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Abstract
Diversity in land management objectives has led to changes in the character of raw material available to the forest

products industries in the US Pacific Northwest. Increasing numbers of logs from small-diameter trees, both plantation grown
and those from suppressed or young stands, now constitute a large proportion of logs coming into the mill yard. Wood
coming from plantations or young stands has different properties than wood coming from older, suppressed stands. This
research examined wood properties of small-diameter plantation-grown Douglas-fir and western hemlock with the goal of a
better understanding of utilization of small-diameter, fast-grown trees for use in manufacturing engineered wood composites.
Twelve trees of each species were harvested and three bolts cut from each tree. Each bolt provided samples for X-ray
densitometry profiles, compression, and tension parallel to grain and flexure tests. Both species were found to have a very
high proportion of juvenile wood. Most wood properties decreased with increasing vertical position and increased with
increasing distance from pith for both species. Increased competition for wood fiber, which accounts for as much as 25 to 35
percent of total wood composite (such as particleboard, medium-density fiberboard and oriented strand board) manufacturing
costs, necessitates an understanding of raw material properties and their variations. This knowledge could assist in optimizing
the manufacturing process and maximizing efficiency of wood raw material use, thus increasing profits.

The character of raw material available to the forest
products industries in the US Pacific Northwest has been
changing over the past several decades. A shift from
harvesting and processing logs from natural, managed
stands to focusing on timber production in plantations
began in the 1970s. An increasing number of logs from
small-diameter Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) and western hemlock (Tsuga heterophylla (Raf.)
Sarg.) trees, both commercially important species in the
Northwest, are currently coming into mill yards. Wood
quality differences, both microscopic and macroscopic, exist
among small trees grown under varying management
regimes. Wood coming from plantations has had signifi-
cantly different silvicultural treatments than wood coming
from suppressed or natural stands. Precommercial thinning,
vegetation management, fertilization, and use of genetically
improved stock are all silvicultural treatments applied to
plantations in recent years. Understanding the effect of these
early stand entry land management practices on wood
quality provides information on how best to match raw
material to final product.

Emphasis on volume production and short rotations in
plantations has led to concerns about juvenile wood versus
mature wood proportions. Bendtsen (1978) addressed many
issues associated with intensively managed trees. Although
plantations managed under short rotations produce acceler-
ated growth rates, the young trees harvested from such
stands were shown to contain a high proportion of juvenile
wood, thus affecting end product performance. Kennedy
(1995) reported on wood quality concerns and juvenile
wood proportions in second-growth trees. The end product
concern with juvenile wood is that mechanical properties
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differ, and it can be less dimensionally stable when
compared to mature wood (Senft et al. 1985, Forest
Products Research Society 1986, 1987). Lower density,
shorter fiber lengths, thinner cell walls, and higher
microfibril angles in juvenile wood are the primary factors
leading to lower strength, decreased stiffness, and increased
longitudinal shrinkage (Bendtsen 1978).

Juvenile wood consists of the annual rings closest to the
pith that were produced under strong influence from the
apical meristem (Megraw 1986) and within the vigorously
growing crown (Megraw 1985, 1986; Forest Products
Research Society 1986; Johnson 1986; Jozsa et al. 1989;
Cave and Walker 1994). Some research suggests that wood
properties change at the base of the live crown (Larson
1969, DiLucca 1989). Research by Gartner et al. (2002)
suggested that crown position had no effect on the transition
from juvenile to mature wood as judged by wood density.

Most softwood species display a radial gradient in
physical properties (Sanio 1872, Trendelenburg 1936).
The transition point from juvenile wood to mature wood
formation and whether mature wood properties are in fact
constant are discussed in the wood science literature (e.g.,
Saucier 1990, Sauter et al. 1999, Koubaa et al. 2000, Gartner
et al. 2002, Yang 2002), but it is difficult to generalize
among species. DiLucca (1989) used segmented regression
modeling in an effort to identify the transition age for
Douglas-fir. He found that the transition age was about 20
rings from the pith at breast height, the age that also
corresponded to crown recession in the sample trees. Abdel-
Gadir and Krahmer (1993) created piecewise linear
regression models to estimate the age of transition between
juvenile and mature wood in Douglas-fir using X-ray
densitometry data previously analyzed by Abdel-Gadir et
al. (1993). In this case the demarcation age between juvenile
and mature wood in Douglas-fir was found to be about 30
years; however, most small-diameter trees harvested in
western Washington are around 30 years old or younger.
The authors noted that change was gradual and varying over
all characteristics.

Some of the microscopic differences that are important to
product utilization in young trees include lower specific
gravity, larger microfibril angle, and shorter fiber length
(Megraw 1986). Specific gravity is important as a measure
of physical and mechanical properties (Haygreen and
Bowyer 1996). As a general rule, wood with higher specific
gravity is more suitable in applications where strength is
important. Within a tree, patterns in specific gravity
variation can relate to both growth rate and age (Jozsa et
al. 1989, Cave and Walker 1994).

Radial density patterns for Douglas-fir have been reported
on by Wellwood and Smith (1962), Kennedy and Warren
(1969), Megraw (1986), and Jozsa et al. (1989). Typically,
the pattern shows higher densities in the first few rings from
the pith, which then decreases until about ring 6 to 10 before
increasing and remaining stable at about ring 20 to 25.

Density variation within western hemlock was also
studied by Wellwood and Smith (1962), who similarly
found higher wood densities in the first five rings closest to
the pith. In examination of individual rings (Krahmer 1966,
Megraw 1986, Jozsa et al. 1998, Debell et al. 2004), the first
two rings had the highest densities, which then declined
through ages 10 to 20 before gradually increasing. Debell et
al. (2004) found that following the initial decline, little
change occurred until around age 25, at which point a slow

increase in density occurred until about age 40, where it
remained nearly constant. This general trend has also been
observed by Jozsa and Middleton (1994) and Jozsa et al.
(1998).

Mechanical property differences between juvenile and
mature wood have been reported for many species, among
them radiata (Pinus radiate) and loblolly (Pinus taeda) pine
by Burdon et al. (2004), fir (Abies spp.) by Passialis and
Kiriazakos (2004), slash pine (Pinus elliottii) by MacPeak et
al. (1990), and southern pines by Larson et al. (2001).
Bendtsen (1978) provides mechanical property data from
small clear specimens sampled from seven species of
plantation- versus forest-grown trees. The plantation trees
generally had lower property values and lower specific
gravity.

Research has also been conducted on full-size lumber.
Barrett and Kellogg (1991) studied bending strength and
stiffness of second-growth Douglas-fir 2 by 4 lumber. They
examined changes in modulus of elasticity (MOE) and
modulus of rupture (MOR) based on visual grade, log
position, and percent juvenile wood and found that MOE
and MOR decreased with increasing height in the tree and
with increased overall percentage of juvenile wood. Their
recommendation was that machine stress rating grades could
be used to improve grade yield. Fahey et al. (1991)
confirmed this, as did other studies (Bendtsen et al. 1988,
Kellogg 1989). Middleton and Munro (2001) found similar
reductions in MOE and MOR with increased proportions of
juvenile wood in hemlock lumber. The MOE and MOR
were related to proportion of juvenile wood within 15 years
of the pith. Kretschmann and Bendtsen (1992) considered
the effects of juvenile wood on four grades of loblolly pine 2
by 4 lumber. The study, which focused on fast-grown
plantation loblolly pine, found ultimate tensile stress and
stiffness values to be 45 to 63 percent lower in lumber
composed of juvenile wood as compared with pieces
containing only mature wood.

Microfibril angle also influences wood mechanical
properties. Wardrop (1951) found an increase in tensile
strength with a decrease in microfibril angle for Douglas-fir
and radiata pine. In Douglas-fir, Ifju and Kennedy (1962)
observed a direct correlation between the high microfibril
angles associated with juvenile wood and reduced tensile
strength. A decrease in fibril angle with a corresponding
increase in bending strength, compression parallel to the
grain, and toughness was found in red pine by Kraemer
(1950). Deresse et al. (2003) found a negative relationship
between microfibril angle and both flexural strength and
bending MOE.

Diameter alone cannot be used to determine the
proportion of juvenile wood. A recent study by Green et
al. (2005) determined that one stand of suppressed, small-
diameter (,10 diameter at breast height [DBH]) Douglas-fir
trees did not produce lumber having poor flexural
properties. Instead, the 2 by 4 lumber from these 70- to
90-year-old trees graded as 68 percent Select Structural for
light framing, and 89 percent passed as stud grade (West
Coast Lumber Inspection Bureau 1993).

Radial distance from the pith is expected to contribute the
most to an increase in mechanical properties, while height
within the tree is expected to have less of an effect given
that the juvenile wood zone extends the entire length of a
tree. Much of the previous research examined 2 by 4 lumber
(Kellogg 1989, Fahey et al. 1991). While the forest products
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industry has developed primary breakdown methods to
improve log volume recovery and more effectively use
small-diameter trees, opportunities exist to produce engi-
neered wood composites, in particular, products manufac-
tured from wood strands and wood flour. To continue the
development of these innovative products, an understanding
of the physical and mechanical properties of the raw
materials used in production is required. The objective of
this study is to determine the degree to which stiffness and
strength vary in small-diameter, fast-grown Douglas-fir and
western hemlock trees from the coast of the Olympic
Peninsula, Washington, with respect to vertical and radial
position within the tree. A subsequent article will report on
the variation in these properties and their correlation with
property variations encountered in the preparation of wood
furnish, such as strands for oriented strand composites and
wood flour for wood-plastic composites.

Materials and Methods

Twelve trees each of Douglas-fir and western hemlock
were harvested from the Olympic Peninsula near Aberdeen,
Washington (Stand Management Cooperative Installations
No. 706 and 727, respectively), during the fall of 2004. The
region has a Pacific-type climate characterized by dry
summers and wet winters (Barrett 1995). Measured site
index on the two installations prior to restocking was 125
feet at 50 years for Douglas-fir (King 1966) and 110 feet at
50 years (Wiley 1978) for western hemlock. Trees were on
average 20 years old based on ring count at breast height.
Height of the samples trees varied between 25 and 30 feet.
DBH of Douglas-fir trees varied between 7.5 and 11.4

inches with an average DBH of 9.4 inches. Western
hemlock tree DBH varied between 6.3 and 11.2 inches
with an average DBH of 8.3 inches.

Three 6-foot bolts were cut from each tree (taken at the
stump, midregion, and the top) with an approximately 2-foot
gap between the three vertical regions. Gap distance was
dependent on vertical position to a 4-inch top inside bark as
the top log needed to be at least this size for mechanical
property specimens. Figure 1 shows the pattern for property
determination specimens. The ripped sticks (roughly 1½ in.
by 1½ in. by 4 ft) were conditioned at approximately 708F
and 65 percent relative humidity for several months to
obtain about 12 percent moisture content. Following
conditioning, the sticks were further processed to obtain
18-inch-long tensile, 16-inch-long flexure, and 4-inch-long
compression specimens as per ASTM D 143 (ASTM
International 2001). Every specimen was optimized for
exclusion of knots or cracks.

Zones of property evaluation

For the purpose of testing and evaluating physical and
mechanical properties, each tree was divided into nine
unique areas based on height and diameter. The three bolts
from each tree represent unique locations with respect to
height (vertical position). Each bolt was further divided into
zones based on radial distance from the pith. According to
the secondary method of ASTM D 143-94 (ASTM
International 2001), the required cross-sectional specimen
size for tension parallel to grain, compression parallel to
grain, and static flexure is 1 by 1 inch. Radial zones were
selected with this requirement in mind as well as an

Figure 1.—Bolt location along tree length and specimen extraction per experimental plan from each bolt.
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allowance for saw kerf and final trimming. Occasionally, the
pith would deviate from its original position during rough
specimen cutting. This resulted in the two typical specimen
orientations noted in Figure 2. To maximize the number of
unique zones and also accommodate some variation in
growth patterns, three radial zones were designated (Fig. 2).

Property evaluation

X-ray density profiles of randomly oriented 0.5-inch by
disk-diameter strips removed from the 1-inch-thick disks
(Fig. 1) were analyzed by a QTRS-01X Tree Ring Analyzer
(Quintek Measurement Systems, Knoxville, Tennessee).
The radial strips were allowed to air-dry to equilibrium
moisture content and scanned in the radial direction with the
X-ray density profiler, creating pith-to-bark density profiles.
Extractives were not removed prior to processing of the
specimens. The equipment was calibrated to the actual
sample density at 12 percent moisture content. The
demarcation between the earlywood (EW) and the latewood
(LW) was determined by comparing the density profiler data
to the digital photo of the specimen growth rings. The
location was then converted into a floating density threshold
in the density profile. Density threshold value was checked
for each specimen to ensure accurate analysis of average
growth ring width, EW width, LW width, ring density, EW
and LW densities, maximum and minimum density, and LW
percentage. Density and zones of density changes were
evaluated to determine approximate transitions from
juvenile to mature (Langum 2007).

Compression and tension parallel to grain and flexure
tests were performed according to ASTM D 143-94,
Standard Test Methods for Small Clear Specimens of
Timber (ASTM International 2001). Because of the size of
the specimens, the secondary method was followed. All
specimens were tested using the universal electromechan-
ical test machine. Strain was recorded using a 2-inch axial
extensometer (Epsilon Model 3542) for axial tests. Flexure
(midspan deflection) was recorded using an Electronic
Instrument Research, Ltd., Model LE-05 laser extensometer.
Properties calculated included Young’s Modulus and
ultimate strength for each loading case. Following the

destructive testing of the specimen, moisture content
specimens were removed from near the failure.

Statistical evaluation

To aid future models and serve as a tool to estimate strand
properties, the normal and Weibull probability density
functions were fitted to all mechanical properties studied.
Goodness of fit was judged with the chi-squared P value and
Kolmogorov–Smirnov P value for normal and Weibull
distributions, respectively. Statistical Analysis Software
(SAS) was used to further identify statistical differences in
mechanical properties and sources of variation. Uneven
sample size among radial zones and vertical positions was a
result of natural variation in tree size. The trees are
considered as replicates, with each tree being repeatedly
measured at each of the three heights and at each of the
three radial locations. Because each sample does not
represent an independent replicate, samples were averaged
to create one mean observation by radial zone and by
vertical position per tree. A mixed linear model, which is a
generalization of the standard linear model in the general
linear model procedure, was used to conduct analysis of
variance and test the significance of location on mechanical
properties. The mixed procedure in SAS allows for the data
to exhibit correlation and nonconstant variability (SAS
Institute Inc. 2000–2004); t tests were used to identify
differences in mechanical properties of radial zones (n¼ 3)
among trees (n¼ 12) and of vertical position (n¼ 3) among
trees (n ¼ 12). Least-squares means were used to compute
the mean values and perform pairwise comparisons to
determine significant differences with respect to radial zone
and vertical position within trees. Langum (2007) further
explored properties by vertical position and radial zone.

Results and Discussion

X-ray density profiling

As a preliminary step to aid in identifying variation in
mechanical properties, X-ray densitometry was used to
explore the variation in density with respect to location.
Figures 3 and 4 display average trends in ring width and
relative densities by ring, EW, and LW for Douglas-fir and
western hemlock trees, respectively. Table 1 represents the

Figure 2.—Radial location of mechanical property test specimens.
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variation in specific gravity within the EW, LW, and tree
ring as a whole, with respect to location within the tree for
both species. The trends displayed in these graphs closely
match those found by Abdel-Gadir and Krahmer (1993).
Their research, which focused on estimation of the
demarcation age between juvenile and mature wood of
Douglas-fir, noted no apparent demarcation line in this
species but rather a general trend toward maturation that
occurred between the ages of 27 and 37 years. Based on this
and the density trends shown in Figures 3 and 4, it is
apparent that the trees are composed of nearly all juvenile
wood. There are, however, well-defined zones of increasing
or decreasing density through the radius of the trees. The
data indicate that it may be reasonable to expect variations
in mechanical properties based on these zones (indicated by
vertical lines in Figs. 3 and 4) that correspond well with
those described in Figure 2. For western hemlock, with the
exception of higher density values, similar trends were
observed by Jozsa et al. (1998). He showed that western
hemlock density is slightly higher at the pith but quickly
declines to below Douglas-fir values through the radius to
the bark. Unlike Douglas-fir, average ring relative density
(0.49) of western hemlock was much greater than the value
of 0.41 published by Debell et al. (2004).

Mechanical property evaluation

Flexure.—Mean MOE and MOR values through flexural
testing for Douglas-fir and western hemlock are presented in
Table 2. The overall tree mean MOE and MOR calculated
through flexural testing of 463 Douglas-fir specimens was
1.33 3 106 psi and 9,570 psi with coefficients of variation
(COVs) of 20.7 and 14.2 percent, respectively. According to
the Wood Handbook (USDA Forest Service 1999), expected
MOE and MOR values for 12 percent moisture content

coastal Douglas-fir are 1.95 3 106 psi (47% increase) and
12,400 psi (30% increase). Testing of 321 western hemlock
flexural specimens yielded overall tree mean MOE and
MOR values of 1.06 3 106 psi and 8,500 psi with COVs of
19.7 and 13.7 percent, respectively. The Wood Handbook
values for MOE and MOR of western hemlock are greater at
1.63 3 106 psi (54%) and 11,300 psi (33%), respectively.
Wood Handbook values are based on mature wood physical
and mechanical properties, and the effect of juvenile wood
is evident in the large difference in flexural properties.

Type 3 tests of fixed effects using the mixed procedure
verified that variation in location within the tree were
significant (P values , 0.003) in both species. Similarity
based on statistical analysis is indicated in the table by
specimen radial zone and vertical position. For Douglas-fir,
strength and stiffness values were lowest at the top of the
trees when only vertical position was considered (Table 2).
This is due to the influence of the crown, where the
proportion of juvenile wood is known to be relatively high.
MOE of middle and bottom bolts was not significantly
different; however, MOR was found to significantly
decrease with increased vertical position. Proximity to the
pith had the greatest effect on MOE, with a decrease of 16 to
17 percent in stiffness closer to the pith (inner zone). MOR
followed a similar trend with a steady increase from pith to
bark; however, the t test showed no significant difference
between the radial zones. When considering both vertical
position and radial zone, inner zone strength and stiffness
remained constant from bottom to top bolt. The highest
average MOE came from the outer radial zone in the bottom
bolt. These values did not begin to decrease until beyond
middle-bolt position.

In western hemlock, variation in MOE and MOR with
respect to vertical position was the same as for Douglas-fir.

Figure 3.—Average Douglas-fir X-ray density profile data. Figure 4.—Average western hemlock X-ray density profile data.
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Less variation existed within the western hemlock speci-
mens. Strength and stiffness values were lowest at the top of
the trees when only vertical position was considered.
Strength decreased significantly with vertical position from
bottom to top. MOR values indicated no significant change
from inner to intermediate radial zone. The t test indicates
that MOE of the outer sections of bottom and middle bolts
were not significantly different. The top bolt had a much
lower MOE. Stiffness decreased significantly with radial
zone from pith to bark.

Compression.—The results from clear specimen com-
pression testing of Young’s modulus and ultimate strength
are shown in Table 3. The overall tree mean Young’s
modulus and ultimate strength calculated through compres-
sion testing of 165 Douglas-fir specimens was 1.42 3 106 psi
and 4,840 psi with COVs of 20.9 and 11.4 percent
respectively. Testing of 143 Western hemlock compression
specimens yielded overall tree mean Young’s modulus and

ultimate strength values of 1.04 3 106 psi and 4,010 psi with
COVs of 22.5 and 12.1 percent, respectively. The Wood
Handbook (USDA Forest Service 1999) lists mature
Douglas-fir and western hemlock compressive ultimate
strength values as 7,230 psi and 7,200 psi at moisture
content of 12 percent, a reduction in compression strength of
specimens tested in this study by 33 and 44 percent for
Douglas-fir and western hemlock, respectively, compared
with Wood Handbook values.

For Douglas-fir trees, statistical analysis of the compres-
sion strength data indicated no significant change in value
through the entire tree (Table 3). Young’s modulus was
lowest at the center (inner zone) of the bolts and in the
bottom bolts. The middle bolt had the highest mean stiffness
value and was not significantly different from the top bolt.

In western hemlock, no significant differences in vertical
position were found for Young’s modulus, but the inner
zone had a significantly lower value than the other radial

Table 1.—Relative density variation in earlywood, latewood, and annual ring by vertical position.

Vertical position

Earlywood Latewood Ring

Mean COV (%)a Mean COV (%) Mean COV (%)

Douglas-fir

Tree 0.31 16.6 0.70 13.9 0.46 15.7

Bottom of butt bolt 0.33 13.7 0.68 10.8 0.50 14.6

Top of butt bolt 0.31 15.4 0.72 14.6 0.46 13.2

Top of middle bolt 0.30 18.0 0.70 14.3 0.44 14.5

Top 0.32 18.1 0.68 14.2 0.45 20.8

Western hemlock

Tree 0.37 12.7 0.62 9.0 0.49 19.0

Bottom of butt bolt 0.39 14.3 0.63 8.5 0.54 14.3

Top of butt bolt 0.37 11.9 0.62 8.8 0.49 18.7

Top of middle bolt 0.36 10.3 0.61 9.0 0.46 18.7

Top 0.37 14.4 0.61 10.0 0.49 22.8

a COV ¼ coefficient of variation.

Table 2.—Flexural property variation within the trees with respect to vertical position and radial zone.a

Specific gravity MOE MOR

nMean COV (%) Mean (Mpsi) COV (%) t groupingb Mean (kpsi) COV (%) t grouping

Douglas-fir

By vertical position

Top 0.47 8.6 1.220 14.0 � 8.78 8.4 � 23

Middle 0.47 6.5 1.368 13.8 � 9.48 8.4 � 27

Bottom 0.50 5.0 1.335 19.1 � 10.08 8.9 � 28

By radial zone

Pith 0.48 6.1 1.188 13.1 � 9.27 8.2 � 36

Intermediate 0.48 8.2 1.414 13.6 � 9.63 9.7 � 34

Bark 0.49 8.1 1.442 18.8 � 9.88 16.6 � 8

Western hemlock

By vertical position

Top 0.45 8.7 1.000 11.8 7.94 10.7 18

Middle 0.46 7.0 1.085 14.2 � 8.40 7.5 � 23

Bottom 0.48 8.8 1.084 9.8 � 9.08 10.8 � 29

By radial zone

Pith 0.48 7.5 0.982 11.8 � 8.57 8.8 � 35

Intermediate 0.45 8.4 1.120 15.0 � 8.42 12.5 � 28

Bark 0.45 8.6 1.235 16.2 9.12 15.0 7

a MOE¼modulus of elasticity, MOR¼modulus of rupture, COV¼ coefficient of variation.
b t grouping: dots, read only down a column, indicate regions with a corresponding property that is not statistically significant at a significance level of 0.05.
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zones (Table 3). There were no significant differences in
ultimate strength among radial zones. A significant
difference was found with respect to vertical position, the
bottom bolt having greater compression strength. As with
Douglas-fir, the lowest values occurred in the inner zone and
in the top bolt of the trees. Young’s modulus was lowest at
the center of the top bolts and increased with distance from
the pith. Compression strength decreased with both
increased height and distance from the pith.

Tension.—Tensile testing was used to determine mean

Young’s modulus and ultimate strength values in tension.
Results based on location within the tree are summarized for
Douglas-fir and western hemlock in Table 4. The overall
Douglas-fir mean tensile Young’s modulus and ultimate
strength calculated based on testing of 310 specimens was
1.51 3 106 psi and 9,890 psi with COVs of 24.1 and 31.6
percent, respectively. The overall mean Young’s modulus
and ultimate strength of western hemlock calculated through
tensile testing of 234 specimens was 1.11 3 106 psi and
9,380 psi with COVs of 23.1 and 24.5 percent, respectively.

Table 3.—Compressive property variation within the trees with respect to vertical position and radial zone.

Young’s modulus Ultimate compressive strength

nMean (Mpsi) COV (%)a t groupingb Mean (kpsi) COV (%) t grouping

Douglas-fir

By vertical position

Top 1.446 17.7 � 4.73 7.7 � 22

Middle 1.502 18.0 � 4.97 18.0 � 23

Bottom 1.358 21.4 � 4.94 9.5 � 26

By radial zone

Pith 1.263 18.1 � 4.79 6.5 � 31

Intermediate 1.579 16.3 � 5.00 16.5 � 32

Bark 1.500 8.4 � 4.81 10.7 � 8

Western hemlock

By vertical position

Top 1.026 19.9 3.88 8.2 15

Middle 1.100 19.1 � 4.02 11.7 � 21

Bottom 1.044 23.1 � 4.21 12.4 � 28

By radial zone

Pith 0.978 18.1 4.10 18.0 33

Intermediate 1.139 18.7 � 4.06 12.1 � 25

Bark 1.163 29.0 � 4.08 10.5 � 6

a COV ¼ coefficient of variation.
b t grouping: dots, read only down a column, indicate regions with a corresponding property that is not statistically significant at a significance level of 0.05.

Table 4.—Tensile property variation within the trees with respect to vertical position and radial zone.

Young’s modulus Ultimate tensile strength

nMean (Mpsi) COV (%)a t groupingb Mean (kpsi) COV (%) t grouping

Douglas-fir

By vertical position

Top 1.402 16.6 � 8.70 22.2 � 21

Middle 1.531 11.8 � 9.18 16.9 � 26

Bottom 1.491 19.5 � 10.71 19.3 � 25

By radial zone

Pith 1.345 15.5 � 9.16 18.2 � 34

Intermediate 1.569 11.4 � 9.82 19.4 � 32

Bark 1.759 15.0 � 10.53 36.2 � 6

Western hemlock

By vertical position

Top 1.104 18.7 8.60 21.2 18

Middle 1.136 17.8 � 9.34 16.1 � 23

Bottom 1.060 22.3 � 9.80 25.5 � 26

By radial zone

Pith 1.025 16.5 � 9.43 17.0 � 34

Intermediate 1.202 19.2 � 9.46 25.6 � 28

Bark 1.007 21.6 7.78 29.8 5

a COV ¼ coefficient of variation.
b t grouping: dots, read only down a column, indicate regions with a corresponding property that is not statistically significant at a significance level of 0.05.
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For Douglas-fir (Table 4), Young’s modulus was not
significantly affected by vertical position within the tree.
Ultimate strength decreased with increasing vertical posi-
tion although there was not a significant difference between
the middle and top bolts. Stiffness, more than strength,
increased significantly with distance from the pith.

Young’s modulus of western hemlock (Table 4) was not
significantly affected by height (vertical position). No clear
trend is evident with respect to Young’s modulus and radial
zone, although values of specimens from the inner zone
(close to the pith) were significantly lower. Ultimate
strength decreased with increasing vertical position with a
larger difference between the bottom and top bolts. A
decreasing trend in ultimate strength was found in radial
zones from the inner to bark zones with the bark zone being
considerably lower.

Mechanical properties of clear wood are governed not
only by density but by microfibril angle as well. Therefore,
the variation in stiffness and strength properties found in
both species would also be significantly influenced by
variations in the microfibril angle, which is known to be
highest toward the center of a tree. Further statistical
analysis conducted on flexure, compression, and tensile data
for both species with density taken as covariate indicated
that variations in density did not significantly influence the
property variations, thus confirming that other factors, such
as microfibril angle, play a significant role. The goal of this
study was to characterize the mechanical properties of
small-diameter Douglas-fir and western hemlock from the
coastal region of Washington to examine product opportu-
nities of small-diameter trees removed in forest thinning. A
detailed analysis of microfibril angle and other anatomical
features was not conducted as part of this study.

Statistical distributions of properties

To better understand and describe variation in material
properties that can be encountered from the clear Douglas-
fir and western hemlock specimens and to accurately
replicate material property distributions, normal and Wei-
bull probability density functions (PDF) were explored.
Suddarth and Bender (1995) note these PDFs as common in
wood engineering; however, they tend to favor the Weibull
PDF because of its ‘‘theoretical basis in strength of
materials.’’ Additionally, the normal distribution is sym-
metric about the mean, and its tails extend from negative
infinity to positive infinity. The normal probability density
function is described by Equation 1, and the two-parameter
Weibull probability function is described by Equation 2:

f xð Þ ¼ 1

r
ffiffiffiffiffiffi

2p
p e

�ðx�lÞ2=2r2

ð1Þ

f ðxÞ ¼ ab
�a

x
a�1

e
�ðx=bÞa ð2Þ

In Equation 1, l is the mean and r is the standard deviation,
and in Equation 2, a is the shape parameter and b is the
scale parameter. Probability density function parameters and
corresponding goodness-of-fit P-value statistics are shown
in Table 5. For all cases, visual inspection of other PDFs
indicated that the Weibull distribution was still the better fit.
Cumulative distributions comparing properties in flexure,
compression, and tension are shown in Figure 5. Flexure
modulus is lower than compression and tensile modulus in
Douglas-fir. Compression strength is significantly lower (by
almost 50%) than flexure and tensile strength in both
Douglas-fir and western hemlock.

Table 5.—Probability density function parameters and P values of clear specimen data.a

Physical property

Probability density function

Normal Weibull

l r Chi-square P value a b Kolmogorov–Smirnov P value

Douglas-fir

Flexure

MOE (psi) 1,327,640 274,217 0.459 5.350 1,438,958 0.767

MOR (psi) 9,570 1,353 0.664 7.847 10,142 0.056

Compression

Young’s modulus (psi) 1,415,265 295,094 0.594 5.279 1,535,081 0.838

Ultimate strength (psi) 4,839 552 0.037 6.351 5,095 0.000

Tension

Young’s modulus (psi) 1,513,914 363,603 0.204 4.574 1,656,281 0.714

Ultimate strength (psi) 9,888 3,115 0.032 3.372 10,992 0.191

Western hemlock

Flexure

MOE (psi) 1,061,568 208,286 0.000 5.323 1,148,696 0.022

MOR (psi) 8,496 1,166 0.650 7.796 9,003 0.127

Compression

Young’s modulus (psi) 1,040,928 233,570 0.037 4.757 1,134,979 0.384

Ultimate strength (psi) 4,010 485 0.173 8.723 4,229 0.013

Tension

Young’s modulus (psi) 1,108,920 255,554 0.002 4.543 1,211,242 0.085

Ultimate strength (psi) 9,379 2,292 0.112 4.247 10,262 0.198

a Goodness-of-fit values (P . 0.05) are indicated in boldface. MOE¼modulus of elasticity, MOR¼modulus of rupture.
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Conclusion

The objective of this study was to characterize clear
specimen material properties and their variation by location
within small-diameter Douglas-fir and western hemlock
trees from western Washington with the goal of gaining a
better understanding of utilization of small-diameter, fast-
grown trees for use in manufacturing engineered wood
composites.

Density profiling illustrated variations in specific gravity
with respect to location. The profiles created in this study
closely match other previously published trends for
Douglas-fir and western hemlock. All trees contained a
high proportion of juvenile wood resulting in strength and
stiffness values between 25 and 45 percent lower than what
is reported for mature wood of the corresponding species in
the Wood Handbook (USDA Forest Service 1999).

Flexural stiffness and strength decreased with increasing
vertical position but increased with increasing distance from
pith for both species. Young’s modulus in compression was
generally lower in the center of the tree and did not vary
significantly with vertical position, but no variation in
compression strength was observed with respect to location
in both species. Young’s modulus in tension for both species
did not vary significantly by vertical position, whereas

tensile strength decreased with increasing vertical position.
Douglas-fir exhibited increasing tensile strength and mod-
ulus with increasing distance from the center of the tree.

With increasing competition for wood fiber, which could
account for more than 25 percent of total wood composite
(such as particleboard, medium-density fiberboard, and
oriented strand board) manufacturing costs, an understand-
ing of material properties and their variations could assist in
optimizing the manufacturing process and maximizing
efficiency of wood raw material use, thus increasing
revenue.

Acknowledgments

The authors thank the Stand Management Cooperative,
based at the University of Washington, for supplying, har-
vesting, and transporting the sample material for this study.

Literature Cited
Abdel-Gadir, A. Y. and R. L. Krahmer. 1993. Estimating the age of

demarcation of juvenile and mature wood in Douglas-fir. Wood Fiber

Sci. 25(3):243–249.

Abdel-Gadir, A. Y., R. L. Krahmer, and M. D. Mckimmy. 1993. Intra-

ring variations in mature Douglas-fir trees from provenance planta-

tions. Wood Fiber Sci. 25(2):170–181.

Figure 5.—Experimental cumulative distributions of Douglas-fir and western hemlock moduli and strength.

FOREST PRODUCTS JOURNAL Vol. 59, No. 11/12 45

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



ASTM International. 2001. Standard methods of testing small clear
specimens of timber: D 143-94. In: Annual ASTM Book of Standards.
Section 4: Construction, Volume 04.10 (Wood). ASTM International,
West Conshohocken, Pennsylvania. pp. 25–55.

Barrett, J. D. and R. M. Kellogg. 1991. Bending strength and stiffness of
second-growth Douglas-fir dimension lumber. Forest Prod. J. 41(10):
35–43.

Barrett, J. W. 1995. Regional Silviculture of the United States. 3rd ed.
John Wiley & Sons, New York. 643 pp.

Bendtsen, B. A. 1978. Properties of wood from improved and intensely
managed trees. Forest Prod. J. 28(10):61–78.

Bendtsen, B. A., P. A. Plantinga, and T. A. Snellgrove. 1988. The
influence of juvenile wood on the mechanical properties of 234 cut from
Douglas-fir plantations. In: Proceedings of the International Conference
on Timber Engineering, Vol. 1, September 19–22, 1988, Seattle; Forest
Products Research Society, Madison, Wisconsin. pp. 226–240.

Burdon, R. D., R. P. Kibblewhite, J. C. Walker, R. A. Megraw, R. Evans,
and D. J. Cown. 2004. Juvenile versus mature wood: A new concept,
orthogonal to corewood versus outerwood, with special reference to
Pinus radiate and P. taeda. Forest Sci. 50(8):399–415.

Cave, I. D. and J. C. F. Walker. 1994. Stiffness of wood in fast-grown
plantation softwoods and the influence of microfibril angle. Forest
Prod. J. 44(5):43–48.

Debell, D. S., R. Singleton, B. L. Gartner, and D. D. Marshall. 2004.
Wood density of young-growth western hemlock: Relation to ring age,
radial growth, stand density, and site quality. Can. J. Forest Res. 34:
2433–2442.

Deresse, T., R. K. Shepard, and S. M. Shaler. 2003. Microfibril angle
variation in red pine (Pinus resinosa Ait.) and its relation to the
strength and stiffness of early juvenile wood. Forest Prod. J. 53(7/8):
34–40.

DiLucca, C. M. 1989. Juvenile-mature wood transition. In: Second
Growth Douglas-Fir: Its Management and Conversion for Value.
Special Publication No. SP-32. R. M. Kellogg (Ed.). Forintek Canada
Corporation, Vancouver, British Columbia, Canada. pp. 23–38.

Fahey, T. D., J. M. Cahill, T. A. Snellgrove, and L. S. Heath. 1991.
Lumber and veneer recovery from intensively managed young-growth
Douglas-fir. Research Paper PNW-RP-437. USDA Forest Service,
Pacific Northwest Research Station, Portland, Oregon. 25 pp.

Forest Products Research Society. 1986. A Technical Workshop:
Juvenile Wood—What Does It Mean to Forest Management and
Forest Products? Proceedings 47309. Forest Products Research
Society, Madison, Wisconsin. 81 pp.

Forest Products Research Society. 1987. Executive Summary Plenary
Session IVA: Juvenile Wood in Hardwoods and Conifers. Forest
Products Research Society, Madison, Wisconsin. N.p.

Gartner, B. L., E. M. North, G. R. Johnson, and R. Singleton. 2002.
Effects of live crown on vertical patterns of wood density and growth
in Douglas-fir. Can. J. Forest Res. 32(3):439–447.

Green, D. W., E. C. Lowell, and R. Hernandez. 2005. Structural lumber
from dense stands of small-diameter Douglas-fir trees. Forest Prod. J.
55(7/8):42–50.

Haygreen, J. G. and J. L. Bowyer. 1996. Wood Science and Forest
Products—An Introduction. 3rd ed. Iowa State University Press, Ames.

Ifju, G. and R. W. Kennedy. 1962. Some variables affecting microtensile
strength of Douglas-fir. Forest Prod. J. 12(5):213–217.

Johnson, J. A. 1986. Wood quality and its relationship to uses, grades,
and prices: Past, present, and future. In: Douglas-Fir: Stand
Management for the Future. C. D. Oliver, D. P. Hanley, and J. A.
Johnson (Eds.). Contribution No. 55. College of Forest Resources,
Institute of Forest Resources, University of Washington, Seattle. pp.
143–148.

Jozsa, L. A. and G. R. Middleton. 1994. A discussion of wood quality
attributes and their practical implications. Special Publication SP-34.
Forintek Canada Corporation, Vancouver, British Columbia, Canada.
42 pp.

Jozsa, L. A., B. D. Munro, and J. R. Gordon. 1998. Basic wood properties
of second-growth Western hemlock. Special Publication SP-38.
Ministry of Forestry, Forest Practices Branch, Victoria, British
Columbia, Canada. 51 p.

Jozsa, L. A., J. Richards, and S. G. Johnson. 1989. Relative density. In:
Second Growth Douglas-Fir: Its Management and Conversion for
Value. R. M. Kellogg (Ed.). Special Publication No. SP-32. Forintek
Canada Corporation, Vancouver, British Columbia, Canada. pp. 5–22.

Kellogg, R. (Ed.). 1989. Second growth Douglas-fir: Its management and
conversion for value. Special Publication SP-32. Forintek Corporation,
Vancouver, British Columbia, Canada. 173 pp.

Kennedy, R. W. 1995. Coniferous wood quality in the future: Concerns
and strategies. Wood Sci. Technol. 29:321–338.

Kennedy, R. W. and W. G. Warren. 1969. Within-tree variation in
physical and chemical properties of Douglas-fir. FO-FTB-69-4/4. In:
Proceedings of Food and Agriculture Organization Second World
Consultation on Forest Tree Breeding, August 7–16, 1969, Wash-
ington, D.C. 20 pp.

King, J. E. 1966. Site index curves for Douglas-fir in the Pacific
Northwest. Forestry Paper No. 8. Weyerhaeuser Company Forestry
Research Center, Centralia, Washington. 49 pp.

Koubaa, A., S. Y. Zhang, N. Isabel, J. Beaulieu, and J. Bousquet. 2000.
Phenotypic correlations between juvenile-mature wood density and
growth in black spruce. Wood Fiber Sci. 32(1):61–71.

Kraemer, J. H. 1950. Growth-strength relations in red pine. J. Forestry
50:842–849.

Krahmer, R. L. 1966. Variation of specific gravity in hemlock trees.
TAPPI J. 49(5):227–229.

Kretschmann, D. E. and B. A. Bendtsen. 1992. Ultimate tensile stress and
modulus of elasticity of fast-grown plantation loblolly pine lumber.
Wood Fiber Sci. 24(2):189–203.

Langum, C. E. 2007. Characterization of Pacific Northwest softwoods for
wood composites production. Master’s thesis. Washington State
University, Pullman. 121 pp.

Larson, P. R. 1969. Wood formation and the concept of wood quality.
Bulletin No. 74. Yale University, School of Forestry, New Haven,
Connecticut. 54 pp.

Larson, P. R., D. E. Kretschmann, A. Clark III, and J. G. Isebrands. 2001.
Formation and properties of juvenile wood in southern pines: A
synopsis. General Technical Report FPL-GTR-129. USDA Forest
Service, Forest Products Laboratory, Madison, Wisconsin. 42 pp.

MacPeak, M. D., L. F. Burkart, and D. Weldon. 1990. Comparison of
grade, yield, and mechanical properties of lumber produced from
young fast-grown and older slow-grown planted slash pine. Forest
Prod. J. 40(1):11–14.

Megraw, R. A. 1985. Wood Quality Factors in Loblolly Pine. TAPPI
Press, Atlanta.

Megraw, R. A. 1986. Douglas-fir wood properties. In: Douglas-Fir: Stand
Management for the Future. C. D. Oliver, D. P. Hanley, and J. A.
Johnson (Eds.). Contribution No. 55. College of Forest Resources,
Institute of Forest Resources, University of Washington, Seattle. pp.
81–96.

Middleton, G. R. and B. D. Munro (Eds.). 2001. Second-growth western
hemlock product yields and attributes related to stand density. Special
Publication SP-41. Forintek Canada Corporation, Vancouver British
Columbia, Canada.

Passialis, C. and A. Kiriazakos. 2004. Juvenile and mature wood
properties of naturally-grown fir trees. Holz Roh- Werkst. 62(11):
476–478.

Sanio, K. 1872. On the size of the wood cells of the Scotch pine (Pinus
silvestris). Jahrbucher Wiss. Bot. 8:401–420.

SAS Institute Inc. 2000–2004. SAS 9.1. SAS Institute Inc., Cary, North
Carolina.

Saucier, J. R. 1990. Forest management and wood quality. In:
Proceedings of Southern Pine Plantation Wood Quality Workshop. J.
R. Saucier and F. Cubbage (Comps.). General Technical Report SE-
63. USDA Forest Service, Southeastern Forest Experiment Station,
Asheville, North Carolina. pp. 47–56.

Sauter, U. H., R. Mutz, and B. D. Munro. 1999. Determining juvenile-
mature wood transition in Scots pine using latewood density. Wood
Fiber Sci. 31(4):416–425.

Senft, J. F., B. A. Bendtsen, and W. L. Galligan. 1985. Weak wood, fast-
grown trees make problem lumber. J. Forestry 83(8):476–484.

Suddarth, S. K. and D. A. Bender. 1995. Statistical fundamentals for
wood engineering. Wood Design Focus 6(1):3–18.

Trendelenburg, R. 1936. Variations in the density of important
coniferous timbers, due to locality, habitat and differences in
individual trees. University of Oxford, Imperial Forestry Institute,
Oxford, UK. 10 pp. Originally published in 1935, in German, in Z.
Ver. Dtsch. Ingenieure 79(4):85–89.

USDA Forest Service. 1999. Wood handbook: Wood as an engineering
material. General Technical Report FPL-GTR-113. US Department of
Agriculture, Washington, D.C. 463 pp.

46 NOVEMBER/DECEMBER 2009

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



Wardrop, A. B. 1951. Cell wall organization and the properties of the

xylem. I. Cell wall organization and the variation of breaking load in

tension of the xylem conifer stems. Aust. J. Sci. Res. Ser. B 4:

391–414.

Wellwood, R. W. and J. H. G. Smith. 1962. Variation in some important

qualities of wood from young Douglas-fir and hemlock trees. Research

Paper No. 50. Faculty of Forestry, University of British Columbia,

Vancouver, British Columbia, Canada. 15 pp.

West Coast Lumber Inspection Bureau. 1993. Grading rules for West
Coast lumber. Standard No. 17. West Coast Lumber Inspection
Bureau, Portland, Oregon.

Wiley, K. N. 1978. Site index tables for western hemlock in the Pacific
Northwest. Weyerhaeuser Forestry Paper 17. Weyerhaeuser Company,
Western Forestry Research Center, Centralia, Washington. 28 pp.

Yang, K. 2002. Impact of spacing on juvenile wood and mature wood
properties of white spruce (Picea glauca). Taiwan J. Forest Sci. 17(1):
13–29.

FOREST PRODUCTS JOURNAL Vol. 59, No. 11/12 47

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


