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ABSTRACT
The objective of this study was to determine the effect of moisture content on a wide range of clear
wood properties. Specimens were cut from commercially dried 38- by 140-mm (nominal 2- by 6-in.),
southern pine lumber and sorted, based on specific gravity, into five matched moisture groups of
approximately 40 specimens each. Empirical models are presented for predicting the effect of moisture
content on strength and stiffness for the various test properties. Results indicate that tensile stress
parallel- and perpendicular-to-grain and both Mode I and Mode II stress intensity factors for fracture
toughness increase with decreasing moisture content from green to a peak between 7% and 13%
moisture content. Upon additional drying, these properties decrease. Maximum fiber stress in bending,
compression parallel- and perpendicular-to-grain, shear parallel-to-grain, and all elastic modulii increase with decreasing moisture content from green to 4% moisture content. For some of these
properties, the increase is not linear at lower moisture content levels. Because specific gravity is known
to affect clear wood properties, models were also developed to account for using moisture content and
specific gravity. Theoretical approaches to moisture absorption that may explain experimental results
are discussed.
Keywords: Moisture content, specific gravity, clear wood, tension, bending, compression, shear, stress
intensity factor, Poisson’s ratio, southern pine, empirical models, dimension lumber, drying.

INTRODUCTION

In the United States, lumber equilibrates to
a wide range of moisture content (MC) levels
in use. For example, lumber installed green in
timber bridges may remain at or near the fiber
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saturation point for several years after bridge
installation. In contrast, lumber used in attics
in the dry southwestern parts of the country
or over heat sources in commercial buildings
may be reduced to moisture levels as low as
2% to 4% the year after installation. This study
is part of a program to gain a fundamental
understanding of the effect of MC on the mechanical properties of wood. The program was
initiated because: (1) previous research indicates that lumber strength, especially ultimate
tensile stress (UTS) parallel-to-the-grain, does
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not always increase with decreasing moisture
content, and (2) limited, but persistent, failures
have been reported in timber structures subjected to environmental conditions that lead
to very low MC levels.
Each year, for the past 15 years, the Forest
Products Laboratory has received one to three
inquiries about failures in structural members
that were subjected to ambient environmental
conditions that resulted in member MC levels
in the range of 2% and 4%. A significant number of these inquiries are from consulting engineers knowledgeable in the design of wood
structures. Some telephone inquiries may be
followed by written reports, including pictures,
or receipt of samples of wood cut from failed
members. Virtually all these inquiries involve
commercial buildings. Some member failures
have occurred at connections, but a surprising
number have also exhibited failure in the middle of the member far removed from a joint.
In some instances, there is evidence of thermal
degradation, and in others, no evidence of
thermal degradation. However, in each member failure, low MC was suspected as a contributing factor.
In the past few years, several studies have
been conducted on the effect of MC on the
bending, tensile, and compressive strength of
nominal 38-mm- (2-in.-) thick commercial
lumber (Green and Evans 1989; Barrett and
Lau 1991). This work established that bending
and tensile strength did not necessarily increase with decreasing MC. For example, UTS
parallel-to-grain, at most percentile levels, first
increases with decreasing MC below the fiber
saturation point and then decreases as MC falls
below about 10% to 15% (Green et al. 1990).
However, the experimental design of this research was driven by the needs of the U.S. InGrade Testing Program (Green 1983). Because
only a small amount of structural lumber is
intentionally dried to less than about 10% MC,
this level was the lowest MC for which UTS
data were obtained.
Persistent reports of structural failures at low
MC levels, coupled with the experimental evidence of a decrease in lumber strength at lower
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MC levels, suggest the need for a better understanding of the effect of MC on properties,
especially UTS at low MC levels. The objective of this study was to determine the effect
of MC on a wide range of clear wood properties. Empirical models fit to these data will
serve as input to an analytical model that predicts strength (Cramer and McDonald 1989)
for comparison with lumber MC test results.
BACKGROUND

Experimental studies on the effect of low MC
on the UTS of structural lumber are expensive
and time-consuming. The need to obtain a
more fundamental understanding of the effect
of MC on properties was recognized by Dr.
David W. Green in the mid- 1980s. However,
other priorities and the lack of an adequate
analytical model to predict the strength of lumber using fundamental mechanisms prevented
such a study at that time.
Considerable literature exists on the effect
of MC on the mechanical properties of clear,
straight-grained wood. A detailed discussion
of the literature is contained in Green and
Kretschmann (1994). In general, in any one
study, data are given for only a few properties,
and only a limited number of specimens were
tested for a given property-MC combination.
The number of researchers who have data on
properties of clear wood at less than 6% MC
is much more limited than those with data
greater than 6% MC. From the studies reported
(Green and Kretschmann 1994), it appears that
modulus of elasticity (MOE) in bending and
compressive strength parallel- and perpendicular-to-grain increases linearly with drying below the fiber saturation point. Some data indicate that the MOE parallel- and perpendicular-to-grain MC curves flatten for levels less
than about 6% MC. Tensile strength paralleland perpendicular-to-grain, shear strength
parallel-to-grain, and Mode I and II fracture
toughness also increase with decreasing MC
from green to about 12% to 15%. Several studies have indicated that a significant decrease
in these clear wood property values may occur
with additional drying (Green and Kretsch-
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that used conventional ( < 82°C), not high temperature ( > 110°C), drying schedules. Specimen preparation, dimensions, and testing procedures are described in detail in Green and
Kretschmann (1994).
Material selection
Material for this study was cut from one
hundred fifty 3.66-m- (12-ft-) long southern
pine (either Pinus echinata or P. taeda) standard 38- by 140-mm (nominal 2- by 6-in.)
lumber (hereafter designated as 2 by 6) obtained from local truss suppliers in Madison,
mann 1994). These property-value decreases Wisconsin. Care was taken to obtain flat-sawn
could explain the loss in the UTS of lumber lumber without pith. Produced at three mills,
as based on the grade stamps, the lumber was
at MC levels less than 12% (Fig. 1).
This paper presents empirical equations re- either KD-15 (kiln-dried 15% maximum MC)
lating clear wood properties to MC and specific Dense Select Structural or No. 1 Dense visugravity using the clear wood property data de- ally graded lumber (SPIB 1977).
The one hundred fifty 2 by 6 boards were
veloped in the first part of our research (Green
numbered sequentially and equilibrated in a
and Kretschmann 1994).
26°C and 65% relative humidity (RH) conditioning room. Specific gravity based on ovenEXPERIMENTAL METHODS
dry weight and volume at MC was then obTraditionally, clear specimens for MC prop- tained for each board. The boards were ranked
erty studies have been cut from green logs and according to specific gravity. To assign lumber
then slowly dried to various target MC levels. to a specific MC cell, five 2 by 6 boards with
However, the intended use of these data is to the highest specific gravity were randomly asmodel tensile strength-MC relationships for signed to one of five MC levels: one MC level
structural lumber. The majority of commercial was to be saturated; the other four MC levels
lumber is dried in a dry kiln using commercial required conditioning. The next five boards
schedules. After drying, when the lumber is were selected and assigned randomly to their
used in a structure, designers need to know the respective groups. This procedure was foleffect of MC on the mechanical properties. The lowed until all specimens were assigned to each
degree to which kiln schedule, moisture hys- moisture level cell. At least one (and possibly
teresis, and other practical considerations af- two) 132-cm- (52-in.-) long sections with
fect the tensile strength of structural lumber is straight grain and free from noticeable defects
not precisely known (Eskelson et al. 1993; Hui was cut from each 2 by 6.
The conditioned sections were placed into
and Smith 1991; Wilson 1932). So that our
models might incorporate these unknown ef- chambers with the appropriate temperature and
fects, we cut clear samples from previously RH to bring the wood to equilibrium at target
dried structural lumber. We chose southern MC levels of 4% (32°C and 20% RH), 8% (27°C
pine because it is a locally available, com- and 30% RH), 12% (26°C and 65% RH), and
mercially important species for which no data 18% (27°C and 90% RH). The saturated maexist on the relationship between MC and ten- terial was obtained by water-soaking under a
sile strength of stress-rated lumber at low MC vacuum. To prevent excessive stain and the
levels. The lumber was grade-stamped at mills possibility of decay, the saturated material was

stored in sealed bags in a cold room at 2°C and
82% RH prior to testing.
Specimen preparation
After equilibration, the 132-cm (52-in.) sections were planed to a thickness of 2.0 cm
(0.787 in.). Nine specimen blanks were cut from
the conditioned sections to be tested in tension
parallel-to-the-grain, tension perpendicular-tothe-grain (two specimens, side by side), bending, compression parallel-to-the-grain, compression perpendicular-to-the-grain, Mode I
fracture, Mode II fracture, and shear parallelto-the-grain. The specimen cut-out pattern was
arranged to keep the material with the straight-

est grain as close together as possible. For a
detailed discussion of the specimen preparation, see Green and Kretschmann (1994).
Testing
Tension parallel-to-grain, center-point
bending, compression, and shear tests were
conducted on scaled specimens that conformed to the shapes specified in ASTM D 143
(ASTM 1993). Dimensions of the individual
test specimens are given in Fig. 2. Poisson’s
ratio information was based on strain measurements of compression parallel specimens
using analog extensometers. The tests were
conducted on a universal test machine in a test
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chamber with a climate controlled by a portable AMINCO2 conditioning unit. The unit
maintained the temperature and MC levels at
which the groups were conditioned. The saturated specimens were tested under controlled
conditions of 26°C and 65% RH. For all tests,
information was gathered to determine MC
and specific gravity at the time of test (Green
and Kretschmann 1994).
RESULTS

Results of the physical and mechanical
property data are summarized in Tables 1–5.
Matching
The average density at 12% MC was 590 kg/
m3 (specific gravity at 12% = 0.53) for all MC
levels (Table 1). This is slightly above the clear
wood average of 570 kg/m3 (specific gravity at
12% MC 0.51 (FPL 1987)) for loblolly or
shortleaf pine. There was a good match among
the specific gravity values in the different MC
groups. All groups also had similar ranges for
the specific gravity values.
Conditioning
A good separation between MC groups was
obtained with little overlap in moisture levels
(Table 2). The control capability of the various
conditioning chambers governed the scatter
present in MC results. The 4% and 8% levels
had much tighter controls than did the 12%
and 18% levels. The actual average MC levels
for all groups (4.3%, 7.2%, 12.0%, and 18.1%)
were close to the target MC levels (4%, 8%,
12%, and 18%). All saturated pieces were well
above the fiber saturation point.

lustrate trends. Boxplots show the lowest datum point, the 25th percentile, the median, the
75th percentile, and the highest datum point.
The boxplots were centered on the average MC
for each moisture level. Individual data points
within a moisture group were not adjusted to
the average MC for the group before the percentiles were calculated. The average MC at
which wood properties exhibit noticeable
change rarely coincides with the wood fiber
saturation point.
Determination of Mp. – The term Mp refers
to an “effective” MC at which further drying
has a significant effect on properties, but wetting has little or no noticeable effect. A procedure similar to the historic method (Wilson
1932) was used to establish the Mp values for
our test material. For each property, strength
data were plotted for the four dry MC levels.
Visual inspection of the data suggested that a
quadratic curve provided a good fit because of
its nonlinear nature. An intercept between a
horizontal line drawn through the average for
the saturated data and the quadratic curve fit
to the four dry MC data sets for each property
was then calculated. A linear fit was used in
Mp calculations for compression perpendicular-to-the-grain. From these results, we determined that 23% MC best represented an overall Mp value for this material (Green and
Kretschmann 1994). The value of 23% compares favorably with the 21% M p value that
Wilson (1932) calculated. If Wilson had included his 4% data when determining Mp, his
value for Mp would have been greater.
Moisture content-property relationships. –
When the Mp value of 23% was determined, a
quadratic curve was fit to all five MC groups
having the following form:

Curve fits
Test results are shown in Figs. 3 to 17. Average data points and boxplots are used to il-
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where MC is to be entered as a percentage and
a, b, and c are modeled coefficients.
Results of these curve fits are tabulated in
Table 6. Extra digits are carried to avoid
rounding errors in future computer simulations. The r2 values ranged from 0.20 to 0.87.

Moisture content / density - property relationships. - Because density is known to have a significant effect on clear wood properties, empirical models were obtained using both MC
and density. Table 7 gives the equations fit to
the data for surface models of the following
form:

where Int is the intercept, MC is MC as a percentage, DN is density at 12% MC, and a,b,c,d,e
are modeled coefficients.
This model form was chosen because it allows for interaction between MC and specific
gravity and fit the observed trends in the data.
DISCUSSION

For all properties, the low MC level specimens behaved in a brittle fashion before failure. The load-deflection plots for 4% and 8%
MC indicated little deviation from linearity.
The failures that occurred were abrupt and
sudden.
Strength and stiffness
The response to MC varied by properties.
Ultimate tensile stress (UTS) parallel-and perpendicular-to-the-grain and Mode II stress intensity factor (KIIc) increased as MC decreased,
reaching a maximum between 10% and 12%
MC. The UTS and (KIIc) values decreased with
further drying (Fig. 3-5). Of these, tensile
strength parallel-to-grain was the most vari-
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able. However, the observed trends in UTS
with changing MC were consistent, over the
majority of percentiles, with trends reported
in the literature for clear wood and lumber
(Green and Kretschmann 1994).
Mode I stress intensity factor (KIc), shear
stress parallel-to-grain, modulus of elasticity
(MOE) in tension parallel- and perpendicularto-grain, and MOE in compression parallel-tograin increased from green to about 6% MC,
then increased little, if at all, with additional
drying (Fig. 6–10). Bending, compression par-
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allel- and perpendicular-to-grain stress, and
MOE in bending and compression perpendicular-to-grain appeared to increase continually
with drying from green to 4% MC (Fig. 1115). A summary of the changes in average
strength and stiffness values relative to 12%
MC is given in Table 8.
Poisson’s ratio
Both LT (deformation in tangential direction when longitudinal load is applied) and LR
(deformation in radial direction when longi-
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tudinal load is applied) Poisson’s ratio increased with decreasing MC from green to 4%
MC (Figs. 16, 17). For this material, the average LT and LR Poisson’s ratios were 0.26
and 0.13 at 12% MC, respectively. Relative to
the value at 12% MC, the change in modeled
LT Poisson’s ratio was about – 36% when
green, – 18% at 18% MC, 12% at 7% MC, and
18% at 4% MC. Relative to the value at 12%
MC, the change in modeled LR Poisson’s ratio
was about – 67% when green, – 32% at 18%
MC, 18% at 7% MC, and 25% at 4% MC. For
4%, 7%, 12%, and 18% MC, LR Poisson’s ratio
was consistently about half that of the value
for LT.
Moisture content-density interactions
The interactions between density and
changes in MC explain a large portion of the
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observed variability in properties. The r2 values of the curve fits ranged from a low of 0.47
to a high of 0.95. A few selected response surfaces for tension and compression parallel-tograin, bending, and shear strength and compression parallel-to-grain MOE are shown in
Figs. 18-22. The dots on the response surfaces
represent the density and MC location of individual data points. The tension parallel-tothe-grain surface indicates a consistent peak at
all levels of density distribution. This trend
follows that which was suggested in studies of
dimension lumber (Green et al. 1990, Fig. 1).
The compression surface indicates that specimens with high density values were more sensitive to changes in MC than specimens with
low density values. As expected, the bending
MOR surface is a combination of the tension
and compression surfaces. The shear strength
surface also indicates greater sensitivity to the
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MC changes in specimens with high density
values. Finally, the compression parallel-tograin surface had a shifting peak strength. Illustrations of the remaining surfaces are available upon request.
It would appear that MC levels of about 6%
and 12% may be critical to understanding wood
moisture-property relationships in clear wood
and therefore influence the fundamental relationships controlling the tensile strength of
lumber (Green et al. 1990). From observations
of the failure process and trends in the results
presented for southern pine, it appears that
some fundamental degradation mechanism, or
combination of mechanisms, is involved when
properties are evaluated at lower MC levels.
Molecular considerations and micromechanical failure mechanisms in the cell wall may
offer a possible explanation of these mechanisms.
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Molecular considerations
Several theories postulate that water molecules in the cell wall are held on preexisting
internal surfaces by hydrogen bonds (Skaar
1972; Hartley and Kamke 1992). The most
popular of these theories is that of Brunauer,
Emmett, and Teller (the BET theory). The BET
theory considers that this sorbed water exists
in one to several layers. At room temperature,
the MC corresponding to complete monomolecular sorption is about 6%. As the monolayer of water is driven off, there is a chance
that some covalent bonds are broken and the
wood is degraded (Stamm 1964). Thus, it was
not surprising that some properties in our study
began to behave differently at less than about
6% MC.
Research on the effect of MC on the mechanical properties of paper provides additional insight into fundamental property-MC

mechanisms. A theory developed by Nissan
(1977) relates the reduction in elastic modulus
with increasing MC to a reduction in the effective number of hydrogen bonds available
to maintain the saturated integrity of the cell
wall (Caulfield 1990). Theoretically, Nissan’s
work suggests a constant relationship between
the change in MOE with changing MC.

Nissan combined the idea of hydrogen-bonddominated solids with the cluster integral concept of water to explain the cooperative bond
breaking. Limited experimental results indicated that the value of K at MC levels less than
about 5% is much different than at greater than
5% (Nissan 1977). Caulfield also noted that
the tensile strength of paper reaches a maximum at an RH from 30% to 50%. Thus, the

336

WOOD AND FIBER SCIENCE, JULY 1996, V. 28(3)

tensile strength of paper would be maximum
at 6% to 9% MC.

Micromechanical failure mechanisms
The previous discussion used theories of water bonding to understand potential changes in
property-MC relations at about 6% MC. However, this approach does not seem sufficient
for UTS parallel-to-grain. First, UTS involves
stresses generally parallel to the axis of the
cellulose chain. Second, the UTS-MC relationship peaks at about 12% MC, not 6% MC.
However, failure mechanisms in the cell wall
may provide additional insight. A thorough
discussion of micromechanical failure mechanisms in softwood species is given by Mark
(1967). Mark documents that initial failure in
the cell wall is most likely to occur in the S1
layer or at the S1/S2 interface. Further, he hypothesizes that interlaminar shear stresses are

the most likely cause of failure. Following this
initial failure, he calculates a redistribution of
stresses with final failure in the S2 layer. We
note that KIIcTL (Mode II stress intensity factor), which characterizes resistance to the formation of cracks as a result of shearing stresses,
is maximum at about 12% MC. Thus, we hypothesize that shearing stresses at the microscopic level could help to account for the maximum value of tensile strength parallel-to-grain
observed at about 12% MC.
CONCLUSIONS

From the results of our study on the effect
of moisture content (MC) on clear wood properties in southern pine, we conclude the following
●

Ultimate tensile stress (UTS) parallel-and
perpendicular-to-the-grain increases as MC
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●

●

●

●

decreases, reaching a maximum between
10% and 12% MC. The UTS values decrease
with additional drying.
Modulus of elasticity (MOE) in tension parallel- and perpendicular-to-grain, MOE in
compression parallel-to-grain, and shear
strength parallel-to-grain increase from green
to about 6% MC, then increase slightly with
additional drying.
Compression strength parallel- and perpendicular-to-grain, bending strength, and MOE
in bending and compression perpendicularto-grain appear to increase with drying, from
green to 4% MC.
The MC above which properties cease to
decrease with increasing MC (Mp) is remarkably constant across properties and averages 23%.
The critical levels in the MC-property relationship occur at about 6 and 12% MC,
depending upon property. This behavior can
be understood by considering molecular
forces and wood macrostructure.
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