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ABSTRACT

Current procedures for adjusting estimates of the mechanical properties of lumber for changes in
moisture content are based on trends in the observed means. The present study was initiated to develop
analytical procedures for adjusting estimates of the flexural properties of 2-inch-thick Douglas-fir
dimension lumber that would be applicable to all levels of the flexural properties. Equations are
derived for adjusting modulus of rupture (MOR), modulus of elasticity (MOE), moment capacity
(RS = MOR × section modulus), and flexural stiffness (EI = MOEX moment of inertia) for changes
in moisture content. The best of these equations are found to be significantly more accurate than
current procedures for adjusting estimates of strength properties such as MOR and RS. Because MOE
and EI are less affected by changes in moisture content, most of the equations work well for these
properties.
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INTRODUCTION

The objective of the present study is to develop and evaluate analytical models
that can be used to adjust estimates of the flexural properties of Douglas-fir
dimension lumber from one moisture content (MC) to another. Nine models are
presented, belonging to the six general types of models considered relevant. The
models are evaluated and their predictions compared with each other and with
the data. Applicability of the results is uncertain beyond the range of the available
data.

BACKGROUND

In the United States and Canada, major research programs have been conducted
to evaluate the mechanical properties of full-size structural lumber, visually graded
according to current practice (Green 1983; Forintek 1983). The results of these
studies provide a basis for the establishment of new values of allowable design
stress for visually graded structural lumber. It was not economically feasible in
these studies to evaluate the effect on mechanical properties of varying levels of
MC. Most of the lumber was tested at the MC at which it was produced, not
conditioned to a single MC. Thus, the In-Grade data produce insufficient infor-
mation on the relationships between MC and lumber properties to adjust me-
chanical properties of lumber to specific end use MC levels or to interpret the
variations of these properties within and between mills.

Current procedures for adjusting estimates of the mechanical properties of
dimension lumber for changes in MC are based on adjustment factors presented
in American Society for Testing and Materials Standard D 245-81 (ASTM 1986).
The adjustment factors are assumed to be independent of lumber quality and
applicable to all levels of the cumulative frequency distribution of the lumber
property.

When dried from green to a maximum MC of 19 % or of 15 % , these adjustment
factors are:

Property

Bending
Modulus of elasticity
Tension parallel to grain
Compression parallel to grain
Horizontal shear
Compression perpendicular to grain

Older versions of D 245, however, cite procedures for adjusting the estimates for
changes in MC that are dependent upon lumber quality (Green 1982).

where

SR = strength ratio, percent–the ratio of the strength of a member containing
a defect to the strength of an equivalent defect-free member.
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Thus the adjustment factor ranged from 25 % for green lumber having an SR
of 100 % to no increase for green lumber having an SR of 50 %.

Earlier research supports the concept of a quality-dependent adjustment factor.
Gerhards (1968, 1970) used matched pairs of 4 × 8 southern pine beams to
investigate the effect of seasoning on flexural properties. He concluded that the
MC adjustment factor, F, for modulus of rupture (MOR) when green wood was
dried to an MC of 12 % could be expressed as a function of SR.

where

F = the ratio of MOR at 12 % MC to MOR green, and
DSR-GSR = the within-pair difference in the SR of the matched specimens

tested dry (DSR) and green (GSR).

The adjustment factor for modulus of elasticity (MOE) was found to be indepen-
dent of SR. When dried by a mild schedule, the MOE increased about 23 % in
drying from green to an MC of 12 %.

Studies by Madsen (1975) and Madsen et al. (1980) on the flexural properties
of Douglas-fir, Hem-Fir, and Spruce-Pine-Fir dimension lumber indicated that
the magnitude of the adjustment for MOR or MOE was dependent upon location
in the cumulative density function for MOR or MOE. Using Douglas-fir as a
typical example (Fig. 1), it was noted that MOR was much more sensitive than
MOE to position in the distribution.

PROCEDURES

In this section we review the experimental procedures briefly before introducing
and deriving the analytical models. Finally, we discuss the intersection MC, MP,
which is the MC above which properties are assumed to be independent of MC.
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Experimental procedures
Green Douglas-fir lumber of three grades (Select Structural, No. 2, and No. 3)

and three sizes (2 × 4, 2 × 6, and 2 × 8) was sampled from one sawmill near
Vancouver, B.C. The lumber of each size and grade was divided into four equiv-
alent populations in terms of estimated stiffness in the green condition. Each
population or group contained approximately 100 pieces. Three of the groups
were then equilibrated to 10, 15, and 20 % MC. The fourth group was maintained
in the green condition prior to testing, by use of a water spray. All pieces were
tested to failure on edge in third-point bending using a span-to-depth ratio of
17:1. Flexural properties were calculated using the actual dimensions of the piece
at the time of test. The MOE values were not corrected for deflection caused by
shear stresses. Additional details concerning the experimental procedures and the
data analysis we employed are given in Aplin et al. (1986).

Analytical models
We considered six types of models that may be used to make MC adjustments

of the four flexural properties, MOR, MOE, RS (moment capacity), and EI (flexural
stiffness).4 Several variations of each type of model may be produced by making
different assumptions concerning the form of the analytical expression or by using
various subsets of the data. Coefficients of the individual models are given in the
appendix.

Zero adjustment model. – The simplest model is one in which no adjustment
of estimated properties is made for changes in MC; the MC adjustment factor,
F, is unity. This model is useful primarily as a baseline against which to compare
the performance of the more complicated models.

Constant percentage adjustment models. – These models adjust estimates of a
given property by a constant percentage when the MC is changed from one level
to another. All current standard adjustment procedures for dimension lumber
and for clear wood are of this type. Several variations are possible with this type
of model (Green et al. 1986). We present only a linear adjustment formula (models
1, 2, and 3 in Table 1) by which, when adjusting from a property value of P1 at
an MC of M1 percent, the value of the property P2 at an MC of M2 percent is
given by

where b represents a change in property per percent change in MC. In obtaining
a value for b, MC values greater than the intersection MC, MP, were replaced by
the assumed value of MP.

Surface model. – A group of surface models may be obtained by plotting non-
parametric estimates of the percentiles of a property against MC. In this study,
percentile levels of 2, 5, 10, 15, 20, . . . , 90, 95, 98, were plotted for MCs of 10,

4 Moment capacity (RS) is the product of modulus of rupture and section modulus, S, where S =
1/6 × thickness × (width)2. Flexural stiffness (EI) is the product of the modulus of elasticity and the
moment of inertia, I, where I = 1/12 × thickness × (width)3.
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15, 20, and green for each grade and size of lumber. Thus, for any grade, size,
and percentile level, four values of the property appear on the plot, one for each
MC (Fig. 2). These contour lines define a surface that is followed when adjusting
from one MC level to another. Contour surfaces were approximated by fitting to
each contour line a quadratic curve of the form

where a, b, and c are unique for each contour. The contour, in turn, depends upon
the value of the property, P1, and the MC, M1. The values of a, b, and c can then
be estimated using P1 and M1. Then

We considered several variations of this type of model. One variation (model 4,
Table 1) uses the linear form of Eq. (5).

In a second variation, b and c were modeled using a polynomial function of P
and MC. Given values of P1 and M1, the polynomial predicted b and c so that
Eq. (5) could be used. This procedure produced what we call a “nonfixed surface.”
It is nonfixed in the sense that, when predictions of P2 at M2 made from P1 and
M 1 are used to predict a property value at Ml, the value predicted may not be
exactly P1. This is because the contour estimate is slightly different when b and
c are predicted from P2 and M2 instead of from PI and M1. Model 4 is a linear
version and model 5 a quadratic version of Eq. (5) treated in this way. The nonfixed
surface models are easier to compute than the fixed surface model described next.
However, care must be taken always to use real data as the starting values P1 and
M 1.

It is possible to fix the contours so that the original values of P1 and M1 can
be obtained from the predicted value of P2 at M2. This is done by fixing a reference
MC that is used to estimate b and c. For this paper a reference MC of 15 % was
chosen, and the P at 15 % was found that, when adjusted to an M1 value, gave
P1. This P15 and M = 15 were then used to predict b and c for use in Eq. (5). This
step, added to insure that the contours are fixed, can result in some difficult
calculations. In the most useful fixed surface model, a quadratic curve of the form
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of Eq. (4) was fitted to each surface. Then b and c were estimated at 15 % , giving
b 15 and c l5 where

and

The parameters D0, Dl, D2, D3, and E0, E1, E2, E3 in Table A-5 were estimated
from the data. The problem was to find P15. We know that going to M1 from P15

at M15 must give PI. The change in property value is

Inserting Eqs. (6a) and (6b) in Eq. (7) gives

Because everything except P15 is known, we can use a root-finding procedure to
find P15, then use this value to predict b15 and c15 in Eqs. (6a) and (6b). Finally,
the predicted values of b15 and c15 are used in Eq. (5) to go from P1 at M1 to any
P2 at M2. The resulting contours are fixed. Several versions of this model type
were tried, the best of which is the model just described (model 6 in Table 1),
the only model of this type reported here.

Normal model. – A fourth type of model is obtained by fitting a normal distri-
bution to the data for each combination of grade, size, and MC (Aplin et al. 1986).
Given a mean property value X and standard deviation S at M1 and at M2, we
assumed that if the strength of a particular piece of lumber was the pth percentile
at one MC, it would be the pth percentile at any MC. By this assumption, the
property P2 at M2 was related to the property P1 at M1 b y

To generalize this model to grades, sizes, and MC levels not tested in this study,
the mean and standard deviation were related to lumber width, grade, and MC
through a regression equation. In this study the minimum SR assigned to the
grade and the standard dressed dry width were used as the grade and width
parameters. 5 The generalized normal model is model 7 in this report.

Weibull model. – Another model may be derived in a fashion similar to that
used for the normal model except that a Weibull distribution is first fitted to the
data. Again, we equated percentile levels in any pair of strength distributions for
two specified MC levels. In this instance the relationship between the properties
at the two specified MC levels (M1 and M2) is

5 Strength ratios (USDA 1974) are: Select Structural = 65 % , No. 2 = 45 % , No. 3 = 26 %. Standard
dressed “dry” widths (U.S. Department of Commerce 1986) are: 4 inches = 3.5 inches, 6 inches =
5.5 inches, 8 inches = 7.25 inches.
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where

the Weibull shape parameter at Mi, i = 1, 2,
the Weibull scale parameter at Mi, i = 1, 2, and
the Weibull location parameter at Mi, i = 1, 2.

The Weibull parameters at each of the four MC levels tested in this study are
given in Aplin et al. (1986).

Equation (9) may be used to convert properties from one to another of the four
MC levels for a given grade and size combination. To generalize the procedure
to MC levels not tested experimentally, a relationship is required that relates each
of the Weibull parameters to MC for each grade and size combination. In a
previous paper on modeling the effect of MC on the flexural properties of southern
pine (Green et al. 1986), a different quadratic function of MC was used for each
individual grade and size combination. Although this procedure worked well, it
was difficult to generalize the model to sizes and especially to grades not tested.

Alternatively, a regression approach such as was used with the normal model
may be used to relate the Weibull parameters given in Eq. (9) to MC, grade, and
size. We derived both two-parameter and three-parameter forms of the Weibull
regression model (model 8 and 9 of Table 1). The shape and scale parameters for
both take the form

The location parameter used for the three-parameter form was determined by
observing trends in the minimum MOR values for each combination of grade,
size, and MC. The variables W (specimen width), SR (strength ratio), and M
(moisture content) used to derive Eq. (10) are defined in Table A-3 of the appendix.

Strength ratio model. – Another type of model assumes that the MC adjustment
factor depends upon the SR of the individual piece of lumber. The 25 % rule (Eq.
1) and Gerhard’s model (Eq. 2) are historical models of this type.

To determine the form of the relationship between property and SR, the data
were stratified and the results plotted in several subsets of SR. These plots indicated
that change in MOR with change in MC increased erratically with increasing SR.
Similar plots indicated that change in MOE was virtually independent of change
in SR. Because there was no clear-cut trend in the SR relationships, only a linear
SR model was investigated.

In this model, the change in property with a given change in MC was assumed
equal to unity for SRs between zero and some cutoff value, y0. A linear relationship
was used between y0 and F*, where F* is the change in property between MCs
for green lumber and lumber with SR = 100. Four values of y0 were assumed: 0,
26, 45, and 50 %. Then

The value of F* was obtained using a linear regression between F* and MC for
the 1,083 pieces that had an estimated SR of 100 %.
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Intersection moisture content

It is generally assumed that the mechanical properties of small, clear wood
specimens decrease with increasing MC up to some MC level. Past this level,
properties are assumed to be independent of MC (U.S. Department of Agriculture
1974). The MC above which properties are independent of MC is called the
intersection MC, Mp (Wilson 1932).

Traditionally, the value of Mp is chosen as the intersection of two lines on a
plot of the logarithm of the property versus MC. The first line describes the linear
relationship between log property and MC over a range of MCs for “dry” wood,
and the second is a horizontal line representing the property value for green wood.
For clear specimens of Douglas-fir, the Mp value is 24 % (Wilson 1932).

Estimates of Mp evaluated in this study vary with the property and the MC
adjustment model used (Table 2).6 Because of this variation, there is no solid
empirical evidence to reject the clear wood value of Mp = 24. This value is used
in all modeling.

EVALUATION AND COMPARISON OF MODELS

In this section the MC adjustment models are compared for each grade and
size by adjusting the property estimates at the four MCs to a common MC level.
If the model were a perfect predictor of the effect of MC on property change, all
four property estimates would be identical. The maximum absolute difference
between the estimates is, therefore, an indication of the performance of the model.
The maximum absolute difference is the maximum property estimate minus the
minimum property estimate after each of the four values has been adjusted to

6 Procedures for estimating Mp for the various types of models are given in Green et al. (1986).
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the common MC level. Because no trends were observed in the variation of
maximum absolute difference with grade and size, the nine values of maximum
absolute difference for individual grade and size combinations were averaged and
are reported in Tables 1 and 3.

In general, models in which the coefficients are fitted using all the data are
preferred to models in which the coefficients are fitted to each grade and size
separately. Although the latter tend to fit the experimental data better, the former
are more likely to be adequate for grades and sizes not tested. Also, given the
limited number of samples tested for any given combination of grade, size, and
MC, a model obtained using all the data is likely to be more stable and less likely
to overfit the peculiarities of the given data set. Coefficients of each model discussed
in this section are given in Tables A-1 to A-6 in the appendix.

Modulus of rupture

With the exception of the zero adjustment model, all the models are more
accurate when adjusting to green than to dry MC levels (Table 2). However, models
that perform well at one MC level also perform well at other MC levels.

As was also observed for southern pine, neither the constant percentage ad-
justment models (1, 2, and 3) nor the SR model (10) provided a very accurate
adjustment of MOR (Table 3). The results are not surprising since the coefficient
of determination, R2, between MOR and SR was only 0.19 using all the data.

Of the 11 models evaluated in this paper, the normal model (7) and the two
Weibull models (8 and 9) consistently produced the smallest maximum absolute
difference at the mean with only minor differences between the three models
(Table 1). The fixed and nonfixed surface models (4, 5, and 6) were usually best
at the 5th percentile.

Either the two- or three-parameter Weibull model is generally best for adjusting
the entire distribution of MOR (Table 3). Although there is little difference between
the normal and the Weibull models at the mean, the Weibull models are generally
better throughout the rest of the distribution and especially at the 5th percentile
(Tables 1 and 3). Except at the 5th percentile, the fixed and unfixed surface models
generally produce larger average maximum absolute differences than the Weibull
models.

Comparison of the two- and three-parameter Weibull models indicates little
difference in performance except at the 5th and 95th percentiles (Tables 1 and
3). Because the location parameter to be used with the three-parameter Weibull
MC adjustment model must be selected in a somewhat arbitrary manner, this
model may be overfitted to the peculiarities of this particular data set. Until more
experience is gained with fitting this model to other data sets, the two-parameter
model (9) is recommended for the adjustment of MOR distributions.

A direct comparison between the performance of the two-parameter Weibull
model and the performance of the other models is shown in Table 4. The numbers
in the body of the table indicate the difference between the average maximum
absolute value for the two-parameter Weibull and each of the other models.
Positive values indicate that the two-parameter Weibull provides the best esti-
mate; negative values otherwise.

Although the maximum absolute difference generally provides the better esti-
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mate of performance, a comparison between experimental and predicted MOR
values for a given change in MC is also of interest. Such a comparison is shown
in Fig. 3 where the MOR’S measured in the green condition were adjusted to an
MC of 10 % using the two-parameter Weibull model (9). The adjusted values,
when compared to the MOR’S measured at 10 % , indicate that the difference is
not a function of the position in the MOR cumulative frequency distribution.

In a previous paper, Madsen (1982) suggested that for different MC levels
“changes in strength are minor for design purposes and that the same bending
stresses should be used for dry and wet service conditions.” Figure 4 compares
the dry: green ratio predicted by the two-parameter Weibull model (9) for No. 2,
2 × 6, to those obtained by Madsen for Douglas-fir, No. 2 and Better, 2 × 6.6

From these plots it is obvious that the changes in strength are significant.

Modulus of elasticity

Modulus of elasticity tends to be normally distributed (Aplin et al. 1986; McLain
et al. 1984). Also, the effect of MC is not very dependent upon lumber quality
(or position in the MOE cumulative frequency distribution) (Green 1982; Green
et al. 1986). For these reasons, several of the models gave a satisfactory fit to the
data (Tables 1 and 3). The normal model (7) provides the best overall fit, the
two-parameter Weibull model (9) being essentially as good (Table 4). Even the
simplistic constant percentage adjustment models (1, 2, and 3) provide a reason-
able fit to the data.
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Moment capacity and stiffness

As noted with southern pine (Green et al. 1986), the type of model that best
fits the MOR/MOE data generally provides the best fit for RS/EI. For this reason,
only the two quadratic surface models (5 and 6), the normal model (7), the two-
parameter Weibull model (9), and the zero adjustment model (for comparison)
are shown in Tables 1 and 3. In general, the normal model tends to give a slightly
better fit in the middle of the cumulative frequency distribution, while the two-
parameter Weibull fits better in the tails.7

MISUSE OF THE MODELS

The analytical models were developed to predict the effect of changes in MC
on the strength of Douglas-fir dimension lumber and are unsuitable for predicting
absolute values of properties. A fundamental assumption of the models developed
is that changes in properties with change in MC are relatively insensitive to the
particular geographic location from which the lumber was sampled. The absolute
magnitude of the properties at a given MC may vary considerably from sample
to sample.

Care should be exercised when applying the equations to lumber properties or
MC levels outside the range of data used to establish the coefficients. It is our
experience that a failure to place limits on the use of these equations may lead to
unrealistic or even illogical results. We do not recommend that these equations
be used for MC less than 8 %.

The MOR and MOE limits were established by comparing trends predicted
using the models with actual trends observed near the extremes of the data. These
limits are given in Table A-7. Applicable limits for EI and RS may be determined
by appropriate scaling of the MOR and MOE limits.

7 Because of the effect of specimen width on the magnitude of EI and RS, the average values of the
maximum absolute difference will be dominated by the values for the wider widths. Therefore, the
values of the average maximum absolute error given in Tables 2 and 3 should only be used to compare
models.
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CONCLUSIONS
Of the models evaluated in this study we conclude:
1. Neither of the model types used in the past (constant percentage adjustment

and SR) provides an acceptable adjustment for the effect of MC on MOR.
2. The analytical model based on the Weibull distribution with parameters

determined by a regression procedure (models 8 and 9) provides the best overall
fit to the MOR and RS data. Although the three-parameter version (model 8) is
slightly more accurate than the two-parameter version (model 9), we lack sufficient
experience with similar data sets for other species to justify the use of the location
parameters used in this study. Therefore, the two-parameter version is recom-
mended for adjusting lumber strength distributions.

3. The model obtained by fitting a normal distribution to the data and predicting
distribution parameters through regression (model 7) provides the best fit to the
MOE and EI data. However, all models except the SR model give reasonable
adjustments for MOE and EI.

REFERENCES



124 WOOD AND FIBER SCIENCE, JANUARY 1988, V. 20(1)

APPENDIX

Tables A-1 through A-6 list the coefficients to be used with most of the models presented in this
paper. For all the models given in this paper, except the Weibull and normal models given in Tables
A-3 and A-4, MOR and RS are expressed in units of 1 psi, MOE and EI as 106 psi. The Weibull and
normal models are expressed in 103 psi. Moisture content (M, Mp) is expressed as a percent. In models
7, 8, and 9 (Tables A-3 and A-4), the specimen width (W) is assumed to be the standard dressed dry
width (3.5, 5.5, 7.25, etc.), and the strength ratio (SR) is assumed to be the minimum SR for the
structural light-framing grades (26, 45, 55, 65). (The SR for Select Structural 2 × 4s is actually 67 but
65 is assumed in this report.)
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