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ABSTRACT

Mechanical properties of wood increase as moisture content decreases below fiber saturation
point, at least down to about 5% MC, and as temperature decreases. This report summarizes the
relevant studies reported in the literature on the immediate effects of moisture content and temper-
ature on several mechanical properties of clear wood. Recommendations are made for future research.
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INTRODUCTION

Moisture content (MC) and temperature (T) have important effects on me-
chanical properties of wood. These effects need to be understood and taken into
account in the structural use of wood. While wood technology books such as the
U.S. Department of Agriculture Wood Handbook (1974) present a general dis-
cussion of moisture and temperature effects, discussion and presentation of data
are generally limited.

To provide a more thorough background for understanding the effects of mois-
ture and temperature on mechanical properties of wood, an attempt is made here
to evaluate and summarize the data from all pertinent reports dealing with the
immediate effects on clear wood.? Permanent effects due to MC-T-time interac-
tions are very important but have received much less research emphasis than
immediate effects. Some permanent effects are discussed in the Wood Handbook.

Almost all mechanical properties of wood increase both as MC decreases below
the fiber saturation point (FSP) (approximately 30% MC) and as T decreases. For
the moisture effect, it is common to linearly relate the logarithm of a property to
MC (USDA 1974). On the other hand, it is common to relate the property linearly
to temperature, at least up to the level not rapidly affected by thermal degrada-
tion. As will be shown in this report, however, some research suggests deviations
from these linear trends.

Because the reported research covered a variety of species and specimen sizes
(Appendix 1), test conditions, and analyses, it was necessary in this report to

! This article was written and prepared by U.S. Government employees on official time, and it is
therefore in the public domain. It was presented at the Symposium on Wood Moisture Content—
Temperature and Humidity Relationships, Blacksburg, VA, October 29, 1979.

* Maintained at Madison. WI, in cooperation with the University of Wisconsin.

* Because time is required to raise the temperature of wood, some permanent effects may be
included as immediate effects in the higher temperature research (above about 150 C) covered in this
review.
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develop common bases for all of the data so that data could be summarized for
direct comparison of moisture or temperature effects only. To evaluate the effect
of moisture on mechanical properties of clear wood, a base value at about 20 C
and 12% MC was inferred from each data set containing moisture-effect data.
The average moisture effects trend of the data set was then represented relative
to the base value for the set. Similarly, to evaluate the effect of temperature on
mechanical properties of clear wood, a base value at about 20 C was inferred
from a data set at a discrete moisture condition. The average temperature trend
of the data set for the moisture condition was then represented relative to the
base value for the set. As some of the reported research did not contain a 20 C
condition, the base value was determined by interpolation or extrapolation, or by
using the data directly (as for modulus of elasticity) when ‘‘room temperature’”
test condition was no greater than 27 C. Further discussion of the data analysis
and scope of research is cited for each reference in Appendix II.

Temperature effects on green or wet wood are included in this report, but green
wood or wet wood mechanical values are not compared to 129% MC values. Ratios
of mechanical properties between green and 129 MC, however, can be developed
from existing tabular species values of mechanical properties (e.g., USDA 1974)
or obtained from actual tabulations (ASTM 1979).

MC and T are known to affect wood dimensionally, but those effects are not
directly considered in this report because mechanical properties are typically
based on dimensions at test conditions. Users of research results, however, may
be interested in how strength or stiffness of wood products changes with MC or
T in use. For moisture changes in particular, users should consider the combined
effect on mechanical property and dimensions. For example, bending stiffness
varies inversely with the product of modulus of elasticity (E) and moment of
inertia (I) of the cross section. Moisture has an opposite effect on E and I such
that the product, EI, is affected less than either E or I alone.

RESULTS

Most results of the analyses are summarized graphically for each wood prop-
erty: first in relation to MC at room temperature and then in relation to T at
certain moisture conditions. Moduli of elasticity and rigidity are discussed before
strength properties and ‘‘parallel-to-grain’’ precedes ‘‘perpendicular-to-grain.”

For several mechanical properties, the graphs summarizing MC and T effects
do not include all pertinent research results. However, the exclusions, omitted
for clarity, are discussed in relation to graphed results.

“*Greater effect’” and ‘‘lesser effect” are terms used frequently to compare
research results. A greater effect implies a greater change in mechanical property
due to a given change in MC or T. ‘“‘Greater effect trend’’ used in context with
results on more than one species in a report implies the steeper slope in the
relation between a property and MC or T for that report.

As will be shown, the summary graphs typically display a wide variation in MC
and T effects. Middle effect trends estimated at certain MC and T conditions
from the illustrated results are featured in Tables 1 and 2 and the Summary. At
this point the reader may wish to turn directly to the Summary and Recommen-
dations sections before delving into the main body of the text.
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TABLE 1. Approximate middle trend effects of moisture content on mechanical properties of clear

wood at about 20 C,

Relative change in property from 12% MC

Property At 6% MC At 209% MC
% %

Modulus of elasticity parallel-to-the-grain +9 —13
Modulus of elasticity perpendicular-to-the-grain +20 -23
Shear modulus +20 -20
Bending strength +30 =25
Tensile strength parallel-to-the-grain +8 —15
Compressive strength parallel-to-the-grain +35 -35
Shear strength parallel-to-the-grain +18 -8
Tensile strength perpendicular-to-the-grain +12 -20
Compressive strength perpendicular-to-the-grain

at the proportional limit +30 -30

TABLE 2. Approximate middle trend effects of temperature on mechanical properties of clear wood

at various moisture conditions.

Relative change
in mechanical property

from 20 C
Moisture
Property condition At -50C At +50C

% % %

Modulus of elasticity parallel-to-the-grain 0 +11 -6
12 +17 =7

>FSP +50 —
Modulus of elasticity perpendicular-to-the-grain 6 — -20
12 — ~35
=20 — ~38
Shear modulus >FSP — ~25
Bending strength <4 +18 ~10
11-15 +35 ~20
18-20 +60 —-25
>FSP +110 ~25
Tensile strength parallel-to-the-grain 0-12 — —4
Compressive strength parallel-to-the-grain 0 +20 ~10
12-45 +50 -25
Shear strength parallel-to-the-grain >FSP — ~25
Tensile strength perpendicular-to-the-grain 4-6 — —10
11-16 — -20
=18 — -30
Compressive strength perpendicular-to-the-grain 0-6 — =20
at the proportional limit =10 — =35
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FiG. 1. Effect of MC at about 20 C on modulus of elasticity parallel-to-the-grain. 100% at 12% MC.

Modulus of elasticity parallel-to-the-grain

Moisture effects.—The relative effects of MC on modulus of elasticity (E) at
room temperature are summarized (Fig. 1) from the results of four works (Kufner
1978; Schneider 1971; Sulzberger 1953; Wilson 1932). Six additional works (Com-
ben 1964; Drow 1945; Ishida 1954; Kadita et al. 1961; Sellevold et al. 1975; Tang
and Hsu 1972) have pertinent data.

The moisture effect for one of Comben’s species lies within Schneider’s range
of effects at 18% MC, but a second species had a low (about 69%) relative E at
20% MC. Drow’s range in effects for two species from 7 to 16% MC encompasses
the trends in Fig. 1. Ishida’s value for near 0% MC falls within Schneider’s range.
The Kadita et al. data for two species suggest a curving tendency similar to
Kufner’s but with a lesser moisture effect. Sellevold et al. also suggest a similar
curving trend, falling within the range of Schneider’s trend from 0 to about 16%
MC and within Kufner’s range at about 26% MC. Tang and Hsu’s data suggest
a curving tendency similar to Schneider’s upper range for the lower end of the
hygroscopic range and a more linear trend within Wilson’s range over the re-
maining hygroscopic range.

Temperature effects.—The effect of temperature on E for wood near 0% MC
(Fig. 2A) is illustrated with results from eight studies (Bernier and Kline 1968;
Ishida 1954; Kitahara and Matsumoto 1974; Kollmann 1960; Okuyama 1974, 1975;
Partl and Strassler 1977; Schaffer 1970; Sellevold et al. 1975). The base (100% E)
is at 25 C, as most of the pertinent studies focused on that temperature, and
correction to 20 C would be almost nil. Because most of the studies were limited
to a single species, all but Ishida’s data (for two experiments) are represented as
single lines. Although Schaffer represented his data by a straight line, he recog-
nized that E seemed to be more severely affected by temperatures above 225 C
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F1G. 2. Effect of temperature on modulus of elasticity parallel-to-the-grain. A: Near 09% MC, 100%
at 25 C. B: ~129% MC, 100% at 20 C. C: =FSP, 100% at 20 C.

than below 225 C; this is represented by a second curve generally passing through
Schaffer’s average data. Most of the other curves, extending over a broad range
of temperature, are slightly nonlinear. For small ranges in temperature (e.g., 0 to
100 C), however, straight lines could adequately represent the data.

The effect of temperature on E within the hygroscopic range does not appear
to be as well established as for 0% MC. Variation among results for nine studies
that contained data on temperature effect for 11-15% MC (Comben 1964; Ishida
1954; James 1961; Kitahara and Matsumoto 1974; Noack and Geissen 1976; Preus-
ser 1968; Sano 1961; Sellevold et al. 1975; Sulzberger 1953) was greater than at
0% MC.

The temperature effect at about 12% MC is summarized (Fig. 2B) from six of
the studies (Comben, James, Kitahara and Matsumoto, Preusser, Sellevold et al.,
and Sulzberger). Preusser’s data may not adequately reflect the 12% condition as
specimens were heated for | h prior to testing; however, the results from James
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and Kitahara and Matsumoto suggest only a slightly greater temperature effect
than Preusser’s. Ishida's results for two experiments at 14-15% MC down to
—40 C are not shown, but they encompass the effects shown for Comben and
Sellevold et al. Noack and Geissen’s results for one species at 12% MC agree
with the minimum effect trend in Comben’s data. Sano’s data for two species at
13—-15% MC and ranging from —55 to +70 C encompass the Sellevold et al. trend
below 20 C and lie between James’ trend and Sulzberger’s minimum effect trend
above 20 C.

Study results in the hygroscopic range below 11% and above 15% are insuffi-
cient to warrant separate figures: however, they are of interest when compared
with those given in Fig. 2B. Results of Tsuzuki et al. (1976) for seven species at
4% MC down to —180 C cover a range in temperature effects encompassing
Comben’s lower effects trend and a linear extension of Preusser’s trend for below
+160 C. The temperature-effect trend in Noack and Geissen’s data for 5% MC
down to —40 C closely coincides with Comben’s higher effect trend. The tem-
perature trend for James’ (1961) data at 7% MC agrees closely with his trend in
Fig. 2B. Sulzberger’'s temperature trend for 8% MC matches his trends in Fig.
2B for below 20 C but lies between his lower effect trend and James’ trend (Fig.
2B) above 20 C. The temperature trends in James’ (1951) data for 16 to 27% MC
tend to be greater than his trend in Fig. 2B but are less than Comben’s lower
effect trend. Noack and Geissen’s data for 17% MC lie between Comben’s lower
temperature effect and Sellevold’s temperature effect in Fig. 2B, their 21% MC
data lie within Comben’s temperature trend in Fig. 2B, their 28% MC data suggest
a greater temperature trend than Comben’s greater trend (Fig. 2B). Comben’s
18-20% MC data down to —183 C for two species suggest a temperature trend
from his greater effect trend in Fig. 2B to about 17% higher. Sulzberger’s six-
species data at 209 MC for —20 to +60 C lie within the range of Comben’s data
below 20 C in Fig. 2B but straddle his own Fig. 2B trend above 20 C with about
three times the spread. The trend in the Sellevold et al. data for 27% MC lies
within Comben’s (Fig. 2B) temperature effects range in Fig. 2B down to about
—90 C but tends"to show a somewhat greater temperature effect between —100
and —130 C.

The effect of temperature on wood above fiber saturation in green or wet
conditions (Fig. 2C, Comben 1964 and Sellevold et al. 1975) is definitely greater
than the effect on wood below fiber saturation (Fig. 2A, B). Sellevold et al.
found a dramatic shift in E near 0 C and a decidedly nonlinear effect below 0 C.
(See Kollmann 1940, for a related discussion of the effect of ice temperature on
wood strength.) Comben’s data suggest a somewhat greater temperature effect
but do not reflect the same curving tendency as those of Sellevold et al. because
Comben used only three discrete temperatures in his study.

Modulus of elasticity perpendicular-to-the-grain

Moisture effects.—Data on the effect of MC on E perpendicular-to-the-grain
near room temperature were gleaned from seven reports (Ellwood 1954; Greenhill
1936; Kadita et al. 1961; Kunesh 1968; Schniewind 1962; Siimes 1967; Youngs
1957), of which four (Ellwood, Greenhill, Kadita et al., and Siimes) are summa-
rized (Fig. 3). E perpendicular appears to have both a greater moisture effect and
a much greater variation in results than E parallel.
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FiG. 3. Effect of MC at about 20 C on modulus of elasticity perpendicular-to-the-grain. 100% at
12% MC.

Of the three studies not plotted, Kunesh’s results agree with Siimes’ greater
moisture effect at 6% MC, Schniewind’s results agree closely with Greenhill’s
below 12% MC but are more in line with Ellwood’s above 12% MC, and Youngs’
results suggest an agreement with Eltwood’s trend at 6% MC but with an extrap-
olation of Siimes’ results for 209% MC.

Temperature effects.—Eight reports evaluated the effect of temperature on E
perpendicular-to-the-grain (Byvshykh 1959; Ellwood 1954; Greenhill 1936; Kita-
hara and Suematsu 1955; Noack and Geissen 1976; Okuyama et al. 1977; Siimes
1967; Youngs 1957). Kitahara and Suematsu offered the only results for 0% MC—
in four species over the temperature range of 10 to 50 C. Their trends were similar
to data at 6% MC.

Of the six studies containing data on temperature effect at 6% MC (Byvshykh,
Ellwood, Greenhill, Noack and Geissen, Siimes, and Youngs), results from four
are plotted (Fig. 4A). Noack and Geissen’s data for 0 to —40 C suggest a lesser
effect of temperature than the other data sets, but perhaps the required extrap-
olation to 20 C yielded an overestimated base value. The trend in Greenhill’s data
to 82 C (not plotted) agrees closely with Siimes’ greater effect trend. Byvshykh’s
data for 50 to 100 C (not plotted) suggest a trend similar to Ellwood’s greater
effect trend. Kitahara and Suematsu’s results for 0% MC encompass the trends
of Youngs, Ellwood, and Siimes shown in Fig. 4A.

Of seven studies (Byvshykh 1959; Ellwood 1954; Greenhill 1936; Kitahara and
Suematsu 1955; Noack and Geissen 1976; Siimes 1967; Youngs 1957) with data
for evaluating temperature effects at 12% MC or for the air-dry condition, five
(Ellwood, Kitahara and Suematsu, Noack and Geissen, Siimes, and Youngs) are
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summarized (Fig. 4B). Noack and Geissen’s data for 12% MC, as for 6% MC,
over the range 0 to —40 C suggest a lesser temperature effect than others, perhaps
due to an overestimate of a 20 C base value by extrapolation. Greenhill’s data
(not shown) suggest a slightly greater effect than Ellwood’s lesser effect trend,
while Byvshykh’s data (not shown) suggest a trend slightly less than Siimes’
lesser effect trend.

The effect of temperature on E perpendicular at 20¢% MC is shown (Fig. 4C)
for five (Byvshykh 1959; Ellwood 1954; Greenhill 1936; Noack and Geissen 1976;
Youngs 1957) of six studies containing pertinent data. The trend in Siimes’ data
(not shown) falls within the middle of the range of Ellwood’s data.

Of five studies containing data on the effect of temperature on E perpendicular
above fiber saturation, four (Ellwood 1954; Okuyama et al. 1977; Siimes 1967;
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FiG. 5. Effect of MC at about 20 C on shear modulus parallel-to-the-grain. 1009 at 12% MC.

0]

Youngs 1957) are summarized (Fig. 4D). The trend in Greenhill’s (1936) data (not
shown) lies about in the middle of Siimes’ data. Results of Okuyama et al. were
decidedly nonlinear, supporting trends for some of the other data in Fig. 4D only
at about 80 C.

Modulus of rigidity

Only two studies evaluated the effects of moisture on shear modulus (G): results
of Mark et al. (1970) and Tang et al. (1971) (Fig. 5) were determined on plate
shear specimens during dryout from the green condition.

Only a report by Okuyama et al. (1977) evaluated the effect of temperature on
G—for two species in the wet condition from 20 to 80 C. The results suggest a
slightly nonlinear trend with a spread in G values at 80 C of 20 to 50% of the
values at 20 C.

Modulus of rupture

Moisture effects.—Five reports (Drow 1945; James 1964; Leont’ev 1960; Sulz-
berger 1953; Wilson 1932) evaluated the effect of MC on bending strength, show-
ing considerable range in moisture effects (Fig. 6) and making it difficult to gen-
eralize an approximate moisture effect. Because Wilson’s and Leont’ev’s trends
based on many species are in relatively close agreement, however, the middle
trend of Wilson’s data from 6 to 20% MC may vyield the most representative effect
on bending strength.

Temperature effects.—Seven works (Boller 1954; Comben 1964; Okuyama 1974,
1975; Partl and Strassler 1977; Sulzberger 1953; Tsuzuki et al. 1976) reported
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Fic. 6. Effect of MC at about 20 C on bending strength of wood. 100% at 12% MC.

temperature effects on bending strength. Figure 7A summarizes the trends at 0%
MC from Okuyama et al., Partl and Strassler, and Sulzberger along with Tsuzuki’s
for 4% MC. Okuyama’s (1975) resuits {not completely shown, for clarity) extend
linearly down to —50 C and thus agree closely with the lower temperature effect
trends in Tsuzuki’s data.

In addition to the studies at 0 and 4% MC, other data on the effect of temper-
ature on bending strength at higher MC’s were reported by Boller for 9% MC,
Comben and Sulzberger for 11-12%, Partl and Strassler for 159% MC, Comben
and Sulzberger for 18-20% MC, and Comben and Partl and Strassler for >FSP.
Summarized results (Fig. 7B) suggest an increasing temperature effect as MC is
increased. This is more evident for the colder temperatures than for the warmer
temperatures.

Part] and Strassler’s data for 15% MC are shown only for a limited temperature
range (Fig. 7B) but they extend down to —30 C, coinciding with Comben’s trend
for 11-12% MC down to that temperature. Boller’s data for 9% MC extending
down to about — 180 C (not shown, for clarity) suggest a linear temperature trend
but with considerable range, with about 140 to 240% of room temperature strength
at —180 C. That range for Boller’s data includes Sulzberger’s trend for 12% MC,
all of Comben’s trends for 11-12% MC, and part of Comben’s trends for 18%
MC.

As shown by Partl and Strassler’s 75% MC data, temperature has a much
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greater effect on bending strength of wet wood below 20 C than above. Their
cold-temperature trend for wet wood is supported by Comben’s data while their
warm-temperature trend is more in line with the temperature effect on bending
strength of Sulzberger for 209% MC.

Tensile strength parallel-to-the-grain

Moisture effects.—Kollmann (1956), Kufner (1978), and Leont’ev (1962) pro-
vided data on the effect of MC on tensile strength parallel-to-the-grain (Fig. 8).
Most of the species evaluated by Kufner suggested a maximum strength between
4 and 8% similar to, but not as pronounced as, the maximum in Kollmann’s trend.
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Temperature effects.—Only six reports contained data on the effect of tem-
perature on tensile strength of wood parallel-to-the-grain (Comben 1964; Knudson
1973; Knudson and Schniewind 1975; Kollmann 1952; Sano 1961; Schaffer 1973).
A summary of those data (Fig. 9) suggests that temperature has only a moderate
effect. Schaffer’s results for 09% MC suggest a loss of only 15% at 150 C, and
Kollmann’s trend for 129% MC out to 100 C suggests only a slightly greater effect.
The greater high-temperature trend in Schaffer’s data over 200 C is probably due
to rapid thermal degradation. The trend discerned in Knudson and Schniewind’s
data suggests a generally greater high-temperature effect than Schaffer’s, but the
Knudson-Schniewind result may be confounded with MC as their specimens were
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Fic. 9. Effect of temperature on tensile strength parallel-to-the-grain for various moisture con-
tents. 100% at 20 C.
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F1G. 10.  Effect of MC at about 20 C on compressive strength parallel-to-the-grain. 100% at 12% MC.

conditioned to 12% MC prior to heating. Comben’s results for 11-20% MC sug-
gest some moderate reductions in tensile strength for cold temperatures. Sano’s
results for air-dry wood, however, indicate an opposite trend. Except for Sano’s
result, the trends for temperature effects (Fig. 9) and for moisture effects (Fig.
8) suggest that tensile strength parallel-to-the-grain may have an absolute maxi-
mum value near room temperature and between 0 and 109% MC.

Maximum compressive strength parallel-to-the-grain

Moisture effects.—Nine reports evaluated the effects of MC on compressive
strength of wood parallel-to-the-grain (Drow 1945; Ishida 1954; James 1964; Koll-
mann 1940; Leont’ev 1960; Matejek and Starecka 1971; Schneider 1971; Sulz-
berger 1953; Wilson 1932). Results from Ishida, Leont’ev, Matejek and Starecka,



Gerhards—EFFECT OF MOISTURE CONTENT AND TEMPERATURE 17

200 T I T T T T T T T
0%MC
150 _
SULZBERGER,
8 SPECIES
100 - R oW .
KITAHARA,— 3% &
= 4 SPECIES KNUDSON
o
£ 50 KOLLMANN; = 1
z 3 SPECIES S~
o A SCHAFFER -7 <3
W 0 | 1 | [ l ] ] | |
E -200 -I50 -100  -50 0 50 100 150 200 250 300
=3
5 300
@ T T | I T T T T
@ 12% MC
g COMBEN, ° COMBEN 2FSP
g 250 3 SPECIES L _
Y \ KOLLMAN
5 (85 %MC)
3 2001 4L
[v4
KOLLMAN
150 - 4 L (65%MC) \\T 'SHIDA
W\  SULZBERGER,
- \ 8 SPECIES
100 T KOl_LMAN] Y 7
(28-45 % MC) \3‘:
B : c N
50 | ! | L L% | i |
200 -I50  -I00 -50 o} 50 (00 -100 -5 0 5 100
TEMPERATURE (°C)
FI1G. 11.  Effect of temperature on compressive strength parallel-to-the-grain. 100% at 20 C. A: 0%

MC. B: ~12% MC. C: =FSP.

Schneider, and Wilson (Fig. 10) show that the range of effects in Wilson's data
encompasses the trends in the other four. Of the studies not illustrated, Drow’s
data for two species from 7 to 16% MC tend to agree closely with Matejek and
Starecka’s trend; James’ data for 2 to 25% MC tend to agree closely with the
lesser trend limiting Leont’ev’s data; Kollmann’s results for one species tend to
fall in the middle of Leont’ev’s trend up to 15% MC but more toward Leont’ev’s
greater effect trend above 15% MC; and Sulzberger’s data for eight species cover
the same range of moisture effects indicated for Wilson’s data in Fig. 10.

Temperature effects.—Of the eight studies with data on the effect of temper-
ature on compressive strength parallel-to-the-grain, six evaluated wood at 09% MC
(Ishida 1954; Kitahara and Suematsu 1955; Knudson and Schniewind 1975; Koll-
mann 1940; Schaffer 1973; Sulzberger 1953), four at about 12% MC (Comben
1964; Kollmann; Sano 1961; Sulzberger), and four at above fiber saturation (Com-
ben, Ishida, Kollmann, and Sulzberger).

Results of research on temperature effect at 0% MC showed good agreement
(Fig. 11A). While Kitahara and Suematsu’s data suggest a somewhat greater
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FiG. 12.  Effect of MC at about 20 C on shear strength parallel-to-the-grain. 100% at 12% MC.

temperature effect on compressive strength, their data cover a rather narrow
range of temperatures compared with the others. The trend in Ishida’s data from
—20 to +60 C (not shown) agrees closely with Schaffer’s trend.

The results for temperature effect on compressive strength at 12% MC (Fig.
11B) suggest considerable variation, largely a result of the trend displayed by
Comben’s data for cold temperatures in contrast to that shown for Kollmann,
Sano, and Sulzberger.

Kitahara and Suematsu’s data for four species (not shown) in the air-dry con-
dition (13—-17% MC) from 10 to 50 C encompass almost the entire range of effects
attributed to Sulzberger and Sano for 12% MC in Fig. 11B. Ishida’s data for 15%
MC from —20 to +60 C (not shown) closely agree with the lesser temperature
effect of Sulzberger’s data (Fig. 11B).

On the basis of resuits for compressive strength above fiber saturation (Fig.
11C), an interesting interaction of moisture and cold temperatures takes place
(Kollmann 1940): the higher the wet MC, the greater the cold-temperature effect
on strength. Comben’s and Ishida’s data for unspecified MC qualitatively support
Kollmann’s greater cold-temperature effects. In fact, Comben’s data for —183 C
suggest a strength five times that at 20 C for wet wood. The results of Sulzberger
and Ishida for warmer temperatures and Kollmann for 28 to 45% MC have tem-
perature-effect trends similar to those for 12% MC (Fig. 11B), exclusive of Com-
ben’s 12% MC data.
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Shear strength parallel-to-the-grain

Moisture effects.—Trends in the data from reports by Drow (1945), Leont’ev
(1960), and Wilson {1932) on the effect of MC on shear strength parallel-to-the-
grain (Fig. 12) suggest considerable variation in moisture effects. Drow’s data,
of limited extent compared to the others, show very little moisture effect.

Temperature effects.—QOnly Ohsawa and Yoneda (1978) and Sano (1961) eval-
uvated the temperature effect on shear strength parallel-to-the-grain (Fig. 13).
Sano’s data for the air-dry condition suggest a lesser temperature effect than
Ohsawa and Yoneda’'s data for wood above fiber saturation.

Ohsawa and Yoneda also evaluated the effect of temperature on wet shear
strength of one species in a radial-longitudinal plane perpendicular-to-the-grain
(rolling shear type). The effect was similar to their results for wet shear strength
parallel-to-the-grain.

Tensile strength perpendicular-to-the-grain

Moisture effects.—Eight studies presented data on the effect of MC on the
tensile strength of wood perpendicular-to-the-grain at about 20 C (Ellwood 1954;
Goulet 1960; Greenhill 1936; Kollmann 1956; Leont’ev 1962; Schniewind 1962;
Siimes 1967; Youngs 1957). The moisture-effect trends from Goulet, Kollmann,
Leont’ev, and Siimes (Fig. 14) suggest a relatively wide range in effects. Of the
studies not illustrated, Ellwood’s data for 6 to 18% MC closely agree with the
lesser trend in Siimes data for less than 12% MC but lie a little above Siimes’
lesser effect above 12%; Greenhill’s data for 6 to 18% MC lie in the middle of
Goulet’s range of effects above 12% MC and slightly below the Kollmann trend
below 12% MC; Schniewind’s data for 6 to 20% MC have about the same vari-
ability as Goulet’s results but tend to show slightly lower effects below 12%; and
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Young's data for 6 to 18% MC suggest a trend that closely agrees with the lesser
effect trend in Goulet’s data.

Temperature effects.—Seven reports evaluated the effect of temperature on
tensile strength perpendicular-to-the-grain (Byvshykh 1959; Ellwood 1954; Goulet
1960; Greenhill 1936; Okuyama et al. 1977; Siimes 1967; Youngs 1957). All of the
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studies were limited to temperatures from 0 to 100 C. Results (Fig. 15) for three
categories (4-6% MC, 11-16% MC, and =18% MC) suggest a wide range in
temperature effects, particularly for the lower moisture conditions. The temper-
ature effects from Okuyama et al. for four species in the wet condition are not
shown but lie generally within the range of Goulet’s. For the 4-6% MC category,
Byvshykh’s data suggest a much greater temperature effect than do other studies.
That difference, however, may be due to a poor estimate of a 20 C value due to
the relatively large extrapolation required of Byvshykh’s data (from 50 to 20 C).
Overall, the temperature effect on tensile strength perpendicular-to-the-grain gen-
erally increases as moisture increases (Fig. 15).

Compressive strength at the proportional limit perpendicular-to-the-grain

Moisture effects.—Six reports (Ellwood 1954; Kunesh 1968; Okohira 1955;
Siimes 1967; Wilson 1932; Youngs 1957) evaluated the effect of MC on compres-
sive strength perpendicular-to-the-grain at the proportional limit. The results from
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the studies are summarized in Fig. 16, except for Kunesh’s data for 6% MC,
which lie within the range of Wilson’s trend.

Temperature effects.—Five reports (Boller 1954; Ellwood 1954; Kitahara and
Suematsu 1955; Siimes 1967; Youngs 1957) presented information on the effect
of temperature on compressive strength perpendicular-to-the-grain at the pro-
portional limit. The data pertain to temperatures from 10 to 83 C, except for
Boller's which, at 9% MC, extend down to — 185 C with relative values of 160 to
325% of those values at 20 C. The trends in the data for the five studies are
summarized by moisture categories (0-6% MC, 9-15% MC, and =18% MC) (Fig.
17).

SUMMARY

On the basis of Figs. | through 17, approximate middle trends in effects on
mechanical properties of clear wood at specific conditions are summarized for
MC’s at 20 C relative to values at 12% MC (Table 1) and for temperature at
various MC’s relative to values at 20 C (Table 2).

Moisture has the least effect on parallel-to-grain properties of modulus of elas-
ticity (E) and tensile strength and the greatest effect on compressive strength
parallel-to-the-grain (Table 1). Moisture has about the same effect on shear mod-
ulus (G) and shear strength parallel-to-the-grain and E perpendicular-to-the-grain.
Similarly, it has about the same effect on both bending strength and the perpen-
dicular-to-the-grain compressive strength at the proportional limit.

Temperature generally tends to have greater effects at higher MC’s (Table
2). This trend is more evident for cold temperatures than for warm temperatures.
Temperature apparently has the least effect on tensile strength parallel-to-the-
grain but E parallel-to-the-grain at 0% MC is not affected much more. The per-
pendicular properties—E and compressive strength at the proportional limit—
appear to be the most temperature-sensitive. Temperature appears to have about
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the same effect on bending strength, compressive strength parallel-to-the-grain,
and tensile strength perpendicular-to-the-grain.

Unfortunately, data available for this overview contained wide variation within
and between species. Thus, factors pertinent to differences between species and
between properties cannot be adequately evaluated at this time. Specific research
is necessary to explore that aspect further.

RECOMMENDATIONS

Wood technology can be more fruitfully advanced by studying why moisture
and temperature effects on mechanical properties appear to be highly variable
than by studying how the effects occur. Certainly, many studies of the latter kind
are reported in the literature. If some of the former have been reported, this
author is not aware of any.

The ‘““why’’ is important because structural safety may be adversely affected
if type of species or growth characteristic is a significant interacting variable with
moisture and temperature. Some research suggests greater than twofold differ-
ences in effects of moisture and temperature for a given mechanical property
(e.g., Figs. 6 and 11B). If these reflect real differences between species, it is
possible that an elevated temperature condition—in an attic, for example—may
cause a reduction of only 109% from room-temperature strength in one species but
of perhaps 40% in another. Structurally safe design depends on such knowledge.

Although experimental error has probably contributed to some of the noted
variability, anatomical differences within and between species may have been a
significant factor. Anatomical differences between species are well known. Soft-
woods may be distinguished by characteristic latewood and resin canals. Hard-
woods may be distinguished by size and arrangement of pores, size of rays,
interlocked or wavy grain, and other characteristics. Segregating characteristics
for both general types of wood include density and extractive content. Differences
within a species occur between juvenile and mature wood, earlywood and late-
wood, rapid- and slow-growth wood and reaction and normal wood.

Not all of the different growth characteristics may contribute to significant
differences in moisture and temperature effects, but some—such as earlywood
vs. latewood or reaction wood vs. normal wood—may, because of probable dif-
ferences in thermal expansion and moisture swelling coefficients. Different rates
of expansion or contraction suggest that internal stresses may be induced in a
specimen as moisture or temperature is changed. Thus, internal stresses could
vary depending on the ratio of earlywood to latewood (within species) or on the
ratio of expansion coefficients for the two growth increments (between species).
A similar phenomenon could occur where reaction wood is found intermixed with
normal wood in a specimen, as it is well known that cross breaks occur when
some boards containing reaction wood are dried.

Any one of the several different mechanical properties of wood could serve as
the basis for studying the **why"" problem. Certain properties, such as bending
strength, may be more important to engineers while others, such as tensile
strength perpendicular-to-the-grain, may be more important to wood drying sci-
entists and technologists.

Good scientific technique is important in evaluating the ‘‘why’’ problem. Se-
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lection of several species for broad differences in anatomy and segregation of
material within a species by growth characteristics are essential. A large number
of test specimens would be necessary to provide statistically meaningful data,
and adequate ranges in moisture (6 to 20%) and temperature (0 to 100 C) would
be required. Such study would have a large scope and could serve as the basis
for more than one thesis.

A final area worth study is the relation of tensile strength parallel-to-the-grain
to MC and temperature to verify that maximum strength occurs at some inter-
mediate conditions. An adequate number of discrete temperature and moisture
levels would be required to determine the interaction of those two variables on
tensile strength.
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APPENDIX 1. The tabulation in this appendix lists the species (common and scientific) named in the referenced reports. The cross-sectional dimensions
are also shown. — indicate a lack of information.

Species name given in reference

Cross section

Reference Common Scientific (in.) Specimen test
Bernier, Kline 1968 Birch —_ 0.25 diam E
Boller 1954 I[;zlzzgilas-ﬁr : } sy x 1a Bending and E
Sitka spruce o 1 x 2 Compression
Byvshykh 1959 Pine — — Tension
Comben 1964 g::lsa : 1 0.79 x 0.79 Bending and compression

Douglas-fir

J 0.10 x 0.25

Tension

Drow 1945 Douglas-fir — — Bending and shear
Sitka spruce —_ 1 x1 Compression
Eltwood 1954 Beech — 5 x V2 Tension
i x V2 Compression
Goulet 1960 Beech Fagus silvatica L. 1
Oak Quercus sp. 0.39 x 0.39 Tension
Spruce Piceu excelsa Link J
Greenbhill 1936 Beech Fagus grandifolia B X B Tension and E
Ishida 1954 Jezo-spruce Picea glehni Mast. 0.20 x 0.79 E
0.79 x 0.79 Compression
James 1961 Douglas-fir — 1% x 14 E
James 1964 Douglas-fir — 1% X 178 Bending and compression
Kadita et al. 1961 BL.mg ' Fagus orenata. Blume } 0.51 x 0.51 E
Hinoki Chamaecyparis obtusa End.
Kitahara, Matsumoto 1974 Todomatsu Abies sachalinensis Mast. — E
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APPENDIX i. Coniinued.

Reference

Species given in reference

Common

Scientific

Cross section
(in.)

Specimen test

Kitahara, Suematsu {955

Knudson 1973

Knudson, Schniewind 1975

Kollmann 1940

Kollmann 1952
Kollmann 1956

Kollmann 1960

Kufner 1978

Kunesh 1968

Leont’ev 1960

Buna
Hinoki
Red lauan
Sugi
Douglas-fir
Douglas-fir
Balsa
Beech
Spruce
Pine

Pine

Oak
Spruce

Beech
Bongossi
Douglasie
Fir

Oak
Poplar
Zapatero

Douglas-fir
Western hemlock

Alder
Ash
Aspen

Fagus crenata Bl.
Chamaecyparis obtusa Sieb. et Zucc.

Cryptomeria japonica D. Don
Pseudotsuga menziesii (Mirb.) Franco

Pseudotsuga menziesii (Mirb.) Franco

Pseudotsuga menziesii (Mirb.) Franco
Tsuga heterophylla (Raf.) Sarg.

|
)

—_— \ _—

1.18 x 1.18

316 X 316

36 X 316

0.79 x 0.79

0.28 x 0.39
0.79 diam

0.30 x 0.30

0.16 x 0.79

1 x1,2x%x2,
4 x 4, and
6 X 6

Compression and E

Tension, compression, and E

Tension, compression, and E

Compression

Tension
Tension paraliel
Tension perpendicular

Tension

Compression and E

(1 A ‘7861 AAVANVI “YddId ANY AOOM
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AppenDix 1. Continued.
Species given in reference
Reference Common Scientific
Noack, Geissen 1976 Spruce —
Ohsawa, Yoneda 1978 Buna Fagus crenata
Ezomatsu Picea jezoensis
Red lauan Shorea negroensis
Todomatsu Abies sachalinensis
Okohira 1955 Sugi Cryptomeria japonica D. Doa.
Okuyama 1974, 1975 Hinoki Chamaecyparis obtusa Endl.
Okuyama et al. 1977 Ramin Gonystylus sp.

Partl, Strassler 1977
Preusser 1968

Sano 1961

Schaffer 1970
Schaffer 1970
Schneider 1971

Schniewind 1962
Sellevold et al. 1975
Siimes 1967

Red meranti
Spruce

Beech
Oak
Spruce

Ash
Spruce

Douglas-fir
Douglas-fir

Beech

Pine

California black oak
Beech

Birch
Pine
Spruce

Shorea sp.
Picea abies (L.) Karst.

Pseudotsuga menziesii

Pseudotsuga menziesii

Quercus kelloggii Newb.
Fagus silvatica

Betula verrucosa
Pinus silvestris
Picea excelsa

Cross section

(in.) Specimen test
0.20 x 0.79 E parallel
0.39 x 0.79 E perpendicular
0.39 x 0.79 Shear
1.18 x 1.18 Compression
0.39 x 0.39 Bending
0.39 x 0.39 Bending and E
0.79 x 0.79 Bending and E
0.79 x 0.79 E
1.97 x 1.97 Compression
0.20 x 0.79 Tension
0.98 diam Torsion
18 X 1 Tension and compression
B x 1 Tension and compression
0.79 x 0.79 E
0.25 x 0.3 Tension
0.16 x 0.31 E
0.39 x 1.57 Tension
0.63 x 1.97 Compression

0¢
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APPENDIX . Continued.

Reference

Species given in reference

Common

Scientific

Cross section

(in.)

Specimen test

Sulzberger 1953

Tang et al. 1971
Tang, Hsu 1972

Tsuzuki et al. 1976

Wilson 1932

Youngs 1957

Bollywood
Coachwood
Hoop pine
Mountain ash
Silver quandong
Sitka spruce

Scarlet oak

Scarlet oak
Yellow-poplar

Balsa

Buna

Hinoki
Keyaki

Kiri
Tetsuboku
Chestnut
Douglas-fir
Greenheart
Loblolly pine
Longleaf pine
Norway pine
Red spruce
Sitka spruce
Tamarack
Western hemlock
Western larch
White ash
Yellow birch

Northern red oak

Litsea reticulata Benth.
Ceratopetalum apetalum D. Don.
Arauacaria cunninghamii Ait.
Eucalyptus regnans F. v. M.
Elaeocarpus grandis F. v. M.
Picea sitchensis (Bong.) Carr.

Quercus coccines M.

Quercus coccines M.
Liriodendron tulipifera L.

Ochroma sp.

Fagus crenata Blume
Chamaecyparis obtusa Endl.
Zelkova serrata Makino
Paulownia tomentosa Steud.
Intsia sp.

Pseudotsuga taxifolia
Nectandra rodioei

Pinus resinosa
Picea sitchensis
Tsuga heterophylla
Larix occidentalis
Fraxinus americana
Betula lutea

Quercus rubra L.

5% X B
1h X Vs

0.2 thick

0.20 x 0.49

0.20 x 0.39

[}
X
)

B x

Bending and E
Compression

Shear modulus

E

Bending and E

All properties
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APPENDIX IT

The following discussion of each reference used in this report is intended to give the reader a brief
overview of the research scope and the methods of analyses required to fit the data into a common
format for summary in this report. The data in each report were used to determine a base value which
was then used as a divider of the reported data, either as averages or regressions, so that data from
all reports could be summarized on a relative basis. For moisture content (MC) effects at room
temperature (typically 20 C), base values were estimated at 12% MC. For temperature effects, base
values were determined at 20 C at various moisture conditions (0 and 12% and wet, for example).

No judgments are made of the quality of research for any given reference. While some research
may have been better or worse than others on the basis of number and selection of specimens,
accuracy and sensitivity in MC and temperature, or data analysis, quality cannot be rated because
the reporting of experimental detail is frequently inadequate. A study reporting experimental behavior
of a single specimen may be grossly inadequate to establish a species effect, but it may be important
in establishing a trend—for example, that E is nonlinearly related to temperature. Another study
reporting results for many species may clearly show that temperature has a significant effect, but it
may not adequately support a significance test of a species interaction.

Bernier and Kline (1968) determined the transverse dynamic modulus of elasticity (E) for one
specimen at 6% MC as temperature was increased from —183 to 202 C at a rate of about 1 C per
minute. Modulus of elasticity was again determined on the specimen as a function of temperature
after the specimen was oven-dried. Only their graph for the oven-dry condition was used for this
report, as Bernier and Kline's report did not indicate that the 6% condition was maintained over the
whole temperature range. For this report the graph for the oven-dry condition was used to determine
a base value at 20 C.

Boller (1954) evaluated modulus of rupture, E, and stress at the proportional limit in compression
perpendicular-to-the-grain at —56.7 and —184.4 C. His results were shown as linear relations from
room temperature down to —184.4 C. For this report base values at 20 C were determined from the
linear relationships.

Byvshykh (1959) evaluated tension perpendicular-to-the-grain for strength and elasticity at 50, 60,
..., 100 C and MC’s of 6, 12, 18, and 24%. For this report his linear relations between temperature
and strength or E were extrapolated to furnish base values at 20 C.

Comben (1964) evaluated effects of temperature at 17, 0, —73, and — 183 C on compressive strength
and tensile strength (none at 0) parallel-to-the-grain and modulus of rupture and E in bending. Moisture
conditions included 11-12% for all three species, and 18% for one species, 20% for another, and
green for the third. Comben presented his averaged data in the form of graphs. For this report, values
read from the graphs at 17 C were used as base values.

Drow (1945) tested modulus of rupture and E in bending, compressive strength paralilel-to-the-grain,
and shear strength parallel-to-the-grain at various MC’s between 7 and 18%. Results were presented
as linear relations between the logarithm of the mechanical property and MC. For this report the
slopes of the linear relations determined from Drow’s graphs were used to directly determine relative
values.

Ellwood (1954) used five temperatures (26.7, 37.8, 48.9, 60, and 71.1 C) and four moisture conditions
(6, 12, and 18%, and green) to evaluate effects on strength in tension and compression perpendicular-
to-the-grain. He presented both graphs and regression equations relating maximum tensile strength,
stress at the proportional limit in compression, and E in tension or compression to temperature at
each condition. After Ellwood’s equations were used to determine extrapolated values at 20 C, his
equations were divided by the respective extrapolated values to obtain relative values for this report.

Goulet (1960) studied the effect of MC over the hygroscopic range of about 2 to 30% at 20 C and
the effects of temperature from 2 to 93.5 C at MC's of 3.5 and 15.7% and >FSP on tensile strength
perpendicular-to-the-grain in both radial and tangential directions. From Goulet’s moisture-effect
curves, values at 12% MC were interpolated to use as the base for adjusting those curves to a relative
basis for this report. Similarly, from his temperature-effect curves, values at 20 C at each moisture
level were used as the bases in this report to adjust his temperature-effect curves.

Greenhill (1936) evaluated strength and E in tension perpendicular-to-the-grain at various temper-
atures and MC’s. Actual temperatures from 23.3 to 82.8 C were close to the four target test temper-
atures of 26.7, 48.9, 71.1, and 82.2. While deviations of MC were very small for any one temperature-
moisture test level, actual MC's from 4% to >FSP varied substantially across temperature levels,
complicating analysis of temperature-moisture effects. For this report Greenhill’s average mechanical
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property values for each temperature level were fit by the simple linear regression, Y = a + b(MC)
where Y = the logarithm of the mechanical property and MC = moisture content, using only the data
for the hygroscopic moisture range. Those regressions were used to estimate property values at 6,
12, and 209% MC’s for each temperature test level. Then for each of the three moisture levels (6, 12,
and 18%), a simple linear regression was used to relate the mechanical property to temperature, from
which an extrapolated value at 20 C was determined as the base for adjusting the regression to a
relative basis.

Ishida (1954) evaluated effects of temperature and MC on compressive strength parallel-to-the-grain
and on E in bending. For compression Ishida used temperatures ranging from —20 to +60 C on wood
at oven-dry, air-dry (~15% MC), ~FSP (~25% MC) and green conditions. For E in bending, Ishida
used temperatures from —40 C to +10 C on wood at oven-dry and air-dry conditions in two different
experiments: one using the same specimens at each temperature, the other using different specimens
at each temperature. Ishida represented the compression data by C = —2.07t + 914(1070-2195M¢) where
C = compressive strength, t = temperature, and MC = moisture content. For this report, that equa-
tion was used to calculate a base value at 20 C and 12% MC 1o show the relative effect of MC and
base values at 20 C and other MC’s to show the relative effect of temperature. For wood >FSP,
[shida’s average compression data for =0 C and above were linearly regressed on temperature to
estimate a base strength at 20 C.

Because Ishida did not represent his E data by equation, his average E data were linearly regressed
on temperature at each moisture condition to estimate a base E at-20 C for this report.

James (1961) determined E from longitudinal vibration and density measurements at various MC’s
ranging from ~2 to 27% and at various temperatures ranging from —17.8 to +93.3 C. At any one
moisture level, his data averages were generally linearly related to temperature, but there did not
appear to be much consistency in the average trends across MC. Consequently, for this report, only
James' E data for 12.8% MC were used. Those data were linearly regressed against temperature to
allow calculation of a base E at 20 C.

James (1964) conducted tests in static bending and compression parallel-to-the-grain at various
MC’s ranging from ~2 to 27%. As James’ report did not present the data in a form suitable for this
report, his original data on file at the Forest Products Laboratory were used in the simple linear
regression of logarithm of property on MC. The regressions were used to calculate an estimated base
value at 12% MC.

Kadita et al. (1961) evaluated the effect of MC at 20 C on dynamic longitudinal E (similar to James
[1961]) both parallel- and perpendicular-to-the-grain. Graphs of the data were used to interpolate 12%
MC base values for determining relative effects.

Kitahara and Matsumoto (1974) evaluated the effect of temperature on dynamic longitudinal E
parallel-to-the-grain at five different moisture conditions ranging from 0 to 18%. Temperature ranged
from ~—150 C to 0 or to +20 C for most moisture conditions and to about + 160 C for the oven-dry
condition. The data plots at the different MC’s suggest slight nonlinearity with temperature. For this
report base values at 20 C were determined from the graphs by interpolation or extrapolation.

Kitahara and Suematsu (1955) evaluated the effects of temperature on compressive strength parallel-
and perpendicular-to-the-grain, the latter at the proportional limit, and on E perpendicular-to-the-
grain. Temperatures ranged from 10 to 50 C and moisture conditions were either oven-dry or air-dry
(11=17% MC, depending on species and temperature). The range in air-dry MC complicated analysis
for this report. For each property, moisture condition, and species, the property average was linearly
regressed on temperature to determine an estimate of the 20 C base value. For each species and
property, logarithms of the estimated 20 C base values were linearly regressed on MC to allow
calculation of a 12% MC base value.

Knudson (1973) and Knudson and Schniewind (1975) reported on results of tests to determire the
effect of temperature on tensile and compressive strength and dynamic E parallel-to-the-grain. Spec-
imens with cross sections ¥ ,¢-inch square were conditioned to 12% MC and then heated to the desired
temperatures for 5, 15, 30, or 60 minutes. Some specimens were tested at the heating temperature
immediately after the heating period, while a like number were tested after reconditioning to about
12% at room temperature. Test temperatures ranged from 25 to 288 C. Thus, the experimental pro-
cedure compounded temperature effects with MC and heating time effects. The averages reported for
strength for each temperature level, either for testing at temperature or for testing after reconditioning
to room temperature, ignored time as a variable, aithough some of Knudson's (1973) data indicated
a time effect on strength at the higher temperatures. Knudson and Schniewind claimed that temper-
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ature and time had no significant effect on dynamic E, although the procedure used to determine E
may have led to bias in the E results. Because average strength data were presented for both tests
at temperature and after reconditioning, for this report the relative strength at a particular test tem-
perature was divided by the relative strength after reconditioning at room temperature to remove the
apparent permanent effect of heating. Because the authors presented the strength data in percent, the
above adjustment for permanent effects resulted in data directly usable in this report.

Kollmann (1940) evaluated oven-dry compressive strength parallel-to-the-grain for temperatures
between — 190 and +200 C, other study phases covered temperatures from — 190 to +25 C for air-dry
wood and evaluated the effect of freezing at —42 C on strength of wet wood for one species. For this
report, base values at 20 C were determined from Kollmann’s curves fit to his data.

Kollmann (1952) also presented results from a study on the effect of temperatures from 10 to 100
C on tensile strength at 129% MC. For this study, a base value at 20 C was read from his temperature
trend line.

Kollmann (1956) presented data on the effect of MC over the hygroscopic range on tensile strength
parallel- and perpendicular-to-the-grain. The parallel tests showed a maximum strength between 4 and
8%: the perpendicular showed a maximum at 0% MC. For this report, base values at 12% MC were
read from Kollmann’s curves fit to the data.

Kollmann (1960) presented linear regressions relating E parallel-to-the-grain for the oven-dry con-
dition to temperature over the range —40 to +40 C. For this report the regressions were used to
calculate base values at 20 C.

Kufner (1978) evaluated the effect of MC on tensile strength and E parallel-to-the-grain. Moisture
contents covered the hygroscopic range. For this report, base values of strength and E at 12% MC
were determined for each species from Kufner’'s curves fit to this data.

Kunesh (1968) presented average results on compressive strength at the proportional limit and E
perpendicular-to-the-grain at 6 and 12% MC and in the green condition. His values at 12% were used
directly as base values for this report.

Leont’ev (1960, 1962) summarized the effects of MC from 5 to 30% for many species and mechanical
properties (bending, tension, compression and shear parallel-to-the-grain, and tensile strength per-
pendicular-to-the-grain). Leont’ev claimed the model

S = a(MC)? + b(MC) + ¢

where S = strength property,
MC = moisture content, and
a, b, ¢ = species constants

i

fit his data with only small deviations. For this study, Leont’ev’s equations were used to calculate
base values at 12% MC for each species/property combination.

Mark et al. (1970) studied the effect of MC on the modulus of rigidity in the three principal planes
of wood using the plate shear test. Their data were collected on specimens drying from the green
condition to essentially 0% MC. For this report, trend lines were fitted by eye to their data plots to
allow estimation of base values at 12%.

Matejek and Starecka (1971) evaluated the effect of freezing and thawing water-saturated wood on
compressive strength parallel to the grain. The frozen-thawed specimens along with controls were
tested at room temperature after conditioning to various MC's from 0% to >FSP. For this report, the
average control data were fitted in a regression of logarithm of strength vs. MC to determine an
estimated base value at 12% MC. Although the freeze-thaw data were not used, they would have
yielded about the same result as controls because there was very little effect of the freeze-thaw cycles
on compressive strength.

Noack and Geissen (1976) presented average test results for E both parallel- and perpendicular-to-
the-grain for MC’s from S to 28% and >FSP at temperatures from 0 to —40 C. From their linear
temperature regression data, base values were calculated at 20 C (a relatively large extrapolation) for
use in this report.

Ohsawa and Yoneda (1978) evaluated the effect of temperature on the wet shear strength parallel-
to-the-grain and, to a more limited extent, perpendicular-to-the-grain (rolling shear type). Tempera-
tures ranged from 20 to 170 C for most variables and up to 190 C for one variable. Their data suggest

a nonlinear temperature effect. Base values at 20 C were read from their data graphs for use in this
report.
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Okohira (1955) evaluated the effect of MC from 5% to >FSP on the compressive strength at the
proportional limit. He fitted his data up to 309% MC with a simple linear regression of logarithm of
strength on MC. For this report, Okohira’s equation was used to calculate a base value at 12% MC.

Okuyama (1974, 1975) made two different evaluations of the effect of temperature on bending
strength of wood in the oven-dry condition. Both studies covered the temperature range from —50
to +120 C. Three different bending rates of loading were used in the first study, and impact bending,
instrumented to provide load-deflection data, was used in the second. For this study, linear regressions
were fit to Okuyama’s slowest rate of loading bending strength data, impact bending strength data,
or E from impact tests to allow calculation of base values at 20 C.

Okuyama et al. (1977) evaluated the effect of temperature on perpendicular-to-the-grain bending
strength and E in the wet condition. For this report, base values at 20 C were read from curves
reported by the authors.

Partl and Strassler (1977) reported on static and impact bending tests at 0, 15, and 75% MC and
temperatures of —30, +23, and +70 C. For this report, values of static and impact bending strength
and static bending E at 23 C reported by the authors were used as base values.

Preusser (1968) presented data on E parallel-to-the-grain for temperatures between 20 and 255 C.
His data were based on heating specimens for 1 h after conditioning to ~12% MC. Thus the data
were probably compounded with MC, as the higher temperatures would tend to oven-dry the wood.
Preusser indicated a moderate linear temperature effect out to about 160-180 C and then a much
greater temperature effect beyond 180 C. For this report, base values at 20 C were read from
Preusser’s curves.

Sano (1961) reported on a series of tests evaluating the effect of temperature on compressive,
tensile, and torsion strengths parallel-to-the-grain. The range in temperatures evaluated fell between
—60 and +70 C. The specimens were apparently at 13-15% MC. Sano presented linear regressions
of all three strength properties and of E in compression on temperature. For this report Sano’s
regressions were used to calculate base values at 20 C.

Schaffer (1970, 1973) evaluated the effect of temperature on strength and E in both tension and
compression parallel-to-the-grain. Temperatures ranged from 25 to 288 C. For this report base values
at 25 C were read from Schaffer’s curves fitted to his data.

Schneider (1971) presented average results for E by dynamic transverse tests at 0, 6, 12, 15, and
20% MC after heating for up to 48 hours at temperatures between 100 and 150 C and for shorter times
up to 200 C. Except at the higher temperatures, there was no convincing evidence of a thermal-
degradation effect on E. Consequently, Schneider’s E values at 12% MC for each time-temperature
combination were used as the base values for this report.

Schniewind (1962) evaluated the effect of MC at 6, 12, and 20% and >FSP on tensile strength
perpendicular-to-the-grain. Schniewind’s average values at 12% were used as base values for this
report.

Sellevold et al. (1975) presented results of the effect of temperature on E parallel-to-the-grain at
several levels of MC over the hygroscopic range and at 98% MC. Modulus of elasticity was determined
from dynamic transverse measurements as specimens were slowly heated from about —130 C to +25
C. MC changes were nomimal. Temperature effects were decidedly nonlinear, particularly for MC’s
>10%. Their tabular results from 2 to 27% MC were linearly regressed with logarithm of E on MC
to calculate a 12% MC base value for this report. However, they showed E as a function of temper-
ature relative to E at 25 C at each MC evaluated, so those data were directly usable in this report.

Siimes (1967) considered several variables in his study of the effect of MC and temperature on
perpendicular-to-grain strength and elasticity. Targeted MC’s ranged from 4% to >FSP at tempera-
tures of 20, 40, 60, or 80 C. Tensile strength and stress at the proportional limit in compression and
E’s from both types of tests were included in the evaluation. Siimes’ data analysis was complicated
by variation in specific gravity of test specimens and variation in MC between test temperatures. For
this report, values of each mechanical property were determined from Siimes’ property-specific grav-
ity regressions for each temperature-moisture combination at the average specific gravity. Curves
were fitted by eye to these data plotted against MC for each temperature and property to determine
base values for this report.

Sulzberger (1953) evaluated the effects of temperature and MC on compressive strength parallel-
to-the-grain, modulus of rupture, and E in bending. Test temperatures were —20, +20, and +60 C.
Moisture conditions included 0, 8, 12, and 20% MC and >FSP in compression tests and 8, 12, and
20% in bending tests. For this report, Sulzberger’s linear graphs of property on temperature for each
moisture condition were used to determine base values.
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Tang et al. (1971) conducted a study of the effect on G of MC from green to near 0%. The study
and the evaluation of the data were patterned after Mark et al. (1970).

Tang and Hsu (1972) presented individual test results of dynamic flexural E determinations on
specimens at 0% MC and as they gained moisture in stages to FSP. Intermediate measurements were
made at about 7, 16, and 25% MC. For this report, the dynamic E data for the intermediate moisture
conditions were regressed using logarithm E = a + b(MC) to determine an estimate of the base E at
12% MC for each specimen.

Tsuzuki et al. (1976) evaluated the effect of temperature from — 180 to +20 C on bending strength
and E of wood at 4% MC. From their finear regressions of bending strength or E on temperature,
base values at 20 C were calculated for this report.

Wilson (1932) summarized mechanical property-moisture relations using/l

S — SDIOK(M(,‘;,*M(')

where

S = mechanical property,
MC = moisture content,
K = constant, and
subscript p = intersection point or MC at which the hygroscopic property trend inter-
sects green property value.

i

Wilson’s data included values of S,,, MC,,, and K for bending strength and E, compressive strength
parallel-to-the-grain, compressive strength (proportional limit) perpendicular-to-the-grain, and shear
strength parallel-to-the-grain. Wilson's data cover the moisture range from green to ~[-2% MC. His
equations were used to evaluate base values at 12% MC for use in this report.

Youngs (1957) evaluated the effects of MC and temperature on properties perpendicular-to-the-
grain. His study included strength and E in both tension and compression (proportional limit) at 26.7,
54.4, and 82.2 C and at about 6, 12, and 18% MC and >FSP. Specimen orientations included 0°, 45°,
and 90° to the growth rings in tension and 0° in compression. Youngs' complex experiment required
complex analyses. His data on E in tension and compression at 0° to the growth rings were about
equal for any one combination of MC and temperature; consequently, for this report, the data for the
two E’'s were combined in a linear regression with temperature for each moisture condition to allow
estimation of a base value at 20 C (an extrapolation). A similar analysis was used for each strength
property, treating each separately.



