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ABSTRACT

The orthotropy of apparent shear strength of three Appalachian (aspen, red oak, and yellow-poplar)
and two East European (true poplar and turkey oak) hardwood species was investigated. The experi-
mental approach included shear force applications in planes parallel to the grain so that the annual
ring orientation and the orientation of the grain relative to the applied force direction were system-
atically rotated. Statistical analyses of results demonstrated significant effects of grain and ring ori-
entation on the shear strength for all species. Furthermore, interaction between these two factors was
detected. Three models, developed to appraise the orthotropic nature of shear strength, were fitted to
experimental data demonstrating acceptable to good agreement between predicted and experimental
values. A combined model based on tensor theory and a modified version of Hankinson’s formula
provided the best fit by 2 analysis. The information obtained and the models developed might be
used to explore the shear strength of structural composites in which the constituents are systematically

or randomly aligned.

Kevwords:

INTRODUCTION

Under social, political, and economic pres-
sures, the wood-based composite manufactur-
ing industry is facing imminent problems re-
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garding raw material supply. Worldwide re-
source utilization trends and the year-by-year
decreasing quality and quantity of the avail-
able resources are forcing the industry to use
smaller wood elements such as veneers,
strands, flakes, and fibers. Also, the increasing
demand for structural, wood-based composites
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triggers more intensive utilization of fast-
growing species previously neglected because
of unfavorable physical and mechanical prop-
erties.

The inherent orthotropic, physical, and me-
chanical properties, which govern the perfor-
mance of these structural composites, are de-
pendent on the physical and mechanical prop-
ertiecs of the constituents. Furthermore, the
manufacturing processes used to consolidate
individual wood elements into a contiguous
composite also intrinsically affect the final
performance of the product. To achieve the ul-
timate goal, fully engineered structural com-
posites, a thorough understanding of the origin
and nature of orthotropic elasticity and
strength of the raw materials is necessary.
Once these material properties are described,
they can be related to the properties of com-
posites with incorporation of the effect of
manufacturing parameters. The information
gained will provide a basis for further product
development.

Wood-based composite materials have been
developed largely through empirical studies.
During the past decade, researchers have re-
alized the need for fundamental understanding
of composite manufacture. Our ability to es-
tablish universal guidelines for wood-based
composite design is limited by the lack of
knowledge regarding raw material properties
and the vast array of interacting processing
variables. One can easily realize that the un-
predictable laws of nature govern many of
these material properties and interactions.
These facts prevent researchers from devel-
oping completely deterministic design proce-
dures. As a result, combined stochastic/deter-
ministic models have been developed over the
years for predicting one or more properties of
composite products. To fully understand the
complex interaction between the raw material
properties, manufacturing parameters, and the
performance of composite products, further re-
search is needed. This is particularly important
when new material resources are introduced
into the composite manufacturing processes.

Wood always was and will be the primary
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construction material in the United States.
There are probably more buildings constructed
with wood and wood-based composites than
with any other construction material. These
structures include residential dwellings, apart-
ment complexes, and commercial construc-
tions (Breyer 1980). Full exploration of the
material properties of the structural composite
elements eventually will lead to better design,
saving costs, energy, and material resources.

Although several centuries ago wood was
the major construction material in Central and
Eastern Europe, now inorganic construction
materials such as brick, concrete, etc. are dom-
inant. Wood is used as raw material for man-
ufacturing doors and windows and is utilized
as structural elements in roof structures. The
lack of softwood supply in this region and the
ever-increasing price of quality softwoods im-
ported from Scandinavia or Russia initiated re-
search projects to explore the potential of us-
ing Central and East European hardwood spe-
cies for manufacturing structural composites.
A typical project, involving academic units
and industrial partners from France, Hungary,
Poland, Slovenia, and United Kingdom, inves-
tigated the feasibility of using such species for
structural composite manufacture (Kovacs et
al. 1997). The project was dedicated to eval-
uating the performance of several species: al-
der (Alnus glutinosa), beech (Fagus silvatica),
birch (Betula pendula), turkey oak (Quercus
cerris), and true poplar (Populus spp.) as
structural veneer for laminated veneer lumber
(LVL) manufacture. All five species demon-
strated significant potential for composite
manufacture.

Realizing the economic importance of such
research, the Hungarian National Science
Foundation (OTKA, stands for HNSF) provid-
ed financial support to further investigate the
possibility of developing structural composites
made out of locally grown hardwood species.
The project was launched at the University of
Sopron in 1998. Researches in Hungary and
West Virginia University recognized the sim-
ilarities between the two countries regarding
raw material supply, needs, and research ob-
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jectives and successfully applied for financial
aid for international cooperation. The North
Atlantic Treaty Organization (NATO) granted
sufficient financial aid to fulfill the combined
objectives and goals of this project through in-
ternational cooperation.

OBJECTIVES

Envisioning the ultimate goal of fully en-
gineered design of wood-based, structural
composites this research is aimed at identify-
ing the anisotropic characteristics of raw ma-
terials, exploring the effect of manufacturing
parameters on the constituents’ properties, and
relating these results to the performance of
composite products. The project is divided
into four phases with specific goals as follows:

Phase I includes the development of an ad-
equate database for validation of different
models that describe the orthotropic strength
and elasticity of underutilized Appalachian
hardwoods and species grown in Hungary.
Phase 11 is aimed at investigating the effect of
manufacturing parameters on the properties of
veneer/strand/flake constituents obtained from
the above-mentioned resources. Phase III con-
sists of the assessment of key mechanical
properties of the composites such as Laminat-
ed Veneer Lumber (LVL), Parallel Strand
Lumber (PSL), and Laminated Strand Lumber
(LSL). Phase IV is devoted to exploring the
relationship between final product perfor-
mance, properties of constituents, and manu-
facturing practices via deterministic and sto-
chastic model development.

As a part of Phase I, the investigation of the
orthotropic strength of the above-mentioned
species has started with the exploration of
shear strength. The focused objectives of this
segment of the research were to experimen-
tally validate existing models and to develop
new approaches for assessing the orthotropic
nature of the shear strength of possible raw
materials for composite manufacture.

Although the shear strength of the raw ma-
terials may not be directly related to the shear
strength of the composite products, we believe

WOOD AND FIBER SCIENCE, OCTOBER 2000, V. 32(4)

that the information gained during this inves-
tigation will help to develop a reliable method
for predicting and/or assessing the shear
strength of structural composites.

LITERATURE REVIEW

True shear strength is one of the most dif-
ficult characteristics to measure. Creation of
the pure stress state is a real challenge. Fur-
thermore, the always present normal stresses,
combined with the inherent anisotropy of
wood, make the strength determination uncer-
tain. Several publications have dealt with the
improvement of shear strength assessment.
One of the most comprehensive studies on this
topic was provided by Yilinen (1963). The au-
thor investigated and critically reviewed sev-
eral standardized shear testing methods. He
concluded that the majority of block shear
tests usually underestimate the true shear
strength of solid wood.

The standard ASTM block shear test has re-
ceived much criticism for not providing pure
shear load on the specimens. A number of re-
searchers addressed this problem and some
also proposed alternative solutions. Nortris
(1957) recommended the panel shear test, and
Lin (1984) suggested the adaptation of a de-
vice, proposed by Arcan et al. (1978), for
wood. The drawback of these tests is that they
involve complicated specimen preparation and
testing procedures. Lang (1997) proposed a
new device for shear strength assessment of
solid wood. The advantages of the described
testing apparatus are the smaller specimen
size, alleviation of normal stresses, and ac-
ceptable agreement with shear strength values
obtained by the ASTM method.

The majority of previous research projects
have focused on the shear strength of solid
wood parallel to the grain. Limited publica-
tions are available that address the anisotropy
of wood in shear strength assessment. The first
formula that described the strength anisotropy
of wood is the well-known Hankinson’s for-
mula (Hankinson 1921). It was developed em-
pirically from compression tests. This equa-
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tion describes the effect of grain-orientation
changes on the measured properties. Many re-
searchers examined the validity of this for-
mula finding that it fits experimental data well
(Goodman and Bodig 1972; Bodig and Jayne
1982). However, the equation was deemed to
provide adequate predictions only for com-
pression and tension strength as well as mod-
uli of elasticity. Kollman and C6té (1968) pro-
posed some changes to the formula. They stat-
ed that using an experimentally determined
power will provide better approximation of the
direction dependent strength and elastic prop-
erties. The first attempt to describe the ortho-
tropy of shear strength was made by Norris
(1950). He applied the general Henky—von
Mises theory to orthotropic materials. Al-
though in his study the predicted shear
strength values agreed reasonably well with
experimental data for structural plywood, the
approach has received criticism from others
(Wu 1974; Cowin 1979). Over the decades,
with the advancement of man-made compos-
ites, ample research has been devoted to ex-
plore the strength and elasticity of anisotropic
materials. Many of these results and theories
developed can be applied to wood with care.

Ashkenazi (1976) used the tensor theory for
describing the anisotropy of wood and wood-
based composites. In an earlier work, he mea-
sured the shear strength of pine at various
grain angles (Ashkenazi 1959). His results
were unusual in that shear strength showed
maximum values at approximately 15° grain
orientation, rather than in the longitudinal di-
rection. Cowin (1979) stated that a quadratic
form of the Hankinson’s formula describes
Ashkenazi’s data reasonably well. The pro-
posed model, however, can not describe the
shear strength maximum at 15° grain orienta-
tion. Liu and Floeter (1984) measured the
shear strength of spruce at 0°, 30°, 60°, and
90° grain angles with the special device de-
scribed by Arcan et al. (1978) designed to pro-
vide uniform plane stress. Their results agreed
well with the theory of Cowin (1979).

Some other researchers incorporated the ef-
fect of ring orientation in their works. The ex-
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periment of Bendsten and Porter (1978) in-
cluded ring-angle, but only as a blocking fac-
tor; its effect was not of interest. Okkonen and
River (1989), among other factors, examined
the effect of radial and tangential ring orien-
tation on the shear strength in the longitudinal
direction. They concluded that Douglas-fir had
higher strength when the orientation of the
sheared plane was radial, while oak and maple
were stronger in the tangential direction. Ri-
yanto and Gupta (1996) tried to establish a
relationship between ring angle and shear
strength parallel to the grain. Using a com-
pletely randomized design, they found that
ring angle had very little effect on the shear
strength of Douglas-fir and Dahurian Larch.
Rather, the specific gravity, the percentage of
latewood, and the number of rings per inch
were much more deterministic factors. Szalai
(1994) provided an integrated approach that
tackles both ring and grain angle orientation.
A general equation, derived from tensor anal-
ysis, can determine the shear strength at any
given ring and grain angle combination.

THEORETICAL BACKGROUND

The orthotropic nature of solid wood is usu-
ally depicted in a three-dimensional Cartesian
coordinate system as shown in Fig. 1. The
principal directions of the material coordinate
system are noted as L, R, and T, longitudinal,
radial, and tangential directions, respectively.
If an aligned global coordinate system (X;; 1 =
1, 2, 3) is systematically rotated around R and
L axes, the angles between the axes of L, R,
T and x," (1 = 1, 2, 3) systems denote the grain
and ring orientation of solid wood relative to
the global coordinate system as marked in Fig.
1. Note, that the x," X," plane is always parallel
to the grain. If shear forces are acting in the
above-mentioned plane and the direction of
the applied forces is x,’, the orthotropy of
shear strength can be investigated as a func-
tion of grain and ring angle. Using the de-
scribed rotation, block shear specimens can be
machined and tested. Such specimens are
shown on Fig. 2 representing the shear
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strength (1) measurements in the principal ma-
terial directions. The first subscript of T marks
the normal direction of the sheared plane,
while the second denotes the direction of shear
forces. Specimens in Fig. 2 a and c represent
the standard shear application parallel to the
grain, while shear strength measured on spec-
imens b and d are sometimes referred to as
rolling shear of solid wood.

Because of the inherent duality of shear
stresses, the failure of the specimens may not
be manifested in the theoretically sheared
plane. Furthermore, the unavoidable normal
stresses may induce and propagate cracks
along the weakest interface within the volume
of the specimen. Such out-of-sheared-plane
failure may occur with certain grain and ring
angle combinations at the earlywood-late-
wood boundary or along the ray tissues. Con-
sequently, the experimentally determined val-
ues can be considered as apparent shear
strength only.

MODELS PREDICTING THE ORTHOTROPY OF
SHEAR STRENGTH

The Orthotropic Tensor Theory

In a comprehensive work, Szalai (1994)
used the orthotropic tensor theory to describe
the direction-dependent strength and elasticity
of wood. Based on Ashkenazi’s (1976)
strength criteria, he applied a four-dimensional
tensor approach to predict the shear strength
of wood in any oblique plane and direction of
shear forces. Substituting the tensor compo-
nents with the appropriate strength values and
eliminating the zero components, resulting
from the constraint that shear is applied only
in the planes parallel to the grain, the equation
takes the following form:

1 4 v el s 1 o~ s
— = —zcos’8 sin’ sin’p + —co0s’20 sin%g
Teo  Tor TR
1 () 1 9 )
+ —sin?0 cos’e + —cos*0 cos?¢ (1)
TrL TRL
where
¢ = grain angle
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Fig. 1. The orthotropy of solid wood shown in the prin-
cipal material and global coordinate systems. Interpreta-
tion of grain angle (¢) and ring angle (0).

= ring angle

= shear strength at grain angle ¢ and
ring angle 6.

shear strength in the main anatomical
planes, i = R, T; j = T, L) where i
is the direction normal of the sheared
plane and j is the direction of the ap-
plied load.

shear strength at 90° grain and 45°
ring angle (¢ = 90°, 8 = 45°)

45°
Ty~ =

Note that this solution requires four exper-
imentally predetermined strength values: three
obtained in the principal anatomical planes
such as Ty, Ter and 7 shown in Fig. 2 a, b,
and c, respectively, and a strength value at 90°
grain and 45° ring angle (71y*>). The advan-
tages of this model are that it has a firm the-
oretical basis, uses only four experimentally
determined data points for prediction, and is
very straightforward.

Quadratic model

Cowin (1979) demonstrated that the shear
strength of wood may follow the Hankinson-
type strength criterion in a quadratic form. Liu
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FiG. 2. The applied shear forces in the principal anatom-
ical planes and the notation of corresponding shear stress-
es. Specimen target dimensions are in millimeters. a, c—
traditional, shear parallel to the grain; b, d—rolling shear.

and Floeter (1984) used a tensor polynomial
theory, developed by Tsai and Wu (1971), to
re-derive the formula for predicting shear
strength in a principal material plane of solid
wood. The equation in general form is given
as follows:

2 2
. _ T Toge
T =

)

Ty SIN2Q + Tgp2COS%Q

T, = estimated shear strength at grain an-
gle ¢
T, = shear strength at grain angle ¢ = 0°

Ty = shear strength at grain angle ¢ = 90°

Like Szalai’s approach, this formula has a
well-defined theoretical basis. However, it
does not include the effect of ring orientation
and has been verified experimentally in the LT
plane only using Sitka spruce specimens.
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Modified Hankinson’s formula

Kollman and C6té (1968) modified the orig-
inal Hankinson’s formula replacing the power
2, to which the trigonometric terms are raised,
by an arbitrary power n:

To-Too

T, =

- 3
TeeSIN"@ + TgpCOS" @

The authors claimed that this equation pro-
vides better fit than the original Hankinson’s
formula for predicting tensile strength and
modulus of elasticity. Although this model is
purely empirical, it has the capability to de-
scribe peak shear stresses at inclined grain, by
using a higher power (i.e., n > 2). Beside the
lack of theoretical basis, this model is proba-
bly very species-specific and requires a sig-
nificant database for accurate determination of
the value of n. Like the quadratic formula, it
can handle only fixed ring orientation in its
present form.

Combined models

So far, the orthotropic tensor theory was the
only model that could handle both grain and
ring angle changes. Researchers addressed the
effect of ring orientation on the shear strength
parallel to the grain and usually found it neg-
ligible. The apparent low degree of orthotropy
of shear strength between the LT and LR main
anatomical planes (i.e., Ty, = 77.) did not trig-
ger extensive model development to describe
the phenomenon. The only available model
was published by Szalai (1994). It includes
two equations derived from tensor analysis as
follows:

1
Ty = , @)
<00526 sm29>
— +
TrL TTL
cos*d  sin‘6
Ty = 1
TR TTR
1 1 in226
—_ - — = sin
TS ATrr TTR

(5)
where
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shear strength at 6 ring angle, ¢ = 0%
shear strength at 6 ring angle, ¢ =
90°%;

and the other symbols are as given at Eq. (1).

Toey —

Tooeg =

Equation 4 approximates the shear strength
of traditional, parallel to the grain specimens
as a function of ring orientation. It requires
two experimentally predetermined strength
values. The rolling shear strength variations
are given by Eq. (5) where three predeter-
mined strength values are needed. Note that
Tpr and T represent the maximum stresses
(i.e., shear strength) values. Due to the duality,
the stresses in these two directions are iden-
tical. However, it is not necessarily true for the
strength values of wood because of the unpre-
dictable failure mode as discussed earlier. Al-
though these equations have not been experi-
mentally verified, theoretically they should de-
scribe the effect of ring orientation on the
shear strength of orthotropic materials.

One can realize that these equations can
provide predetermined strength data for the
quadratic model and for the modified Hankin-
son’s formula for predicting the effect of grain
orientation. Consequently, combining Egs. (4)
and (5) with Egs. (2) or (3), we can obtain
two additional models for estimating the or-
thotropy of shear strength as a function of
grain and ring orientation. This combination
for the quadratic model is given in a shorthand
form as follows:

Toro- Toor”

p—
Ten™ =

©)

T SIN?@ + Ty 2COS%QP

Furthermore, using the modified Hankin-
son’s formula we obtain:

Tori0To00
TySIN"@ + Tgpe,COS™ @

Tea =

(N

Figure 3 gives a graphical explanation of
these combined models. Note that both of
these approximations require five experimen-
tally predetermined strength values, and Eqs.
(6) or (7) should be solved m times where m
is the resolution (i.e., m = (1 + 90/ring angle
increment)). During this research, these two
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FiG. 3. Interpretation and the principle of prediction pro-
cess of the combined models.

models along with the orthotropic tensor the-
ory (Eq. (1)), were fitted to experimental data
and statistically analyzed.

MATERIALS AND METHODS

Experimental determination of shear
strength values included three Appalachian
hardwood species: quaking aspen (Populus
tremuloides), red oak (Quercus rubra), and
yellow-poplar (Liriodendron tulipifera); and
two European hardwood species: true poplar
(Populus x. Euramericana cv. Pannonia) and
turkey oak (Quercus cerris). Figure 2a shows
the specimen shape and target dimensions,
which differed from those specified by the
ASTM D 143-94 standard (ASTM 1996a).
The double-notched shear blocks were pre-
pared from blanks having varying ring and
grain angle between 0° and 90° with 15° in-
crements. Figure 4 demonstrates this specimen
preparation practice. Test series included sets
for all combinations of the above angles, for
all the examined species. The sample size for
each set varied between six and fifteen.

Prior to testing, specimens were conditioned
to approximately 12% moisture content in a
controlled environment (i.e., 21°C and 65%
RH). Representative samples of specimens (n
= 10) were prepared for moisture content and
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FIG. 4. Schematic of the specimen manufacturing practice from straight-grained, prepared blanks.
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TABLE 1. Swummary statistics of the measured physical
propetrties.
Moisture
content Specific
[%] gravity
Mean Ccov Mean cov
Species n value %] value [%]
Aspen 10 11.4 8.11 0.39 3.57
Red oak 10 11.1 2.71 0.63 5.25
Yellow-poplar 10 113 450 039 341
True poplar 10 10.9 11.01 037 9.51
Turkey oak 10 115 783 070 584

specific gravity determination. The evaluation
of these physical properties followed the spec-
ifications of the relevant ASTM standards
such as ASTM D 4442-92 (ASTM 1996¢) and
ASTM D 2395-93 (ASTM 1996b). Table 1
contains the summary statistics of these mea-
sured properties.

Shear forces were applied through a special
device providing a single plane of shear within
the specimens. The area of the sheared section
was approximately 500 mm? according to the
target dimensions shown on Fig. 2a. The ad-
vantages of this alternative shear strength as-
sessment and the description of the device
were discussed in details in a separate publi-
cation (Lang 1997). Figure 5 shows the prin-
cipal and schematic of the shear testing ap-
paratus along with the experimental setup. The
justification of this alternative testing method
lies in the smaller specimen dimensions for
which the grain and ring orientations are better
controlled. Furthermore, it requires signifi-
cantly less volume of raw material, and waste
1s minimized when machining more than
1,800 specimens.

Tests were conducted at two locations. At
West Virginia University, Division of Forest-
ry, Morgantown, WV, we used an MTS uni-
versal servo-hydraulic testing equipment
mounted with 10 kN * 1 N load cell for as-
sessing the shear strength of yellow-poplar,
red oak, and aspen species. The machine op-
erated under displacement control with a rate
of speed of 0.6 mm/min required by the
ASTM D 143-94 standard. The Hungarian
partners used the same test setup on a screw-

WOOD AND FIBER SCIENCE, OCTOBER 2000, V. 32(4)

driven universal testing machine for measur-
ing the strength values of local hardwoods
(turkey oak and true poplar). Because of ma-
chine constraints, the applied crosshead speed
was 2 mm/min. Other testing parameters, in-
cluding specimen conditioning, were the same.

RESULTS AND DISCUSSION

Table 2 compiles the basic statistics of all
the experimentally obtained shear strength
data by species. The mean values were used
to create anisotropy diagrams in three-dimen-
sional, Cartesian coordinate systems as shown
in Figs. 6a to 10a. The intermediate grid data
points were generated by inverse distance in-
terpolation using a commercial software
SigmaPlot® (SPSS Inc. 1997) for better view-
ing.

In general, shear strength decreased signif-
icantly with the increase of grain angle for ali
species involved in the study. At zero degree
grain angle (traditional shear, parallel to the
grain) the shear strength decreased slightly as
ring angle increased from O to 90 degrees.
However, this tendency was not observed at
fixed 90° grain angle (i.e., rolling shear). Ei-
ther a slight increase or local maximum was
experienced. It does appear that shear strength
at this grain orientation might be species-spe-
cific as demonstrated by the similarities in
strength variations of the two oak species
(Figs. 7a and 10a).

Maximum shear strength values (MSS)
were not consistently measured at 0° grain ori-
entation. In fact, out of 35 species/ring angle
combinations, 23 times the maximum shear
strength was observed at 15° grain angle. At
0° ring angle for all the species—except turkey
oak—the MSS was measured at 15° grain ori-
entation. No further specific trend or pattern
could be detected as demonstrated in Table 2
by the bold and italic set MSS values. Other
researchers reported the same phenomenon
(Ashkenazi 1959; Szalai 1994). This charac-
teristic may be explained by the study of stress
distribution function along the length of the
sheared plane. Yilinen (1963) demonstrated
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FiG. 5. Schematic of the testing apparatus and the experimental setup.



TABLE 2. Summary and basic statistics of the experimentally determined shear strength values.
ASPEN
Ring orientation (6°)
V] 15 30 45 60 75 90
Grain
angle Shear strength
") n el COve n X cov n x cov n X Ccov n 'Y cov n € cov n £ Ccov
0 15 7.87 292 15 7.30 685 15 6.77 679 15 542 1457 15 6.16 1039 15 6.17 438 IS5 630 1270
15 9 8.39 453 8 816 12.87 9 7.98 11.65 8 7.30 14.11 7 6.67 1259 8 578 692 9 599 10.02
30 10 7.16 447 8 6.37 14.13 7721 1110 8 574 8.19 7 562 1833 8 499 2906 7 562 1423
45 6 4.98 7.63 6 4.29 7.93 6 4.5 6.32 6 427 5.62 6 444 541 6 502 1135 6 442 4.98
60 6 3.18 9.74 6 345 13.04 6 343 6.41 5 325 11.69 5 254 19.69 4 261 1034 5 313 1406
75 6 1.92 6.25 6 252 14.28 6 281 1281 6 1.93 7.25 6 190 4.74 6 273 440 6 245 9.80
90 10 2.24 313 10 1.43 9.09 11 2.24 4.02 11 2.28 395 11 3.11 289 10 298 302 10 254 4.72
0AK
Ring orientation (8°)
0 15 30 45 60 75 90
Grain
angle Shear strength
(€] n X cov n x Ccov n x cov n x Ccov n x Ccov n x cov n x cov
0 15 1197 8.69 15 12.01 791 15 116 414 15 1195 837 15 1277 5.01 15 1136 572 15 1062 424
15 8 1198 7.51 9 11.28 5.93 9 1155 857 9 12.84 257 9 13.04 6383 9 1216 411 9 1236 291
30 8 11.85 6.24 9 11.60 15.17 8§ 11.48 10.10 8 11.36 8.01 8 11.32 9.89 8 11.17  9.67 8 11.33 441
45 5 9.99 3.40 6 9.34 8.03 5 6.64 11.30 6 994 8.65 5 8.59 431 5 8.38 5.97 5 8.82 261
60 7 7.01 2.14 7 8.07 4.83 7 8.14 347 6 7.69 598 7 720 292 5 7.80  2.69 7 6.81 4.85
7 6.06 495 6 564 461 6 565 9.73 7 641 6.71 7 6.12 212 7 6.84 638 6 6.57 3.35
90 11 444 2928 11 5.55 1550 11 572 1276 10 6.88 3.63 11 7.06 722 10 462 1883 10 537 4.66
YELLOW-POPLAR
Ring orientation (6°)
Grain 0 15 30 45 60 75 90
angle Shear strength
(9°) n X Cov n x Ccov n x Ccov n x cov n x Ccov n x cov n x Ccov
0 15 791 6.19 15 7.3 842 15 713 6.03 15 732 6.69 15 7.23 1037 15 9.06 971 15 6.18 4.85
15 9 10.59 5.10 9 837 1505 9 731 1094 9  6.65 8.42 9 674 519 10 677 517 10 642 4.67
30 6 6.94 5.33 8 6.70 11.04 9 657 2085 7 6.10 26.89 9 591 14.38 8 561 5.88 8 595 2504
45 5 4.85 3.92 4 498 6.63 6 485 804 6 574 1429 5 505 10.89 6 435 6.21 5 473 1945
60 6 2.81 13.87 5 385 1091 6 281 356 6 353 2805 6 360 175 6 3.13 990 6 379 6.33
5 6 275 15.64 6 296 14.19 6 228 7.02 6 228 6.58 6 194 3.09 6 1.94 412 6 287 9.06
90 3 243  27.98 4 260 20.08 9 286 2727 11 352 1534 11 342 584 11 335 17.01 11 3.17  13.56

a Sample size.

b Mean value of 7 [MPa].

¢ Coefficient of variation (%).
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TABLE 2. Continued.

TRUE POPLAR

Ring orientation (8°)
45

0 15 30 60 75 90
Grain
angle Shear strength
(@) n x Ccov n X Ccov n x Cov n £ Ccov n X cov n ks Cov n x cov
0 9 1705 6.10 6 8.16 1642 6 746 563 6 6.08 789 6 6.17 438 6 6.28 828 9 589 543
15 6 7.07 14.14 6 6.52 11.20 6 7.12 983 6 6.04 6.95 6 6.52 5.52 6 6.51 6.14 6 593 6.58
30 6 628 1099 6 6.59 1259 6 589 560 6 625 2256 6 525 1181 6 590 11.02 6 564 1241
45 6 563 11.01 6 576 1233 6 479 292 6 434 1.15 6 483 476 6 473 486 6 424 3.54
60 6 352 16.48 6 3.87 1318 6 356 871 6 3.60 9.17 6 371 8.63 6 392 5.87 6 346 5.49
75 6 250 2.80 6 2.95 5.76 6 290 379 6 326 9.82 6 272 3.68 6 3.58 6.42 6 283 4.59
90 10 2.17 9.22 6 2.53 6.72 6 255 863 10 286 11.89 5 276 1377 6 287 697 10 279 4.66
TURKEY OAK
Ring orientation (§°)
0 15 30 45 60 75 90
Grain
angle Shear strength
[ nd Ed cove n ¥ cov n X cov n X cov n x Cov n X cov n £ cov
0 10 1532 339 6 1374 444 6 1244 353 6 13.51 496 6 1288 567 6 11.29 833 10 1256 8.12
15 6 1494 837 6 1392 323 6 1393 330 5 1424 927 6 1415 629 5 1222 761 6 1251 7.67
30 5 1099 6.64 5 1134 194 5 1214 527 6 1234 632 6 1318 539 6 11.75 10.38 6 9.79  7.66
45 6 9.77 4.61 6 972 4384 S 11.26 4.00 6 1147 436 6 11.56 407 6 10.79 5.65 6 9.56 3.45
60 6 9.44 540 6 9.21 3.26 6 879 1.82 6 890 6.85 6 895 760 6 896 848 6 844  7.11
75 6 8.53 5098 6 7.87 5.84 6 826 7.99 6 9.24 996 6 8.66 10.05 6 6.50 38.92 6 8.78  6.61
90 10 7.09 691 6 7.59  3.16 6 795 9.06 10 8.36 694 6 9.56 10.04 6 10.18 324 10 9.37 10.89
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C. - PREDICTED, QUADRATIC FORMULA
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Shear strength (MPa)

b- - PREDICTED, ORTHOTROPIC TENSOR THEORY

Shear strength (MPa)

d. - PREDICTED, MODIFIED HANKINSON'S FORMULA

Fig. 6. Comparison of experimental and three model predicted shear strength data by orthotropy diagrams. Species:
aspen (Populus tremuloides). The coefficients of determination (#2) values are listed.

that this function depends on the length to
width ratio of the sheared plane and other fac-
tors including force application method, etc. It
might be suspected that the stress distribution
at 15° grain orientation becomes more uniform
along the length of the sheared plane, while
possible stress peaks near the entrance notch
at 0 degree grain angle accelerate the failure.
This problem needs further investigation.
The failure mode experienced during this
study was not always pure shear. Over 45°,

grain angle ring-porous wood (oak) inclined
to fail along the earlywood/latewood interface
or along the ray parenchyma. The same ten-
dency was encountered regarding the other
species as the grain angle approached 90°. Liu
and Floeter (1984) observed similar failure
modes when testing Sitka spruce specimens in
pure shear in the LT plane. They concluded
that the shear strength depends only on the
initiation of failure and not on the direction of
fracture propagation. Consequently, we
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Fic. 7. Orthotropy diagrams of experimental and the best
model predicted shear strength of red oak (Quercus rub-
ra). The coefficient of determination (r?) is listed.

deemed the obtained data as apparent shear
strength. All of the measured shear strength
values were kept, even if the specimen failed
in a plane that was out of the theoretically
sheared plane.

Inferences based on statistical evaluation

Standard statistical evaluation of the data
included a two-way ANOVA procedure at
95% confidence level. The two factors were
the grain and ring orientations, both with sev-
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TABLE 3. ANOVA results—shear strength of aspen.
Sum of Mean
Source df squares square P value
Model 48 1,727 36.0 <0.0001
Grain angle 6 1,530 2550 <0.0001
Ring angle 6 40 6.7  <0.0001
Grain X Ring 36 125 3.5  <0.0001
Error 364 111 0.3
Total 412 1,838

en levels concurring with the 15° angle incre-
ments. For all species, the procedure revealed
statistically significant differences among the
levels of both factors. Furthermore, significant
interaction was detected between the two fac-
tors. These results justify the applicability of
prediction models that account for the effect
of both ring and grain angle on the shear
strength. Table 3 contains a typical ANOVA
outcome.

It should be noted, however, that four out
of five data sets by species had lack of nor-
mality and demonstrated unequal variances.
The violation of these statistical assumptions
originated from the limited sample size and
specimen manufacturing practice. Based on
the standard deviations of the measurements,
robust statistical analyses would have required
approximately two hundred specimens for
each factor and level combination. Moreover,
most the specimens were cut from the same
stem or lumber, and the specimens in a group
were machined from blanks consecutively.
Thus, complete randomization could not be
achieved. More extensive testing and the ful-
fillment of completely randomized design
were beyond the limitations of this research.

In the next step, the models discussed
above, including the orthotropic tensor theory
and the two combination models, based on the
quadratic formula and the modified Hankin-
son’s equation, were evaluated for the accu-
racy of their estimation. The necessary input
data (Tgp; Tr; Trrs TrrS Too- ) Were the average
measured strength values. The power (n) for
the modified Hankinson’s equation was deter-
mined by curve fitting, using the entire exper-
imental database. Each species had its n value
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TABLE 4.  Coefficients of determination provided by the various prediction models.

Modified
Hankinson’s

Orthotropic Quadratic formula
tensor theory formula
Species r r2 n r
Aspen 0.73 0.59 272 0.87
Oak 0.61 0.57 2.62 0.83
Yellow-poplar 0.68 0.62 2.47 0.76
True poplar 0.63 0.55 2.70 0.86
Turkey Oak 0.74 0.76 2.05 0.77

n — the power in the modified Hankinson’s formula.

as listed in Table 4. The model generated
strength values were plotted as orthotropy di-
agrams for visual evaluation. Figure 6 dem-
onstrates the comparison between experimen-
tal and the three model predicted results.
Due to the deficiency of complete random-
ization, conservative statistical fitting proce-
dures resulted in lack of fit for all of the cases.
Thus, we selected the r* analysis to evaluate
and rank the performance of the fitted models.
The coefficient of determination (7?) is a mea-
sure of how well the model describes the data.
Larger values, close to 1, indicate that the
model describes the relationship between in-
dependent and dependent variables well. The
value of 2, by definition, equals one minus the
proportion of variability unexplained by the
model (Dowdy and Wearden 1991). Numeri-
cally it is given by the following equation:

2 (T¢ei - %q;e)z
2 N-1
r2=1—0‘2U=1——ﬁ—
071 2 (Tnp9i - FT-)A
N -1
2 G ) .
2 (Twei — 7)?
where
¢%; = total variance (or total sum of squares,
as provided by the ANOVA);
o2, = variance unexplained by the model;
N = the total number of shear strength

measurements on the given species;
T — the i" measurement at grain angle ¢
and ring angle 6;

-
I

average of the N measurement points
(grand average);

predicted shear strength at grain angle
¢ and ring angle 6.

P
Il

8

Table 4 compiles the results of the coeffi-
cients of determination analyses by species
and model types. For all species, the combi-
nation model based on the modified Hankin-
son’s equation resulted in the closest agree-
ment with experimental data. Figures 6 to 10
show the comparison of experimental data and
best model predictions by orthotrophy dia-
grams with the listed 2 values. The good per-
formance of this model was expected because
the power determination was based on the en-
tire experimental data set. Furthermore, only
this model can mathematically estimate the
peak stresses at small grain angle deviations.

Calculated 2 values indicate that Eq. (1),
derived from a 4-dimensional tensor analysis,
can predict the orthotropy of shear strength
reasonably well. The consistency of this model
regarding the quality of the predictions and its
strong theoretical background encourage its
use, although the model can not predict the
peek stresses other than at 0° grain orientation.

Conversely, the combined model, using the
quadratic formula, did not provide good fit for
four out of five species. Although the calcu-
lated »? values were over 0.55 that are accept-
able for biological materials, compared to the
other models, the accuracy of the predictions
was significantly lower. Results imply that the
derived equation may not be valid in all the
oblique directions other than the principal an-
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FiG. 8. Orthotropy diagrams of experimental and the best
model predicted shear strength of yellow-poplar (Liriod-
endron tulipifera). The coefficient of determination (r2) is
listed.

atomical planes because of the unique com-
posite structure of solid wood.

Test results of turkey oak (Quercus cerris)
revealed high degree of orthotropy as a func-
tion of ring angle especially around 0° grain
orientations (Fig. 10a). The r?> values were
about the same for all three models regarding
this species, and the power of the modified
Hankison’s formula approached 2 as originally
proposed. However, compared to other hard-
woods, the quality of the prediction of this
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Fi6.9. Orthotropy diagrams of experimental and the best
model predicted shear strength of true poplar (Populus x.
Euroamericana). The coefficient of determination () is
listed.

model decreased. On the contrary, the perfor-
mance of the orthotropic tensor theory and the
quadratic formula improved significantly.

SUMMARY AND CONCLUSIONS

Three North American and two European
hardwood species were investigated for shear
strength orthotropy. Apparent strength data
were measured in 15° increments of grain and
ring angle. Shear forces were applied in planes
always parallel to the grain direction of the
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FiG. 10. Orthotropy diagrams of experimental and the
best model predicted shear strength of turkey oak (Quer-
cus cerris). The coefficient of determination (#?) is listed.

specimens. Three models were fitted to exper-
imental data. Although the strict randomiza-
tion criterion of statistics has been violated,
experimental data agreed reasonably well with
the predictions.

A combined model, including two equations
derived from tensor analysis and a modified
version of the Hankinson’s formula, proved to
be the best predictor of apparent shear
strength. This mostly empirical model, how-
ever, requires significant experimental data-

WOOD AND FIBER SCIENCE, OCTOBER 2000, V. 32(4)

base for power determination and may be very
species specific.

The orthotropic tensor theory (Eq. (1)) has
an advantage in that it uses only four experi-
mentally predetermined data points. Further-
more, the apparent flexibility and its strong
theoretical background encourage the appli-
cation of this model for estimating the ortho-
tropy of shear strength not only for solid wood
but wood-based composites as well.

Based on the findings of this study and the
above discussions, the orthotropic tensor the-
ory appears to be a good tool for exploring
the direction-dependent shear strength of
structural composites including laminated ve-
neer lumber (LVL) laminated strand lumber
(LSL), and parallel strand lumber (PSL). The
orthotropic shear strength of these composites
may be critical in applications where the struc-
tural elements contain notches, angle cuts, and
different types of connectors.

We developed and validated the models
based on solid wood experimental data be-
cause of less expensive and more available
raw materials. However, the shear strength
values of solid wood in different anatomical
directions may not be easy to relate to the
shear strength of composites manufactured
from the same species.
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