
Content % At test Onwg‘i’ggtdry ’ AtMéz%
| i
’ !
Basswood | 11.069 i 0.39 0.42 0.39
| ' ;
Yellow Poplar 13.09 0.51 j 0.54 0.51
1 | i
| |
Sugar Pine l 9.37 0.37 0.40 0.36
Redwood . 10.20 0.39 . 0.42 0.39
|

*Based on oven-dry weight and on volume at
moisture content of measurement.
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Standard ASTM Test

To determine modulus of elasticity Ei (i =L,R,T),
standard specimens were made out of materials from the four
species and tested (Figure 3) according to ASTM Specification
(D143-52). For sugar pine and redwood, standard test speci-
mens (2 x 2 x 8-inch, 2 x 2 x 6-inch) were made by gluing
board pieces together for the required two inches dimension.
The cross-head speed of testing machine (Instron) was set at
0.02 in/minute for compression test parallel to the grain
and 0.01 in/minute for compression test perpendicular to the
grain. The number of specimens for these tests are shown in
Tables 2 and 3.

Standard shear plate specimens were manufactured
with their length and width equal to twenty-eight times their
thickness (28 x 0.5-inch). For yellow poplar, basswood and
redwood, two boards were edge glued to fabricate a shear
plate specimen. The sugar pine board was wide (17 inches)
enough to produce the desired shear plate specimen without
any gluing process. In this standard test (Figure 4), ASTM
specification (D3044-76) was followed and the cross-head
speed of testing machine was set at 0.02 in./minute (0.012 x
l4-inches). The number of specimens for each species is

shown in Table 4.

Manufacture of Tension Test

Specimens

For tension test, three types of specimens were

made out of the materials from the four species. Type A,
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Figure 3. ASTM Stand Compression Parallel to the Grain
Test.

Figure 4. ASTM Standard Plate Shear Test.
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Table 2.--Results of Standard ASTM Compression Parallel to the Grain

Tests.
Specimen EL* Average : Standard | Coefficient
Species p . E . Deviation of
Number Psi L R ; . .
. Psi ! Variation %
Ps1 i
1 1,822,500
2 i 1,507,000
Basswood ' ! ! 1,610,000 144,000 9.0
3 . 1,557,000 ! ! !
4 i 1,553,000 ,
i
t
1 ( 1,701,000 .
zzlizz 2 | 1,687,000 | 1,705,000 & 20,000 1.2
p 3 | 1,727,000 | ! |
! : !
!r 7 : !
Sugar 1 i 1,476,900 ! .
Pize 2 ' 1,314,400 ' 1,429,000 = 100,000 7.0
3 - 1,496,100 !
i
1 © 1,204,500 | ‘
Redwood ‘ ’ ’ 1,342,000 t 194,000 14.5
2 1,479,200 ' ! i !
|

*This value for Young's modulus was measured at approximately

12% moisture content.
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Table 3.--Results of Standard ASTM Compression Perpendicular to the

Grain Tests.

|
. : E_** Average Standard | Coefficient
. Specimen R s '
Species i . E Deviation ! of
Number (Psi) R ‘ ..
. PSI | Variation %
(PSl) i
1 114,000
Basswood 2 110,000 114,700 5,000 4.4
3 120,000
1 190,000
Yellow 2 150,000
7 2.4
Poplar 3 170,500 177,600 22,100 1
4 200,000
Sugar 1 80,000
Pige 2 55,000  72,300* 15,000 20.7
3 82,000
1 110,000
Redwood 5 90,000 100,000 14,100 14.1

*This value is ET for sugar pine.

**This value for Young's modulus was measured at approximately
12% moisture content.
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the off-axis specimens, had an angle of inclination (9)
between grain and load directions, where 6 represented
angles between 20 and 65 degrees. Type B specimens were
those in which the grain was parallel to the load direction.
Type C specimens had their grain perpendicular to the load
direction. Specimen types are also frequently referred to
in this report by the angle between load and grain
directions.

Each tension specimen required a 1/2-inch thick by
4-inch wide by 25-inch long board in which the angle between
the grain of the wood and the 25-inch dimension of the board
was the specified test angle. A board of this dimension
could easily be made for the zero-degree specimen but for
the other angles extra boards had to be glued to sides as
shown in Figure 5. The central test boards had a minimum
width of 8 inches. All bonding was with polyvinyl adhesive.
Cutting of the boards to achieve the desired angle was done
as shown in Figures 6 and 7.

To complete the tensile specimens, boards of red oak
were bonded at the ends of the test boards and grooves were

cut into them to receive 2 1/2 inches diameter shear plates

as shown in Figure 9. Materials for basswood, yellow poplar
and sugar pine were sufficiently available to prepare four
off-axis tension specimens with the angle of inclination of
20°, 35°, 50°, and 65°. For redwood there was only enough
material to make specimens with 35°, 50°, and 65° inclina-

tion angles.
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Fig 5 Laminated piece from which off-
axis test pieces were cut.
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Figure 7. Cutting Off-Axis Test Piece.

Figure 8. Heat Curing Gauged Area on Specimen.
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Two sets of Type A and Type C specimens were made.
Those from one set were loaded to their breaking point.
Those from the other were used for determining elastic con-

stants at the specified loading rates.

Strain Measurement

Strain was measured in the wood with rosettes of
free-filament bonded electrical resistance strain gauges.
These gauges allow rapid reading of strain and at the same
time are less apt to restrain movement of their substrate
then are gauges with rigid backing materials. Gauges were
made essentially as described by Sliker [64] except that the
length of the one mil diameter strain sensitive wire in a
given gauge was only about four inches. This produced a
gauge with a resistance of 90 ohms. After bonding the gauges
to the wood in a 2-inch long U-shaped pattern with thinned
nitrocellulose cement, the gauge installations were allowed
to air cure for 24 hours. This was followed by a condi-
tioning at 100°F for 4 hours (Figure 8).

The gauges were installed as rosettes on the center
of opposite broad faces of each test specimen and on matched
boards for use as compensating gauges. One gauge was parallel
to the member's length, another was perpendicular, and a
third was at an angle of 45 degrees to the member's length.
This arrangement is shown in Figure 2. Resistance of each
gauge to the nearest 0.02 ohms was determined with a Hewelett

Packard Digital Multimeter, Type 34072A.
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Precautions were taken to protect the gauges and
boards from slight fluctuations in the relative humidity and
temperature in test area. One of these was to coat end
grain surfaces on the narrow edges of boards with wax. Then
saran wrap was wrapped around the gauged area and its proxi-
mity. In addition a one-inch thickness of a low-density
rubber cushioning material was placed over gauges during a
test.

Loading of Tensile Specimens
to Failure

As was mentioned earlier, by loading one set of
tension specimens to their breaking point, the ultimate
strength of unbroken specimens could be estimated. This
loading was done on an Instron model TTD testing machine with
a cross-head speed setting of 0.002 inch/minute. Failure
loads were recorded (Tables 5, 6). The zero-degree
specimens were not included in this testing because their
strength would have exceeded the capacity of the testing

machine.

Loading of Gauged Tensile Specimens

The magnitude of maximum test load for each speci-
men used in strain determinations was proposed. Then it was
divided by the corresponding measured ultimate load to
compute the reduction factor. Rounded reduction factors
ranged from 0.07 to 0.320 (Tables 5, 6).

The maximum test load was applied to each specimen

four times, each time at a different rate of loading. Rates
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of loading were based on the time to reach the maximum load
at total test times of 15, 40, 100 and 240 minutes. The
order of testing at these rates was randomly chosen for each
specimen. The recovery time between two consecutive loading
was 7 days at least.

Loading of a specimen at a given test speed was
accomplished by adding water to a five~-gallon bucket at a
constant rate from a twenty-gallon reservoir with a constant
head. Calibrated plastic tubes leading from the reservoir
to the bucket provided the outlets for different rates of
loading. The five-gallon bucket was suspended from one end
of a moment arm which was attached at its other end through
a load cell to the specimen. The mechanical advantage of
the moment arm was 20 to 1, so the weight of water in the
bucket was multiplied by 20 at the test specimen. The test
frame containing the moment arm is Applied Test System
Model 2410.

Test specimens were mounted (Figure 10) individually
in series with 1000 pound capacity load cell in the test
frame. Two 2 1/2-inches diameter shear plates, one on either
side of a specimen's end blocks and a single bolt provided a
pin type connection at both extremities of a specimen.
Between the specimen and the bottom of the test frame there
was a pin-type joint that allowed rotation at 90 degrees to
the axis of rotation of the bolt in the specimen. Between
the specimen and the load cell there was a universal joint.

The load cell was connected by a pin-type joint to the loading
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Figure 10. Loading Tension Specimen.
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bar, see Figure 10. The rated accuracy of the 1000 pound
capacity load cell was plus or minus 0.1 percent. It was
calibrated by suspending 100 pounds of dead weight from it.

In preparation for a loading sequence, recording
instrumentation was calibrated and then the loading mechanism
was attached. Four channels on a B and F Type 161 Data
Aguisition System were reserved for load and strain measure-
ment. The channel for the load cell was calibrated as pre-
viously mentioned to indicate loads to the nearest 0.20
pounds. The three pairs of strain gauges on the test speci-
men were calibrated with the specimen hanging freely from the
load cell. After calibration, the lower end of the specimen
was secured, and the bucket plus a small balancing weight
were placed in position at the loading end of the moment
arm. The indicated load on the test specimen at this point
was about 15 pounds.

Load and strains were measured at specified incre-
ments of time during the loading cycle, which began with
turning on of the flow of water into the five-gallon bucket.
These increments of time are included in the list of raw
data (Appendix B). At each of the designated times, the
recording channels in the data aquisition system were scanned
and the readings were recorded by a printer in the system.
Channels were scanned at the rate of two channels per
second. Strains were read to the nearest one microstrain
up to a strain of 2000 microstrain and to the nearest 2

microstrain beyond that point.
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Supplementary Calculations

To calculate stresses, the cross-sectional area of
every specimen was computed (Tables 7, 8). In off-axis
specimens, the angle of inclination between grain and load
direction (Tables 7, 8) was measured in several spots on
each constructed specimen, to obtain a more pfecise value
than the nominal one.

To examine the correctness of recording of all data
points obtained in any particular speed of loading, a cor-
responding strain-stress curve was plotted by computer. To
compute the regquired slope of strain-stress curve, multiple
regression analysis was made through an available least
square subroutine [51] on system of CDC 6500 at Michigan
State University. For this analysis simple and quadratic
regression equations were tried. Simple regression between
strain and stress was found highly valid.

The main calculations for elastic constants were
carried out in accordance with three methods of theoretical
analysis on off-axis tension tests. Conventional methods
were also applied to compute elastic parameters from the

results of standard tests.
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CHAPTER IV

RESULTS AND DISCUSSION

Standard ASTM Tests

The average moduli of elasticity from standard ASTM
tests in compression parallel to the grain and in compres-
sion perpendicular to the grain at approximately 12 percent
moisture content are given for the four test species in
tables 2 and 3. Standard deviations and coefficients of
variation for these moduli are also included. For compres-
sion parallel to the grain the coefficients of variation
were 9.0, 1.2, 7.0, and 14.5 percent for basswood, yellow
poplar, sugar pine and redwood respectively. For compres-
sion perpendicular to the grain these coefficients were
4.4, 12.4, 20.7, and 14.1 percent in the same order. Part
of the reason for these large standard deviations were the
small number of samples taken. Also, strain and stress
data were not as linear in the perpendicular to grain
loading as in the parallel to grain loading. Average shear
moduli from standard ASTM tests for the four species are
given (Table 4) along with the individual test values. The
differences between the paired values for basswood, yellow
poplar and sugar pine were less than 4 percent. Only one

sample of redwood was tested.
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Tensile Specimens Loaded Parallel
to Grailn

The slope and associated standard errors of strain
versus stress parallel (Sl), perpendicular (S3), and at 45°
(Sz) to the load is shown in tables 9-12 at four loading
rates for individual specimens of each species loaded
parallel to the grain. Since the grain is also parallel
to the load, the strains are parallel, perpendicular and at
45° to the grain. Most of the standard errors of the slopes
are in the range from 0.002 to 0.004. In all but two cases
this is less than 0.6 percent of the slope reading parallel
to the grain and 1.0 percent or less of the reading perpen-
dicular to the grain for the sixteen recorded slopes at
each angle. Percent errors for the perpendicular to the
grain readings are about double those of the parallel to
grain slopes because the perpendicular readings have the
same standard errors as the parallel ones but are about half
as great in magnitude. For the gauges at 45° to the grain,
the magnitude of errors would be much larger percentage-wise
because the slopes are smaller.

There is no consistent pattern of strain-stress
slopes as a function of loading time for the four species.
Variations among the slopes taken at different loading rates
are apparently related to variables in the reapplication of
loads such as specimen alignment, gauge calibration, etc.
Coefficients of variation for the four parallel to the grain

slope measurements for a given specimen ranged from 1
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TABLE 9.--Strain-Stress Slope Values of Basswood Specimens.

Angle of Load 15 40 100 240
to Grain Minutes Standard Minutes Standard Minutes Standard Minutes Standard
¢ (degree) Loading Error Loading Error Loading Error Loading Error

B -6 .
5, e, f0 (10 ~ * psi)

0 0.602  0.002 0.604  0.002 0.636  0.003 0.617  0.004

19.8 1.531  0.002 1.541  0.001 1.59  0.003 1.577  0.005

3.7 3.501  0.004 3.511  0.004 3.572  0.004 3.608  0.004

51.8 7.520 0.142 7.176  0.089 7.442  0.129 7.568  0.063

63.9 8.911  0.016 9.152  0.02 9.113  0.023 9.166  0.028

90 11.875  0.014 12,102  0.020  12.328  0.027  12.303  0.031
Sy=eytc 078 + psi)

0 -0.280  0.002  -0.274  0.002  -0.270  0.003  -0.238  0.003
19.8 -0.158  0.001  -0.124  0.001  =0.145  0.003  =-0.128  0.003
34.7 -0.012  0.002 0.00003 0.00001  0.00009 0.00001  0.095  0.004
51.8 0.010  0.00002  0.001  0.00003 0.002  0.00003  0.003  0.0001
63.9 0.181  0.010 0.011  0.0003  0.839  0.098 0.007  0.001
90 090307 0.45x10¢  -0.358070 0.168x100  -0.105x10°2 -0.25%10°  0.121  0.125

S,=¢,%0 (1078 5 psi)

0 0.222 0.002 0.215 0.001 0.233 0.001 0.253 0.004
19.8 2.111 0.005 2.183 0.004 2.225 0.006 2.248 0.005
34.7 4.130 0.018 4.057 0.006 4.272 0.020 4.344 0.005
51.8 5.638 0.013 5.700 0.008 5.845 0.011 5.847 0.007
63.9 6.925 0.012 7.054 0.029 7.226 0.014 7.308 0.011

90 7.793 0.015 7.849 0.009 8.122 0.017 8.353 0.077
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TABLE 10.--Strain-Stress Slope Values of Yellow Poplar Specimens.

Angle of Load 15 40 100 240
to Grain Minutes Standard Minutes Standard Minutes Standard Minutes Standard
€ (degree) Loading Error Loading Error Loading Error Loading Error
s, =€, +0 (1078 ps1)

0 0.624 0.003 0.614 0.003 0.620 0.002 0.606 0.002
18.4 1.301 0.002 1.285 0.002 1.274 0.003 1.346 0.003
36.6 2.538 0.009 2.524 0.006 2.594 0.003 2.601 0.008
52.1 3.482 0.005 3.485 0.013 3.634 0.015 3.590 0.007
65.6 5.269 0.021 5.259 0.010 5.484 0.006 5.330 0.011
90 5.998 0.023 6.206 0.022 5.954 0.013 8.368 0.076

s, =c.tc (1070 psi)
3 3

0 -0.247 0.002 ~-0.261 0.002 -0.250 0.002 -0.219 0.003
18.4 -0.220 0.001 -0.197 0.001 -0.210 0.002 -0.178 0.002
36.6 -0.253 0.005 ~0.248 0.005 =-0.247 0.005 =0.244 0.004
52.1 -0.377 0.004 -0.375 0.003 -0.399 0.005 -0.320 0.006
65.6 -0.187 0.006 -0.177 0.004 -0.149 0.007 -0.107 0.005
90 -0.177 0.007 -0.187 0.007 -0.177 0.007 -0.253 0.008

S, =, +z (1070 psi)
2 2

0 0.213 0.003 0.249 0.0002 0.214 0.001 0.231 0.005
18.4 1.544 0.001 1.576 0.003 1.582 0.002 1.585 0.002
36.6 2.080 0.005 2.098 0.003 2.166 0.003 2.149 0.004
52.1 2.772 0.004 2.788 0.005 2.812 0.008 2.978 0.011
65.6 3.928 0.013 3.944 0.007 4.164 0.018 3.949 0.006
90 3.105 0.009 3.105 0.006 3.163 0.003 3.169 0.011
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TABLE 1l.--Strain-Stress Slope Values of Sugar Pine Specimens.

Angle of Load 15 40 100 240
_to Grain Minutes Standard Minutes Standard Minutes Standard Minutes Standard
¢ (degree) Loading Error Loading Error Loading Error Loading Error
S, =e 2 (107 ¢ psi)
1 1

0 0.837 0.0G5 0.789 0.010 0.821 0.012 0.900 0.003
26.1 1.854 0.030 2.051 0.016 1.969 0.008 2.086 0.011
32.4 3.668 0.005 3.718 0.005 3.727 0.003 4.483 0.066
50.9 8.532 0.081 8.776 0.099 8.099 0.058 7.950 0.086
65.4 9.143 0.025 9.078 0.029 9.465 0.033 9.615 0.080
90 12.431 0.048 11.898 0.079 12.895 0.137 12.006 0.071

Sy=eyt T (1078 ¢ ps1)

0 -0.523 0.003 -0.508 0.001 -0.528 0.002 -0.514 0.003
26.1 1.197 0.017 1.636 0.013 1.471 0.018 1.375 0.024
32.4 0.831 0.007 0.857 0.004 0.890 0.006 0.862 0.017
50.9 0.972 0.007 0.967 0.009 1.026 0.008 1.089 0.015
65.4 0.151 0.004 0.184 0.008 0.192 0.006 0.202 0.007
90 -0.341 0.013 -0.345 0.004 -0.421 0.009 -0.426 0.012

S,=f, T (1078 : psi)

0 0.196 0.002 0.204 0.001 0.196 0.002 0.189 0.003
26.1 2.472 0.004 2.446 0.004 2.396 0.006 2.455 0.015
32.4 4.268 0.008 4.274 0.008 4.293 0.005 4.371 0.045
50.9 6.576 0.021 6.626 0.024 6.725 0.027 7.050 0.052
65.4 7.295 0.057 7.320 0.046 7.380 0.059 7.708 0.068&

90 6.578 0.016 6.567 0.037 6.798 0.037 6.766 0.02:
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TABLE 12.--Strain-Stress Slope Values of Redwood Specimen.

Angle of Load 15 40 100 240
_to Grain Minutes Standard Minutes Standard Minutes Standard Minutes Standard
Y (degree) Loading Error Loading Error Loading Error Loading Error

. -6 .
S1 =g f0 (10 © * psi)

0 0.706 0.001 0.691 0.002 0.686 0.002 0.686 0.003
32.9 2.491 0.003 2.498 0.003 2.544 0.005 2.544 0.003
47.7 3.617 0.006 3.632 0.006 3.593 0.005 3.619 0.015
62.6 4.193 0.011 4.197 0.012 4.365 0.024 4.335 0.021
90 6.373 0.030 6.500 0.013 6.662 0.025 6.636 0.016

S me.tc (1078 psi)

0 -0.286 0.002 -0.281 0.002 -0.302 0.003 -0.307 0.003
32.9 -0.468 0.002 -0.453 0.001 -0.451 0.007 -0.466 0.002
47.7 -0.380 0.012 -0.363 0.006 -0.397 0.009 -0.425 0.012
62.6 -0.417 0.003 =0.403 0.003 -0.405 0.004 -0.399 0.005
90 -0.401 0.005 -0.411 0.007 -0.420 0.009 -0.377 0.007

6L

82 =€, o (10 psi)

0 0.280 0.002 0.286 0.002 0.277 0.002 0.289 0.003
32.9 2.116 0.010 2.155 0.007 2.127 0.014 2.279 0.009
47.7 3.052 0.010 3.046 0.004 3.065 0.010 3.060 0.007
62.6 2.829 0.004 2.864 0.005 2.959 0.005 3.165 0.017

90 2.972 0.020 3.039 0.008 3.134 0.010 3.104 0.008
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percent to 5 percent for the parallel to grain gauges,

from 1 percent to 7 percent for the perpendicular to the
grain gauges and from 2 percent to 8 percent for the gauges
at 45° to the grain.

In order to obtain some verification of the accuracy
of the rosettes and measuring system, maximum strain (emax)
per unit stress, minimum strain (Emin) per unit stress and
the direction of the principal strains were determined from
the three rosette guagues under the assumption that maximum
and minimum strains and their directions were unknowns.

The calculated values for €max and €min Were generally
within one standard error of the measured ones, see Table
13. The calculated principal strains were acting at an
angle of 5° or less with the direction of measured strains.
The reasons for this deviation in the sense of principal
strains could be rosette construction, grain direction not
parallel to specimen load axis, grain deviation along the

gauge and non-uniformity in strain field due to non-homo-

geneous nature of wood.

Tensile Specimens Loaded Perpendicular
to the Grain

The arrangement of the three gauges in the rosette
in the specimens loaded perpendicular to the grain was such
that the gauge parallel to the load was oriented perpendi-
cular to the grain, the gauge perpendicular to the load had
its long axis parallel to the grain and the gauge at forty-

five degrees to the grain had its long axis at forty-five



*Ss0138 3O

K

uoT3duUNjy B S JuWT] Jjusawaanseauw yodea e

X 3o adoisy

56

*suswrdads 931H3p-0197 I0j SUOTIOAITE ITIY] pue suterls

S8 b~ vie-o- €00°0 LOE "0~ €00°0 0L1°0 ove
88°v- 60€°0- €00°0 ¢0€ "0~ 200°0 0LT"0 00T pooMpaY
oM
L9°p- L8Z° 0~ 200°0 18Z°0- ¢00°0 09T1°0 oy
10°v- 06Z°0- 200°0 98Z°0- 100°0 ovT°0 ST
1z1°0 vis°0- €00°0 v1s°0- €00°0 900°0~ ove
11°z- 62S°0- z200°0 82S°0- ¢10°0 00T°0 00T autd
aebn
oy-ez- 01s°0- 100°0 80S°0- 010°0 01T°0 ov s
Ly 1~ €26°0- £€00°0 €25 °0- S00°0 0L0°0 ST
[4 Ak A 0zz 0~ €00°0 612°0- 200°0 0L0°0 ove
L6° 1~ 1S2°0-" 200°0 0SsZ°0- 200°0 090°0 00T xerdod
MOTT3X
8s €~ $9Z°0- 200°0 19Z°0- €00°0 0110 oY
¥ 1~ LyZ°o- 200°0 Lyz-o- €00°0 0s0°0 ST
66°€- Lo €00°0 8€Z 0~ ¥00°0 0ZT1°0 oye
p1°€E- LTt o- €00°0 0Lz 0~ €00°0 00T°0 001
poomsseqg
Szt~ 9Lz 0~ 200°0 vLZ 0~ ¢00°0 00T°0 ov
L8t~ ¥8Z°0- 200°0 08Z°0- ¢00°0 02t1°0 ST
(sa1bap) ¢ | 59 ¢ 4o TSd i g OT| ¥Sd i g O | ¥8d: 4 0T * 9-0T | (a3nutw)
sutea3s urw 10119 10113 auty sartoads
tedtoutad P paepue3s o paepue3s 0 - e butpeoq
3O uot3oaatrg (x) g - Nx> -
pajernotred .

Tedroutid---€1 319el



57

degrees to the grain. The slopes of the strain-stress
curves of these gauges and corresponding standard errors
are given in tables 9-12. With the exclusion of basswood
readings perpendicular to the load, the range of standard
errors is at most 2.2, 75, 4.5 percent of slope readings
for parallel, perpendicular and 45-degree to load gauges

of all test species respectively. The reason for the large
error percentages for the strains measured perpendicular

to the load was that the strains were very small in this
direction. Even for basswood the magnitude of the

standard errors perpendicular to the load were not any
larger than in the other two directions. Generally, most
researchers do not try to make this type of strain measure-
ment because it is so small.

The coefficients of variation for the four computed
slopes of strain-stress curves for each specimen varied from
2 percent to 18 percent for the gauge perpendicular to the
grain (parallel with the load), from 5 percent to 18 percent
for the gauge parallel to the grain (excluding basswood) and
from 1 percent to 5 percent for the gauge at 45° with respect
to the grain. If one reading for the yellow poplar specimen
parallel to the load is ignored, the coefficients of vari-
ation for these slopes were 2 percent to 4 percent.

When the slopes of the strain-stress curves were
plotted against loading time, a slight increase in most of
these slopes was observed with loading time. This is shown

in Figure 11 for the gauges oriented at forty-five degrees to
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the grain for the specimens loaded perpendicular to the grain.
The three gauges on the basswood specimen showed greater
change with loading rate than the gauges on any of the other
species. More replications and a greater range of loading
times is probably needed to certify the changes of strain-
stress slopes with loading rate. However, the implications
are that apparent modulus of elasticity perpendicular to the
grain should decrease with increase in loading rate since it
would be equivalent to the reciprocal of the strain-stress
slope parallel to the load.

The accuracy of measurement of this type specimen
was also examined with readings from the rosette by assuming
that the magnitude of the principal strains and their
direction was not known (see table 14). Except for the
basswood, the calculated maximum strain per unit stress
parallel to the load (perpendicular to the grain) was within
one standard error of the value measured by the gauge
parallel to the load. A similar situation existed in many
cases for the calculated minimum strain per unit stress and
the strain per unit stress measured perpendicular to the
load. In the cases where the differences between minimum
strain and the measured strain were larger than one standard
error, the direction of principal strains from the load axis
was more than two degrees. For the basswood, the indicated
deviation from the load axis was about nine degrees for all

four loadings. Also, for the basswood, calculated maximum
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and minimum strains per unit stress were considerably differ-
ent than the strains per unit stress measured parallel and
perpendicular to the load. Why this should be consistently

so for the basswood is difficult to explain, but it indicates
why very samll negative strains or even positive strains were
recoreded perpendicular to the direction of loading. More
realistic numbers for Poisson's ratio are obtained if the cal-
culated maximum and minimum strains per unit stress are used.
Young's Moduli and Poisson's Ratios

from Parallel and Perpendicular
to Grain Testing

Except for the sugar pine, the difference between the
average modulus of elasticity from the parallel to grain ten-
sion test and that from the ASTM standard compression test
differed by less than 7 percent (Tables 15, 17). For some
reason in the case of the sugar pine, the modulus of elasti-
city from the ASTm test was 20 percent greater than the value
in the tension test. The moduli of elasticity from the four
replications at different loading rates of the tension speci-
mens showed only random variation of a very small order (5%
at most), which was expected.

When comparing the muduli of elasticity perpendicular
to the grain from the ASTM test and the tension test perpen-
dicular to the grain, relative large differences were noted.
Based on average these ranged from minus 34 percent to plus 39 percent
of the tension test value (Tables 16, 18). Several reasons might

be noted for these differences. One of them is that there
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were large standard deviations associated with ASTM com-
pression perpendicular to the grain tests. Also the load-
deflection curves for this testing were not as linear as
those for the parallel to grain testing and so were open

to more interpretation. 1In addition, modulus of elasticity
perpendicular to the grain is sensitive to loading rate.
This was noticeable for the yellow poplar and basswood.

For these two species, the apparent elastic modulus perpin-
dicular to the grain was greater for the relatively fast
ASTM test and decrease of modulus with decrease of loading
rate was not evident for the tension test.

R - YR © Ep

can be used to check the accuracy of measurements of these

The reciprocal relationship MRl + E

elastic constants made in a given plane. is the one

HRL,
which usually contains the greatest error since its strain
perpendicular to the load is small. The results of dividing
Poisson's ratios by elastic moduli are given in Table 19.
Except for the basswood, agreement between the relationships

from the parallel to grain loading and those from the

(uRL + ER)

perpendicular to the grain loading are good.
(“LR + EL) was from 0.65 to 1.47. 1In the case of the
basswood, however the indicated Poisson's ratios were very

small for the loading perpendicular to the grain which

resulted in an extremely small number for Poisson's ratio
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over modulus of elasticity. Looking again at the calcula-
tions for €nax’ Emin and the angle of principal strains
from the rosette analysis suggests that Poisson's ratio MRL

might better be represented by ¢ + o divided by ¢ + 0.

min max
Indeed, this type of calculation produces a more realistic
Poisson's ratio for the basswood. 1In all cases, except for
the yellow poplar loading at 240 minutes, it produces a
Poisson's ratio HRL that is closer to the one expected from
the reciprocal relationship from parallel and perpendicular
to the grain loading than was produced by taking the strain
divided by stress readings from the perpendicular and
parallel to the load readings. The use of the calculated
principal strains values divided by stress for obtaining
Poisson's ratios suggests that modulus of elasticity perpen-
dicular to the grain might also be corrected. However,
because the mechanism which is causing the apparent discre-

pancy between €m and load direction is not known, this

ax
might be left for further investigation.

In a few cases Poisson's ratios appear to change
systematically with loading rate but it is by no means con-
sistent for all species. MR decreases with an increase in
loading rate for basswood, increases with loading rate for
redwood, and shows no distinct pattern for yellow poplar and

sugar pine. increases with loading rate for yellow

MRL
poplar, like so Mepr, for sugar pine, but no discernible

pattern for basswood and redwood.
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Tensile Specimens Loaded at an
Angle to the Grain

Slopes of strain-stress curves for each gauge of the
rectangular rosettes are given in Tables 9-12 for the four
test species at four rates of loading. At the smaller
angles for some species, the measured slopes were greater at
forty-five degrees to the load than they were parallel to
load. Standard errors of these calculated slope values
ranged from 0.001 to 0.086 for gauges parallel to load
direction, from 0.00001 to 0.098 for gauges perpendicular
to load, and from 0.001 to 0.02 for gauges at 45° to load.
For parallel and 45° gauges the ranges of standard errors
are at most 1.9 percent and 0.87 percent of the corresponding
recorded slope. This percentage-wise comparison for gauges
perpendicular to load is larger because of their small slope
readings. However, since the strain-stress slopes perpendi-
cular to grain are only added or subtracted to the slopes
from other gauges in the calculations for elastic constants,
their standard error is more significant than their percen-
tage error. The standard errors of all the gauges in a given
rosette are about the same.

About half of the strain-stress slopes show a slight
increase with decrease in loading rate. These increases were
evident with the slopes from the gauges oriented at 45° to

the load direction. The types of increase indicated would be
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expected with a time dependent material since during the
slower loadings there is more time for creep to take place.
However, since the increases were so small, tests over a
wider range of testing speeds and more replications should

be performed before making definite conclusion.

Shear Moduli.--Shear moduli from the tension tests

(tables 20-23) were from 69 percent to 361 percent of those
from the plate shear tests. If the sugar pine is eliminated
from the camparison, the shear moduli from tension tests are
from 86 percent to 130 percent of those from the plate shear
tests. Gresczuk [24] obtained values for shear modulus that
were within a few percent of those from the plate shear test
when he loaded fiber galss laminates at various angles to
the filament axis.

For the basswood samples, the shear moduli ranged
from 86 percent to 119 percent of the average from the plate
shear test. There was no consistent change of shear modulus
either with angle between the load axis and the grain direc-
tion or with the test rate (Figure 12, 13). If just the two
lowest angles of lading to the grain are considered, the
shear moduli from the tension specimens were from 105 to 111
percent of those from the plate shear test. The average of
the four replications at the twenty degree angle of loading
was 8 percent greater and that at the 35 degree angle was 7

percent greater than that from the plate shear test

(Table 24).
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Table 24.--Comparison for the Values of Shear Modulus
Measured by Off-axis and Standard Plate Tests.

I _
Angle of GLR (Psi) Differences
. Load to - in Percent
Species Grain Off-axis  Average From 1-2
(degrees) Tests Standard Plate —5— X 100
(1) Shear Test
(2)
19.8 94,700 8
34.7 93,500 7
Basswood ' 87,700
51.8 77,700 -11
| 63.9 100,000 14
. 18.4 | 118,000 -7
i |
vellow | 36.6 147,300 ; 16
Poplar | ' 127,300
i 52.1 152,300 20
i 65.6 165,100 30
| 26.1 300,300 | 193
Sugar | 324 | 103,300 ! 1
: i
Pine ‘ | 102,500
50.9 77,800 -24
. 65.4 | 110,600 8
; 32.9 125,000 -6
: | '
Redwood | 47.7 | 133,900 ; 132,900 1
! 3 ‘
} 62.6 154,600 16

*This is GLT value for Sugar Pine.
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For yellow poplar samples the shear moduli ranged
from 92 percent to 132 percent of the average from the plate
shear test. There was little if any change of shear modulus
with loading rate, but the shear modulus increased greatly
with the angle of load to grain variable (Figure 14, 15).

The average shear modulus for the specimen with the grain

at 65 degrees to the load was 1.4 times that calculated for
the specimen with the grain at 20 degrees to the load axis.
The shear moduli from the 20-degree and the 35-degree tension
specimens were closest to those from the plate shear test.
They averaged 92 percent and 115 percent respectively of the
shear moduli from the plate test.

For sugar pine samples, the shear moduli ranged from
69 percent to 361 percent of the average from the plate shear
test. If the specimen with the load at 26-degree to the
grain is ignored the range of values is reduced to 69 percent
to 115 percent. There is little if any change of calculated
shear moduli with either loading rate or angle of load to
grain (Figure 16, 17). The shear moduli from the specimen
with angle of load to grain of 32-degree were the closest
to the average of the plate shear test. They were from 93
to 104 percent of this average. The large discrepancy of
the shear moduli from the 26-degree specimen suggests a
special problem. The one that comes to mind and the most
obvious is the fact that the measurements were made on the
longitudinal-tangential plane in the sugar pine specimens,

and that in the 26-degree specimen the rosette is the least
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likely to be in a true longitudinal-tangential plane. The
reason for this latter observation is that there is only a
small area on the specimen surface that very closely approxi-
mates a tangential surface and this area changes very

rapidly from one side of the specimen to the other when the
angle of load to the grain is small. It could be easily

seen that some parts of the strain rosette on this particulr
specimen were on locations that were distinctly different
from a tangential-longitudinal plane. With greater angle
this problem becomes less drastic.

For the redwood samples, the shear moduli ranged
from 91 percent to 123 percent of the value from the plate
shear test. If just the two lowest angles of loading to the
grain (in this case 33-degree and 48-degree are considered)
the shear moduli for the tension specimens were from 91 per-
cent to 101 percent of that from the plate shear specimen.
There is little if any change of shear modulus with loading
rate but shear moduli increases as the angle between the

load and the grain increases (Figure 18, 19).

When the data for all the shear tests are examined
as a group, the shear moduli from all the tension tests
(excluding one sugar pine specimen) were from 69 percent to
130 percent of the shear moduli from the plate shear tests.
If specimens with angle of load to grain less than 37-degree
only are considered (with the exception of the sugar pine
with angle of 26 degrees) the shear moduli from the tension
tests ranged from 93 percent to 117 percent of the average

values from the shear plate tests. The shear moduli of the
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redwood and yellow poplar increased with the angle of load
to the grain while that for the basswood and sugar pine did
not. Also, Gresczuk [24] did not have any such change for
his fiber glass laminates. A possible reason for the
increase in shear modulus with the yellow poplar and the
redwood is that they have a relatively large percentage of
ray tissue oriented perpendicular to the grain direction:
the volumetric percentages of ray tissue for these two
species are 14 percent and 8 percent respectively [55]. The
ray tissue might provide a reinforcement perpendicular to
the grain. Basswood is listed as having 6 percent ray
tissue, the sugar pine was tested in a plane where the ray
tissue did not act as a reinforcement, and the fiber glass
had no comparable structure.

It would seem with the experience with the sugar
pine, that more care has to be taken with tension specimens
made on a longitudinal-tangential plane than with those on
a longitudinal-radial plane because of growth ring curvature.
Larger angle between load and grain direction would seem to
be best. A plus factor is that shear measurements on a
tangential-longitudinal plane will not be influenced as much

by the rays as those in radial plane.

Young's Moduli Parallel to the Grain.--Young's

moduli parallel to the grain were calculated from the
off-axis tensile specimens in two ways. The first of

these presupposed a knowledge of MR but then only
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required the data from one specimen to obtain EL from

Equation 12. from the parallel to the grain tension

“LR
samples was used for these calculations. If Upp wWas not
known, data from two off-axis tensile specimens could be
combined as per Equation 14. The results of the calcula-
tions for EL by these two methods are given in Tables 15, 17
and in Tables 27-30, 31-34, Appendix A. In Gresczuk's tests
[24], the largest percentage errors for any of the elastic
constants occurred in the determination of EL particularly
at the larger angles EL was more "sensitive" to error.
Determination of EL using Equation 12 and the
Poisson's ratio from the parallel to grain loading did not
produce many numbers for Young's moduli that were very
close to those found from testing the parallel to grain
specimen. In fact the differences were mostly large. The
E. values for a given specimen at the four loading rates
were averaged for comparison purposes. Of the fifteen such
calculations made for the off-axis specimens for all
species, only four differed from the expected EL by less
than 30 percent. These were for a basswood loading at 20-
degree, yellow poplar loadings at 18-degrees and 52-degree,
and a sugar pine loading at 65-degree. EL from the two
yellow poplar loadings mentioned were within 3 percent of
the EL value obtained from the parallel to grain loading.
Young's moduli obtained from the combining of the

data from two off-axis tensile specimens in Equation 14

did not give much better results. Combinations where the
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calculated E differed from the E. obtained from parallel

L
to the grain testing by less than 30 percent were: basswood--
20 and 35 degree specimens, 35 and 50 degree specimens;
yellow poplar--20 and 35 degree specimens, 20 and 50 degree
specimens, 20 and 65 degree specimens, 50 and 65 degree
specimens; sugar pine--20 and 50 degree specimens; redwood--
none. At this point it does not seem as though an off-axis

tensile specimen would be very reliable in determining

Young's modulus parallel to the grain for wood.

Young's Moduli Perpendicular to the Grain.--Young's

moduli perpendicular to the grain were also calculated from
the off-axis tensile specimens in two ways by equations
either requiring one sample if Mpr Was known or two if it
was not. See Equations 12 and 14. The results of the
calculations for ER by these two methods are given in
Tables 16 and 18 and in Tables 27-30, 31-34 of Appendix A.
In Gresczuk's tests, the moduli of elasticity calculated
perpendicular to the fiber axis were within plus or minus
10 percent of the expected. The perpendicular modulus was
expected to be "sensitive" to small errors when the angle
of axis to loading was small.

Calculated Young's moduli perpendicular to the grain
using Equation 13 and Poisson's ratios from parallel to
grain loading were close to the values obtained from loading
these species in tension at 90 degrees to the grain. If the
average moduli calculated from the loadings of a given speci-

men are compared to the modulus obtained from the 90-degree
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specimen, all of the calculated values except two are within
plus or minus 25 percent of the test value from the 90-degree
spvecimen. For three of the four species, the calculated
averages for the 65-degree samples are within 10 percent of
the test value.

Young's moduli obtained from the combining of the
data from two off-axis tensile specimens in Equations 14
gave even better results except for the redwood. Over
one-half of the differences between calculated and test
values were within plus or minus 10 percent of the test
value. Except for the redwood, all of the combinations of
50-degree with 65-degree specimens and 35-degree with 65-
degree specimens produced calculated moduli within plus or
minus 10 percent of test value of the 90-degree specimen.

It could be concluded then that it is possible to
make accurate calculations of modulus of elasticity perpen-
dicular to the grain from off-axis tensile specimens. This
is particularly true if the angle of load to grain direction
is around 65 degrees. The presence of large errors in the
values used for E. in the calculation of E, or E_, does not

L R T

seem to affect the accuracy of ER or E_, very much.

T

Poisson's Ratios.--Poisson'a ratios HIR' from

“RL
basswood, yellow poplar, redwood and Uy from sugar pine

were computed from the off-axis tensiel samples through
Equation 16. The results are compared with the average

values of these constants measured by zero and 90-degree
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specimens (Table 25) for all four species. Some cases of
combining off-axis specimens resulted in values for MiR and
Mo that had less than 42 percent discrepancy from parallel
to grain testing on zero-degree samples. These combinations
were 20 and 35, 50 and 65-degree specimens of basswood; 20
and 35, 35 and 50-degree specimens of yellow poplar; 20 and
35, 20 and 50-degree samples of sugar pine, 35 and 50-degree
samples of redwood. Almost all cases of off-axis data com-
binations for YRy, and Mo, resulted in values which differed
by more than 60 percent from the corresponding values
obtained from perpendicular to grain testing on 90-degree
specimens. The exception was in combining data of 50 and
65-degree samples of basswood from which this difference
was only 12 percent.

It is clear that Poisson's ratios are very sensitive

to errors particularly u and Hepp,? transformed data from

RL
off-axis test practically could not provide the required

accuracy.

Suggestions for Further Study

In view of the results obtained in this study, it is
felt that investigation could be conducted in the following
areas:

1. An analytical and experimental investigation on the
effect of length and width of off-axis tensile
samples and developing smaller samples which are

convenient to construct and use.
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Table 25.--Comparison for Poisson's Ratios Computed from Zero, 90-degree and Off-axis

Specimens.
u* T
Nominal LR RL
Species ;nzi:m::s Use of Zero** Difference Use of 90-degree** Differences
P P Equations Degree in % Equations Specimen in 8
(degree)
BT 16 Specimen 2-3 16 (6) 5-6
(2) (3) =X 100 (5) < X 100
(1) (2) (3) (4) (5) (6) (7)
20-35 0.579 34 0.062 157
20-50 0.990 129 -0.158 =755
20-65 0.950 120 -0.057 -336
Basswood 0.431 0.0241 EEEEE—
35-50 0.031 =92 -0.144 -697
—_—
35-65 -0.033 =107 -0.081 =436
50-65 0.253 -41 -0.021 -187
20-35 -0.242 -1l61 -0,182 -660
20-50 -0.056 -114 0.069 112
Yellow 20-65 0.170 -57 0.075 131
0.396 0.0325
Poplar
35-50 0.300 -24 0.208 540
35-65 0.887 124 0.091 180
50-65 2.96 647 0.061 88
20-35 0.658 6 -0.070 -303
20-50 0.478 -22 -0.181 -624
Sugar 20-65 0.168 =73 0.057 65
Pine 0.618 0.0345
35-50 0.158 -74 -0.200 -679
35-65 0.022 -96 0.064 85
50-65 -0.167 -127 0.160 364
35-50 0.517 21 0.216 251
Redwood 35-65 0.132 0.425 -69 0.124 0.0616 101
50-65 -3.76 -984 0.107 74
» i . I
For Sugar Pine these constants are uLT and uTL'
** Average of four readings from table 26 for Zero-degree sample and Emin + Emax

from Table 14 for 90-degree specimen.
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The interaction of loading time and angle of load to
grain on specimens with investigated optimal length
and width, along with a greater range of stress rate.
The uniformity of stress-strain field on off-axis
tensile samples through experimental investigation.
The range of linear behavior of off-axis tensile
specimens with optimal length and width.

Measurement of all elastic constants associated with
a given plane, especially shear modulus, at large
strain level.

Find out if there are any unusual elastic properties
of basswood when loaded at 90 degrees to the grain.
Seeing if rays affect shear moduli determination in

tensile specimens.



CHAPTER V

SUMMARY AND CONCLUSIONS

Shear moduli, moduli of elasticity and Poisson's
ratios obtained from loading wood tension specimens at four
angles to the grain were compared with elastic constants
obtained from parallel and perpendicular to the grain ten-
sion loadings and from standard ASTM compression and shear
plate tests. Measurements were made on a radial-longitudinal
plane for basswood, yellow poplar and redwood, but on a tan-
gential-longitudinal plane for sugar pine. Moisture contents
of test materials were close to 12 percent. Tension speci-
mens were so constructed that the angles between load axis
and the grain direction were 0, 20, 35, 50, 65 and 90
degrees. Specially manufactured strain gauges were applied
on each specimen in a rectangular rosette configuration with
gauges parallel, perpendicular and at 45-degree to the load
axis. Hardwood samples were loaded at most to 15 percent
and softwood samples at most to 32 percent of their 1load
carrying capacity at stress rates ranging from 0.3 to 20.0
psi per minute. At least seven days elapsed between suc-

cessive loadings of a specimen to allow for recovery.

93
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The findings of this study were:

Strains parallel, perpendicular and at 45-degree to

the load axis were linear functions of stress. This

indicates that specimens were loaded within their
elastic limit.

The accuracy of the strain gauge rosettes was checked

on the specimens loaded parallel to the grain and

those loaded perpendicular to the grain by assuming
the principal strains per unit stress and their
directions were unknowns.

a. For specimens loaded parallel to the grain, the
magnitudes of computed principal strains per
unit stress were within one standard error of
measured ones.

b. For specimens loaded perpendicular to the grain,
the magnitudes of maximum computed strain per
unit stress were within one standard error of the
strains per unit stress measured parallel to the
load for all species except basswood. This was
also true for most of the minimum computed strain
per unit stress and the strains per unit stress
measured perpendicular to the load direction.

c. For all the specimens loaded either parallel or
perpendicular to the grain, the calculated angle
between the load direction and the maximum strain

was less than plus or minus five degrees except
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for the basswood loaded perpendicular to the
grain. The angle difference for the latter was
about nine degrees.

d. The small calculated angular deviations between
the load axis and the principal strains probably
represent such things as imperfect grain align-
ment in the specimens, load not parallel to the
specimen length, imperfect rosette construction,
and non-homogeneity of wood.

e. Reasons for the basswood specimen loaded perpen-
dicular to the grain being so different from the
others is not known.

The average modulus of elasticity parallel to the

grain computed from the tension specimens was greater

than that from the ASTM compression tests by 0.4

percent for basswood, 5 percent for yellow poplar,

20 percent for sugar pine. It was 7 percent less for

redwood. The large difference between the two test

methods for EL of sugar pine had no clear reason.

The average moduli of elasticity perpendicular to the

grain computed from the tension specimens differed by

minus 34 to plus 39 percent from the average values
from the ASTM tests. The large coefficient of varia-
tion (from 4.4% to 20.7%) for the ASTM tests help to
explain the differences. Of particular note is the

non-linearity of the load-deflection curves in the
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perpendicular to grain testing. Also, one might
expect the ASTM test to produce a larger modulus
value as a result of having been done at a faster
loading rate.

Quotients of (“RL 3 ER) + (uLR + EL) ranged from
0.65 to 1.47 excluding basswood. This result com-
pares very favorably with that of other researchers.
Basswood fell into this range if the maximum and
minimum strains computed from the rosette analysis
were used instead of the strains measured parallel
and perpendicular to the load direction.

Shear moduli calculated in the radial-longitudinal
plane (all species except sugar pine) from the
tension specimens were from 86 percent to 130
percent of the values calculated from the ASTM

plate shear test.

When only specimens loaded at angles of 20 and 35-
degree to the grain in the radial-longitudinal

plane were considered, the shear moduli from the
tension specimens were from 93 percent to 116
percent of those from the plate shear specimens.
Shear moduli calculated in the tangential-longitudi-
nal plane for three of the four sugar pine specimens
loaded at an angle to the grain were from 93 to 103
percent of the values calculated from the plate
shear samples. The shear modulus calculated from the

26-degree tension specimen was about twice the plate
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shear value. It was observed that the strain gauge
rosette was not in a truly tangential-longitudinal
plane for this specimen because of growth ring
curvature and the rapid change of the curvature
factor with specimen length.

Shear moduli increased the most with increasing angle
of load to grain for the two species which had the
greatest amount of ray tissue oriented parallel to
the surface of the reference plane.

Young's moduli parallel to the grain were not accu-
rately predicted by the equations used with the

data from specimens loaded at an angle to the grain.
In most instances the values calculated from these
specimens differed by more than 30 percent from those
determined from the parallel to grain specimens. The
moduli obtained from combining the data of two speci-
mens loaded at an angle to the grain were closer to
the expected than were those obtained from the data
of one sample and a known value of Poisson's ratio.
The Young's moduli perpendicular to the grain were
predicted fairly closely by the equations used for
the data from the specimens loaded at angle to the
grain. When using the equation which took data from
one specimen and a known Poisson's ratio, all calcu-
lated values were within *25 percent of the values
obtained from loading specimens at 90 degrees to the

grain. The calculated average moduli from the
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65-degree samples for all species were within 10
percent of the expected value except for redwood
which was within 20 percent. The moduli obtained
from combining data from two specimens were equally
as good.

The effect of stress rate on the slope of stress-

strain curves and elastic constants was a minor

variable for the range of stress rates in the
experiment.

a. For specimens loaded parallel to the grain there
were no consistent patterns of change of slope
of strain-stress curves with stress rate.

b. For specimens loaded perpendicular to the
grain, there were slight increases in slopes of
strain-stress curves with loading time. This
was particularly true for the slopes of strain-
stress data recorded at 45 degrees to the loaded
axis.

c. For specimens loaded at intermediate angles to
the grain, about half of the slopes of the
strain-stress curves showed consistent change
with stress rate.

d. There were few if any consistent patterns of
change of moduli of elasticity parallel to the
grain, of Poisson's ratios or of shear moduli

with stress rate.
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e. There were slight indications of decrease of
moduli of elasticity perpendicular to the grain
with decrease in stress rate.

Off-axis test was found to be productive for measur-

ing shear modulus and modulus of elasticity perpen-

dicular to the grain, but not accurate for determin-
ing Young's modulus parallel to the grain and

Poisson's ratios.
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