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Abstract

Two-by-six, western hemlock, dimension lumber was tested in bending and
shear after drying at conventional (82°C) and high (116°C) temperatures. The shear
strength was reduced by 6.4% and there was no significant effect on the moduli of
elasticity or rupture. The higher drying temperature resulted in a drying time of
approximately 24 hours, 50 percent less that the conventional temperature.

Introduction

High temperature kiln drying of lumber is done at a dry-bulb temperature that
exceeds 100°C. In this seasoning method, the humidity in the kiln may or may not be
controlled. Drying at a high temperature is one way to reduce the drying time and this
may reduce manufacturing costs. Quality, however must be maintained because the
wood costs are a significant proportion of the total cost of manufacturing. Quality is
often measured by the grade recovery, particularly for visually-graded lumber. However,
the intrinsic strength of the wood is not measured through visual grading. Rather, a
predetermined strength is given in the National . Design Specification for a certain grade
and species. Any strength loss due to the high temperature drying process will go
undetected and the wood will be used based on the predetermined strength values.

It is known that exposure to high temperature, particularly at high moisture
contents, affects the strength of wood (9). The impact of exposure to high temperature
on the end use is not as straight forward for dimension lumber. The actual temperature
reached by the lumber during the drying process may be well below 100°C if the air
humidity is sufficiently low and the wood permeability is great enough. Additionally, if
location of the knots and other grain irregularities control the strength of the piece for
purposes of design, then the intrinsic strength of clear wood may be of secondary
importance. In this case, the drying method need not be considered when visually
grading lumber.

The objectives of this study were to compare the effect of high-temperature
drying (116°C, 240°F) to conventional temperature drying (82°C, 180°F) on the modulus
of elasticity and the mean and fifth percentile bending strengths of two-by-six-inch, No.
2 and Better, western hemlock, dimension lumber. The mean and fifth percentile shear
strength parallel to the grain of small, clear, specimens were also determined.
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Background

The influence of drying on the mechanical properties of wood can be divided into
three categories: direct effect of moisture loss, permanent effect of temperature, and
internal drying stresses and strain. It is the permanent affect of temperature that is of
concern In this paper

The immediate strength of wood is reduced as temperature increases. There
is a linear relationship between temperature and mechanical properties of wood when
temperature is under 200°C and moisture content is constant (23). Strength is not
permanently affected for short exposures to temperatures below 100°C but may be
reduced by extended exposures to temperatures greater than 65°C. The magnitude of
this permanent strength reduction depends on the moisture content of wood, heating
medium, temperature, exposure period, species, and specimen size (16). A greater
effect is noticed when the moisture content is high (9).

The decomposition of cellulose, hemicellulose, and lignin, which are the principal
organic components of wood, is the main cause of degradation during high temperature
drying. The degradation apparently occurs concurrently since there is no distinct
separation between cellulose and hemicellulose fractions in wood. The reaction of
hemicellulose acetyl groups is believed to be one possible cause of permanent strength
reduction after high temperature drying. During the formation of acetic acid by the acetyl
groups, molecules in the cellulose microfibrils , located in the amorphous zone
depolymerize. Rupture of the microfibrils and creation of short chains of cellulose occur
when the acid hydrolyzes the bonds that connect the glucose monomers. The rate of
strength loss increases with high temperature and high moisture content because the
production of acid accelerated (18).

Salamon, in his review of high temperature drying (21), concluded that the loss
of strength compared to conventionally dried controls, is zero for some species and 7 to
20% for other species. However, research done by Salamon (20) on western hemlock
dimension lumber showed that average strength values of lumber dried under constant
high-temperature schedule (dry bulb temperature of 104°C and a wet bulb of 82 or 93°C)
were not significantly different from lumber dried at conventional-temperature.

Kozlik (12) obtained a 19% reduction in the toughness, a 12% reduction in
modulus of rupture, an 8% reduction in shear, and a 4% reduction in modulus of
elasticity for small, clear specimens of western hemlock dried at 230°F compared to
conventional drying. For Douglas-fir he obtained a 25% reduction in toughness, a 15-
20% reduction in shear, a 12% reduction in modulus of elasticity, and a 5% reduction in
modulus of rupture. On full-sized pieces of lumber with no defects other than knots
positioned for specific strength ratios, Kozlik (13a), found no reduction in the modulus
of elasticity and a six to ten percent reduction in the modulus of rupture.

Kozlik (13) also investigated the effect of kiln temperatures (77, 93, 110°C) on
tensile strength parallel to the grain for western hemlock dimension lumber. He selected
specimens according to the size of an edge knot located at midlength. The results
showed that western hemlock specimens with large knots had a maximum decrease of
3% in tensile strength when dried at 110°C compared to 93°C. This small decrease may
indicate that knot size was a greater influence in strength reduction than was
temperature, but additional study would be required to make such a conclusion.
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Materials and Methods

Three hundred pieces of No. 2 and Better, two-by-six-inch, 2.4 m long, western
hemlock (Tsuga heterophylla) lumber were randomly selected at local sawmill. The
actual green size of each piece was approximately 42 mm by 147 mm. To avoid air
drying of the lumber and to obtain samples over a long time interval, 100 pieces of
lumber were obtained on each of three days: March 24, April 8, and April 17, 1998.
Each set of 100 pieces was a replication.

The modulus of elasticity was nondestructively determined for each piece using
a Metriguard model 340 E-computer. Within each replication, the 100 pieces were
sorted in ascending order by modulus of elasticity and every other piece was assigned
to one of the two treatments. Thus, the specimens were distributed by stiffness between
the high and conventional temperature drying treatments.

Stacking and Loading

The lumber was stacked on 19 mm stickers spaced at 0.61 m. Six hundred and
fifty kg of concrete (resulting in 2 kPa) were placed on the top of the load to reduce bow,
twist, and crook. After a warmup of 2 hours, constant drying conditions were held for the
remainder of the schedule, 82°C dry-bulb and 66°C wet-bulb (180/150°F) for the
conventional treatment and 116°C dry-bulb and 90°C wet-bulb (240/195°F) for the high
temperature treatment. The air velocity was 3.6 m/s. Moisture content was checked
with a Delmhorst RDX-1 conductance-type wood moisture meter on 20 specimens near
the end of drying. The kiln was stopped when the average moisture content was 15%.

After kiln drying, the dry lumber was cooled 2 to 4 hours with the weight on.
Then all specimens were placed in a chamber maintained at 21°C and 65% relative
humidity with a fan for air circulation for six weeks until practical equilibrium was
reached. Six samples were randomly selected from each replication and weighed every
other day to verify achievement of equilibrium.

Wood Properties

Before testing, the following measurements were made on the dry lumber.
Pieces that did not meet the grade characteristics permitted by Western Lumber Grading
Rules (25) for slope of grain, annual rings, and knot sizes for No. 2 and Better lumber
were eliminated from the study.

The length (± 1.3 mm), width, and thickness (± 0.5 mm) of each piece were
measured according to ASTM D 4761. Each piece was weighed (±2.25 g). Slope of the
grain was measured using a scribe over a 0.3 mm length (horizontal distance) in an area
of the board representative of the general slope of the fibers. Lumber having a slope
greater than 1 in 8 was eliminated from the study.

Growth rate was assessed by placing a tape measure on the end of the piece
and counting the number of rings over a 25 mm distance. Pieces having less than 1.6
rings per centimeter (4 per inch) were eliminated from the study. The angle made by the
annual rings relative to the face of the board (± 5°) and the distance to the pith (± 3 mm)
were measured by matching the rings on a clear template to the rings on the piece. A
grain angle of 0° indicates flat sawn lumber and 90° indicates quarter sawn. The radius
of curvature of the arc on the template that match the ring at the center of the piece was
the distance to the pith.
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Knots, were measured according to the Western Lumber Grading Rules (25) to
make sure sizes did not exceed 48 mm at the wide face edge and 73 mm at the wide
face centerline. Pieces having major defects or having a knot greater in size than
allowed by the grading rules for No. 2 and Better lumber were eliminated from the study.

Testing Procedures

A Tinius Olsen universal testing machine was used to conduct a four-point
bending test in accordance with ASTM D 4671 (7). The test specimen was simply
supported and loaded by two concentrated forces spaced equidistance, 0.76 m from the
supports. The span of the beam was 2.3 m. The specimen was centered in the span
and the edge to be subjected to tension testing was randomly selected. The loading
speed was 76 mm/min to achieve maximum load between 1 and 10 min. The load was
measured with an error less than ±1% of the load for loads greater than 4450 N and 45
N for smaller loads. The deflection at the middle of the span was measured with an error
less than ±2.0% of the deflection for deflections greater than 4 mm and ±0.08 mm for
smaller deflections. The maximum load was recorded to determine bending strength.
A description of the characteristic causing failure and its location within the test span was
also recorded.

A small, clear, specimen near the failure was cut from each piece of lumber
tested in bending for the shear parallel to the grain test. The size of the shear-parallel-
to-grain specimen was 50 by 38 by 63 mm to produce failure on 50 by 50 mm surface
in accordance to ASTM D 143 (1). An Instron testing machine was used to apply the
load at a rate of 0.6 mm/min

A second clear specimen was removed from near the failure of each piece of
lumber after full size bending tests were completed. Moisture content on an oven dry
basis and specific gravity at 12% moisture content were determined in accordance with
ASTM Standard D 4442-92 method B (6) and ASTM D 2395 (4), respectively. Similarly,
the moisture content and specific gravity of each shear specimen were determined.

Analysis

The moduli of elasticity, E (Pa), and rupture, MOR (Pa), were determined using
equations 1 and 2, respectively (2),

L3 
E= S.

4.7.bh3

MOR L
P

- 13,12

where, S is the slope of the load-deflection data as determined by a linear regression
on the data between 15 and 30% of the maximum load (N/m), P is the maximum load
(N), L=span of beam (m), b=width of beam (m), and h=depth of beam (m).
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TABLE 1. Moisture contents (%)) and drying time (hr) for each kiln charge.

Conventional Tempera

Time	 Mean MC (Std)

The ultimate shear stress, t, (Pa) was calculated as

Fu 	 (3)
u A

where A is the area of the shear plane (m 2) and Ft, is the ultimate shearing load (N).

The modulus of elasticity, modulus of rupture, and shear strength of each
sample were adjusted to 12% moisture content in accordance with ASTM D 1990 (3).

Results and Discussion

Table 1 shows the average moisture content taken with a conductance-type
wood moisture meter at the end of drying and the drying time. The charges dried at a
conventional temperature took between 46 and 48 hours whereas the charges dried at
a high temperature took between 22 and 24 hours. The time savings between the two
schedules is approximately 24 hours.

46:34 15.5 (4.2) 22:41 15.2 (5.5)

2 47:44 14.9 (9.4) 22:58 13.7 (4.7)

3 47:17 13.5 (4.8) 24:00 16.3 (6.4)

Wood Properties

From the 300 specimens at the beginning of the study, 42 were eliminated
because they did not meet the minimum requirements for No. 2 lumber given by the
lumber grading rules (25). Table 2 shows number of specimens tested in static bending
and shear per treatment and per replication.

TABLE 2. Number of specimens included in the static bending and shear results.
Temperature;::.orive.iitibitatTempetattii*x

Beading	 Shear ea

1 43 41 42 39

2 42 40 39 36

41 40 49 48

Total 126 121 130 123
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The mean values and coefficients of variations of annual rings per inch, slope
of grain, grain angle, distance from pith, specific gravity and moisture content of each
treatment at time of bending test are summarized in Table 3. After coming to practical
equilibrium, the moisture content of the wood dried at high temperature was 0.7% lower
than that dried at conventional temperature. High temperature drying results in a
permanent reduction of hygroscopicity.

TABLE 3. Mean values of physical properties and p-values showing no differences
between the treatments.

Property
Conventional Temp. High Temp.

p- value
Average CV(%) Average CV(%)

Rings per 25 mm 7 38 7 43 0.81

Pith distance (mm) 94 34 92 29 0.70

Slope of grain 3.83 78 3.09 82 0.22

Grain angle (degree) 32 72 36 68 0.60

Specific gravity 0.43 11 0.43 12 0.67

Moisture content 13.2 7 12.5 11 0.12

Bending

Bending failures between the load points represented 87 percent of the total
failure modes. Combined bending and shear failures, which occurred between the load
points and on one of the shear spans, represented about 9 percent of the total number
of failures. Shear failure, which occurred in the clear portion of the wood represented
3 percent of the total number of failures. Among the 7 specimens that failed in shear,
five received the high and two the low temperature treatment. This failure mode
normally does not occur in this type of test. A probable explanation might be the
presence of shake in the tree or ring failure during drying, the presence of which would
reduce the resistance to shear.

Normal probability plots (not shown) confirmed that modulus of elasticity,
modulus of rupture, and shear data followed the normal distribution assumption with an
asymmetric tail ending toward more positive values. Adjusting the bending properties
for moisture content to12% from 13.2% or 12.8% resulted in increases in the strength
values of 1 to 3%.

The mean value for modulus of elasticity was reduced by 1.2% from
conventional to high temperature drying (Table 4); however, the analysis of variance
indicated that this was not significant (p-value of 0.827). Similarly, it cannot be
concluded that drying temperature had an effect on MOR (p=0.64) despite a reduction
in the mean value of MOR by 4.7% from conventional to high temperature drying.

To specify the allowable design load it is important to know the characteristic
value, an intermediate value in the development of allowable unit stress and stiffness
values. For modulus of elasticity, the characteristic value is the same as the mean
value. For modulus or rupture, it is calculated by using the 5% lower exclusion limit
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TABLE 4. Summary of MOE and MOR for conventional and high temperatures.

Property Treatment

MOR

Conventional

High

E

Conventional

High

Raw a 37.03 36
13.04

Adjusted b 38.12 38

Raw 35.73 37
12.01

Adjusted b 36.34 38

Raw a 8382 21
8547

Adjusted b 8547 22

Raw 8359 22
8447

Adjusted b 8447 22

Characteristic
Value

MPa

a 13.2% moisture content
b 12% moisture content
12.5% moisture content

using the coefficient in Table 3 of reference 5. For wood dried at the conventional
temperature, the characteristic value for MOR is 13.04 MPA whereas it is 12.01 MPa for
wood dried at high temperature. These 5% lower exclusion limits were from means that
were not statistically different between treatments allowing us to state that there is no
significant difference between characteristic values for western hemlock dried at
conventional and high temperatures.

Compared to other studies, the coefficient of variation of MOE is similar to small
clear values published in the Wood Handbook (23) whereas the high variability of MOR
is close to the one published from No. 2 Douglas-fir lumber (15). The strength loss
results are in general agreement with Kozlik (13a), except that the strength loss is less
severe. These bending data also confirm the work done by Salamon (20) on the effect
of drying temperatures up to 110°C on the strength of 0.9 m-long pieces of western
hemlock.

Shear Parallel to the Grain

The data in Table 5 indicate that neither average specific gravity or moisture
content at the time of the shear test were significantly different between the levels of kiln
temperature. The 0.7 percent difference in moisture content between the equilibrated
samples again demonstrates the effect of drying temperature on hygroscopicity, similar
to that observed for the bending specimens.

The moisture content adjustment to 12% led to an increase of 1.2% and 0.2%
in the shear strength for the wood dried at the conventional and high temperatures,
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MPa

respectively. Tests of skewness and kurtosis indicated that the data were normally
distributed.

TABLE 5. Mean values of physical properties and p-values showing no differences
e ween the treatments for the shear specimens

Property
Conventional Temp. High Temp.

p-value
Average CV(%) Average CV(%)

Specific gravity 0.42 12 0.42 11 0.88

Moisture content 12.8 9 12.1 10 0.06

The analysis of variance on the shear strength values adjusted to 12% moisture
content (Table 6) indicates evidence of a difference between mean shear strengths of
wood dried at conventional temperature and high temperature (p=0.00). The mean
shear strength parallel to the grain is estimated to be between 0.50 MPa and 0.72 MPa
greater in conventional than in high temperatures (95% confidence interval).

Similar to bending, the characteristic values, determined by using the 5% lower
exclusion limit, are 7.08 MPa and 6.18 MPa for the conventional and high temperature
treatments, respectively. The characteristic values are significantly different since they
were derived from the means values that were significantly different. From a practical
standpoint, these results are important when wood is loaded in shear such as in strut or
bolt connections or short deep beams. The coefficient of variation for shear strength
found in this study is close to the published values (12,23). The demonstration of
reduced shear strength in this study clarifies the results of Kozlik (12) in which only one
of two analyses showed a loss in shear strength and he suggested refining the testing
procedures.

TABLE 6. Summary of shear strength for conventional and high temperatures.

9.47Raw a
Conventional

9.58Adjusted b

15
7.08

15

18
6.18

18

May, 1999

8.85Raw
High

Adjusted b 8.97

a 12.8% moisture content
b 12% moisture content
12.1% moisture content

Conclusions

C.V. Characteristic
Value

MPa



The kiln drying time for western hemlock at 116°C is 50 percent less than at
82°C at an air circulation rate of 3.6 m/s. The high temperature drying may lower the
moisture content of the wood at equilibrium compared to conventional drying; however,
this was not statistically significant.

The mean values for moduli of elasticity and rupture as determined using full-
size pieces of No. 2 & Better western hemlock lumber were not significantly different
beteween wood dried at 116°C and 82°C.

There is a significant reduction of 6.4% in the average maximum shear strength
between pieces dried at 82 °C and 116 °C.
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