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ABSTRACT 

Current procedures for adjusting lumber properties for changes in moisture content are based on 
trends observed with the mean properties. This study was initiated to develop analytical procedures 
for adjusting the flexural properties of 2-inch-thick southern pine dimension lumber applicable to all 
grades and sizes as well as all levels of the cumulative frequency distribution. Equations are derived 
for adjusting modulus of rupture (MOR), modulus of elasticity (MOE), moment capacity (RS), and 
flexural stiffness (El) for changes in moisture content. The best of these equations are significantly 

more accurate than current procedures for adjusting strength properties (MOR and RS). Because MOE 
and EI are less affected by changes in moisture content, most of the equations, including the current 
American Society for Testing and Materials procedure, work well for these properties. 

Keywords: Analytical models, mechanical properties, bending, moisture content, dimension lumber. 

NOTATIONS 

M (with or without subscript)-moisture content in percent 
P (with or without subscript)-property value at moisture content M 
F = P,/P, -moisture content adjustment factor for adjusting property value from 

moisture content M, to moisture content M, 
Q (with or without subscript)-estimated average property value at M 
Mp-the moisture content at which property changes due to drying are first ob- 

served 

Subscript g-(estimated) property value at Mp 
MOR- modulus of rupture 
MOE-modulus of elasticity 
EI - flexural stiffness 
RS - moment capacity 
SR-strength ratio in percent 0 I SR I 100, the ratio of the strength of a member 

containing a defect to the strength of an equivalent defect-free member 

This article was written and prepared by U.S. Government employees on official time, and it is 

therefore in the public domain (i.e., it cannot be copyrighted). 
Maintained at Madison, WI in cooperation with the University of Wisconsin. 
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For the first time since 19 12 (Cline and Heim 1912), the Forest Products 
Laboratory is conducting a comprehensive program to evaluate the mechanical 
properties of visually graded structural lumber sold in the United States. This 
program is called the "In-Grade'' program (Galligan et al. 1980; Green 1983). 
Because of the magnitude of this program, the majority of the testing is being 
conducted in the field using portable equipment. As anticipated, the moisture 
content of the lumber being tested varies considerably. To correctly interpret how 
this lumber will perform at various end-use conditions, and to interpret causes 
of within- and between-mill variations in properties, it will be necessary to adjust 
test results for differences in moisture content. Initial investigations established 
that current procedures for adjusting mechanical properties for changes in mois- 
ture content were not suitable for use with in-grade data (Green 1982). Therefore, 
the effect of moisture content on the flexural properties of dimension lumber was 
evaluated and the results reported by McLain et al. (1984) for southern pine and 
Aplin et al. (1 985) for Douglas-fir. 

The objective of the present study is to evaluate analytical models that can 
adjust the flexural properties of southern pine dimension lumber for variations 
in moisture content. 

BACKGROUND 

Efect of moisture content on jlexural properties 

Wilson (1 932) investigated the effect of moisture content on the mechanical 
properties of wood and proposed a formula that adequately described this rela- 
tionship for clear wood. One form of this relationship is (U.S. Forest Products 
Laboratory 1974) 

where subscript 1 is 12% moisture content. For longleaf pine, Eq. 1 predicts an 
increase in the modulus of rupture (MOR) of 70% in drying from green to an 
average moisture content of 12%. For over 70 years, however, it has been rec- 
ognized that structural lumber is less sensitive to changes in moisture content 
than would be predicted from Eq. 1 (Cline and Heim 19 12). 

Provisions for allowing an increase in flexural properties with a decrease in 
moisture content were not included in initial standards of the American Society 
for Testing and Materials (ASTM). However, the 1930 edition (ASTM D 245- 
30) contained a moisture content adjustment factor for lumber 4 inches or less 
in thickness that has been termed the "25% rule." 

SRd, = SR,,, + '/2(SRmeen - 50) (2) 

The 25% rule tied the moisture content adjustment factor to lumber quality. The 
maximum adjustment was a 25% increase for green lumber having a strength 
ratio of 100% and dried to an average moisture content of 15%. The minimum 
(no increase) was for green lumber having a strength ratio of 50% or less. The 
25% rule was carried through all revisions of ASTM D 245 up to and including 
the 1964 edition. 
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TABLE 1 .  Current modification of allowable stresses for seasoning effects for lumber 4 inches and less 

in nominal thickness (ASTM D 245, 19841. 

Percentage increase in allowable property above that 
of green lumber when maximum moisture content is 

Property 19% ( I  5% average) 15% (1 2% average) 

Bending (MOR) 

Modulus of elasticity (MOE) 
Tension parallel to grain 

Compression parallel to grain 

Horizontal shear 

Compression perpendicular to grain 

The current edition of D 245 (ASTM D 245, 1984) contains factors for in- 

creasing allowable flexural properties that are independent of lumber quality (Ta- 
ble 1). These factors first appeared in the 1964 edition of D 245 along with the 
25% rule and were apparently an attempt to simplify the complicated set of 
adjustment procedures that had developed over the years since the 25% rule had 
first been adopted (Green 1982). ASTM standard D 291 5-74 contains a formula 
(Eq. 3) for the moisture content adjustment factor, F. This formula is used to 
adjust properties based on the D 245 factors shown in Table 1. 

where 

a = 1.44 for MOR and 1.75 for modulus of elasticity (MOE), and 
0 = 0.02 for MOR and 0.0333 for MOE. 

In contrast to the quality-independent adjustments given in the current ASTM 
standards, recent research evidence indicates that a quality-dependent adjustment 
factor may be justified. Gerhards (1 968, 1970) investigated the effect of seasoning 
on MOR and MOE, using 55 matched pairs of 4 x 8 southern pine beams. One 
beam of each pair was tested green and the other was conditioned to 12% moisture 
content. Gerhards concluded that the effect of moisture content on MOE was 
independent of strength ratio (SR). When the lumber was dried by a mild schedule, 
the MOE increased about 23% in drying from green to a moisture content of 12%. 
In contrast, the effect of seasoning on MOR was dependent upon SR. When the 
lumber was dried to 12%, the increase in MOR with respect to SR varied linearly 
from about 50% for clear lumber to 12% for lumber with a strength ratio of about 
25%. The relationship between F (called "seasoning" factor by Gerhards) and 
strength ratio was expressed as 

where (SR,, - SRWe,J is the difference in the strength ratio of the matched 
specimens to be tested dry and green. By assuming that the within-pair difference 
is zero, we can use Eq. 4 to predict F for materials of different strength ratio when 
conditioned from green to a moisture content of 12% (Fig. 1). 

In a series of reports, Madsen and co-workers (Madsen 1975; Madsen et al. 
1980) investigated the effect of moisture content on the flexural properties of 2 x 
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FIG. 1. Dependence of the seasoning factor for modulus of rupture on strength ratio for 4-inch- 

thick southern pine beams (Gerhards 1970). The solid lines are the mean trend and the 95% confidence 
limits for the seasoning factor obtained by Gerhards. The dashed line is the mean trend predicted by 
model No. 7 of this study. 
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6, No. 2 and Better Douglas-fir, hem-fir, and spruce-pine-fir dimension lumber. 
These results confirmed the trends observed by Gerhards: 1) Changes in moisture 
content alter MOR, dependent upon lumber quality (the stronger lumber is more 
affected than the weaker lumber); and 2) the effect of moisture content on MOE 
is not very dependent upon lumber quality. Madsen's results suggest that the 5th 
percentile MOR of No. 2 Douglas-fir and hem-fir only increases about 8% in 
drying from green to a moisture content of 15%. Fifth percentile MOR decreased 
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FIG. 2. Effect of strength level on the increase in bending strength due to drying (adapted from 
Madsen 1975; Hoffmeyer 1978). 
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about 2% for spruce-pine-fir. Based on these results Madsen (1 982) recommends 
that no adjustment be taken for design purposes. The changes were large enough, 
however, that moisture content adjustments were recommended when analyzing 
Canadian In-Grade data for the purposes of establishing characteristic strength 
properties. Unfortunately, Madsen only sampled a No. 2 and Better grade mix, 
and therefore very little information could be gathered on moisture content effects 
for other grades. 

Hoffmeyer (1978) noted a dependence between the moisture content adjustment 
factor and strength level for European spruce. Trends in the moisture content 
effect for European spruce generally parallel those found by Madsen for Douglas- 
fir (Fig. 2). 

Selection of analytical models for adjusting lumber properties data 

The data collected in the In-Grade program will be used for a variety of purposes. 
Some immediate applications include: 1) adjustment of properties to be used in 
computer programs that simulate wall and floor performance, 2) adjustment of 
properties to be used in engineering design codes as characteristic values (currently 
5th percentile MOR and mean MOE) for visually graded dimension lumber, and 
3) establishment of procedures for adjusting allowable properties for end-use 
moisture content that are appropriate for general design use. Many other uses 
could be envisioned. 

For these and other applications, the user must balance the desire for accuracy 
against that for simplicity in selecting an appropriate model. For example, ad- 
justments to be used in establishing characteristic values must be as accurate as 
possible at the critical percentiles. Since the adjustments can easily be done using 
a computer, simplicity is a lesser consideration. Likewise, adjustment of properties 
to be used in wall and floor simulations place little emphasis on simplicity but 
do require the procedures to be accurate at all levels of the cumulative density 
function for the property being studied. 

For general design use, many potentially conflicting considerations should be 
considered: 

1) How accurate must the procedure be? Should the highest accuracy be re- 
quired on the adjustment of property-moisture content interactions when 
we may have little or no knowledge of a more critical property? 

2) Must all calculations for general design use be simple enough to compute 
with a hand-held calculator? 

3) How applicable is this adjustment to species not tested? 

Such detailed discussions are clearly beyond the scope of this paper. As dis- 
cussed, none of the previously published work has presented adjustment proce- 
dures suitable for all these purposes. In this paper we present a number of different 
types of models for adjusting flexural properties for changes in moisture content. 
We present enough information on the comparative effectiveness of these models 
so that the reader can select a model appropriate for his or her use. 

PROCEDURES 

In this section we will discuss the experimental and analytical procedures used 
in this study. First, we will briefly review the experimental procedures. This is 
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followed by a discussion of possible analytical models. Next we will discuss the 
selection of the intersection moisture content, M,. Finally we will establish our 
basis for comparison of individual models. 

Experimental procedures 

Lumber of three grades (Select Structural, No. 2, and No. 3) and three sizes 
(2 x 4, 2 x 6, and 2 x 8) was sampled from one mill in southeastern Virginia. 
The lumber of a given size and grade was divided into four equivalent populations 
in terms of estimated strength and stiffness in the green condition. SR based on 
the estimated maximum strength-reducing defect in the piece and a flatwise MOE 
were used as property estimators. Three of the groups were then equilibrated to 
moisture contents of 10, 15, and 20%. The fourth group was maintained green. 
All pieces were tested on edge in third-point bending using a span-to-depth ratio 
of 17: 1. Flexural properties (MOR, MOE, EI, and RS) were calculated using the 

actual dimensions of the piece at time of test. Modulus of elasticity values were 
not corrected for deflection caused by shear stresses. Additional details concerning 
experimental procedures as well as an analysis of the data are given in McLain 
et al. (1984). 

Analytical procedures 

Analytical models. -In this section, five types of moisture content adjustment 
models are presented. For each type of model, several variations were produced 
by making different assumptions concerning the form of the analytical expression 
or by using various subsets of the data. The five model types are called: 1) the 
zero adjustment model (model No. O), 2) the constant percentage model (Nos. 1- 
5 ) ,  3) the strength ratio model (Nos. 6-8), 4) the Weibull model (Nos. 9 and lo), 
and 5) the surface model (Nos. 11-14). All models contain a moisture content 
above which properties are assumed to be independent of changes in moisture 
content. The following section also discusses this value, called the intersection 
moisture content, M,. 

Zero adjustment model.-The simplest model is one in which properties are 
not adjusted to account for changes in moisture content. Thus, F is equal to one. 
This model is primarily useful as a baseline against which the performance of all 
other models can be compared. 

Constant percentage adjustment models. -The second type of model adjusts a 
given property by a constant percentage regardless of grade or size when the 
moisture content changes from one level to another. All current standard ad- 
justment procedures for dimension lumber and for clear wood are of this type. 

Three variations of this model type were used in this study to model the average 
property value as a function of moisture content. 

1) Linear (Q = a + bM)-this leads to an adjustment procedure similar to that 
given in D 2915, Eq. 3 

2) Exponential (Q = a . exp(bM))-this leads to an expression similar to the 
one used for clear wood, Eq. 1 

3) Quadratic (Q = a + bM + cM2) 

F is then equal to Q,/Q,. The regression coefficients a, b, and c were estimated 
using all data as well as separately for each of the nine grade-size combinations. 
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Strength ratio (SR),  pct 

FIG. 3. Moisture content adjustment factor for 2S0/o rule (Eq. 2).  

Strength ratio models.-The third type of model assumes that F depends on 
the SR of the individual piece of lumber. This type is similar to the constant 
percentage adjustment models except that F is a function of SR. The 25% rule, 
Eq. 2, and Gerhards' model, Eq. 4, are models of this type. F is a linear function 
of strength ratio in Gerhards' model. However, with the 25% rule, it is horizontal 
(F = 1) for SR less than 50% and curvilinear for SR between 50 and 100% (Fig. 3). 

Variations of the two historical forms of F are: 

1) Linear 

F = l  0 5 SR 5 yO(cutoQ 

F = [lo0 - F*yo + (F* - 1)SR]/(100 - yo) yo 5 SR 5 100 
(5) 

2) Curvilinear 

where Fi* is the moisture content adjustment factor at SR = 100% when adjusting 
the property from green to Mi percent moisture content, i = 1, 2 (F* = F,*/F,*), 
and where yo is some cutoff point, below which F = 1. 

To determine if additional functional forms of F should be considered, the data 
were stratified by SR into several subsets. Within each subset, a linear equation 
(Q = a + bM) was used to determine the average value for MOR and MOE as a 
function of moisture content. (Plots of MOR and MOE versus moisture content 
indicated there was no need for a more complicated model.) The resulting moisture 
content adjustment factors, F = Q2/Q,, for drying to four moisture content levels 
(M, = 10, 12, 15, 20% MI = M,) were plotted against SR. These plots for MOR 
indicated that F varied erratically with SR. For MOE, on the other hand, F was 
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FIG. 4 Distribution of strength ratios for lumber sampled in this study. 

reasonably constant. Because no clear pattern in the F-SR relationship was found 
for MOR, perhaps because of the limited number of pieces with SR less than 90 
(Fig. 4), and although the indications for MOE were that F was constant across 
SR, no additional forms were thought to be necessary. 

F was assumed to be equal to one for SR's between zero and some cutoff value, 
yo, then linear (or curvilinear) to some value Fr at SR equal to 100%. Four values 
of yo were assumed: 0, 26, 45 and 50%. The 50% cutoff value was chosen to be 
comparable to the 25% rule, the zero value to Gerhards' model. The values of 
45 and 26% were chosen because they represent the minimum acceptable SR's 
for No. 2 and No. 3 grades, respectively, of Structural Light Framing. 

To use the SR models, F* at a strength ratio of 100% was needed. Wilson's 
formula for small, clear wood, Eq. 1, could have been used. However, analysis 
of the data indicated that even lumber with a SR of 100% was less sensitive to 
changes in moisture content than indicated by Eq. 1. Therefore, the value of F* 
was obtained from the data for the 65 1 pieces which had a SR at 100% (3 to 47 
pieces from each of the 36 individual grade-size moisture content combinations). 
As with the constant percent adjustment models, a linear function (Q = a + bM) 
or exponential function (Q = a . exp(bM)) was used to model the property as a 
function of moisture content. Coefficients to estimate F* = Q,/Q, were determined 
for all the pieces with SR of 100% and also separately by size. 

The data set used for the SR models is slightly different than that used for the 
other models. Of the 3,787 pieces summarized in Table 7 of McLain et al. (1984), 
233 could not be used for SR modeling. Of these 233 pieces, about one-third of 
them had incorrectly coded defect information that precluded the calculation of 
SR. The maximum strength-reducing defect of the remaining pieces was judged 
to be local grain deviation. SR formulas are available for a general slope of grain 
(ASTM D 245, 1984) but are not applicable to local grain deviations associated 
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with a knot. The distribution of the actual SR's for the remaining material is 
shown in Fig. 4. 

Weibull models. -The fourth type of model is obtained by first fitting a Weibull 
distribution to the data for each grade-size moisture content combination (McLain 
et al. 1984). The parameters of the Weibull distribution are then modeled as a 
function of moisture content. Given the Weibull parameters at moisture content 
MI  and at moisture content M,, it is assumed that if a property is the pth percentile 
in the distribution at MI,  it would also be the pth percentile in the distribution 
at M,. By this assumption the property at moisture content M,, P,, is related to 
the property at moisture content MI,  PI ,  by 

where 

mi = the Weibull shape parameter at Mi, i = 1, 2, 

o, = the Weibull scale parameter at Mi, i = 1, 2, and 
.!?, = the Weibull location parameter at Mi, i = 1, 2. 

Given the appropriate Weibull parameters, Eq. 7 may be used to convert prop- 
erties from one of the four tested moisture content levels to another for a given 
grade-size combination. To convert from any moisture content to any other mois- 
ture content, a quadratic function was used to model the Weibull parameters as 
a function of moisture content. 

In this study a two- rather than a three-parameter Weibull distribution was 
used in Eq. 7. The two-parameter Weibull distribution was selected because 

1) Both the two- and the three-parameter distributions fit the data reasonably 
well (McLain et al. 1984). 

2) It is difficult to justify a nonzero location parameter for grades 2 and 3 when 
Select Structural often has an estimated zero location parameter (zero es- 
timated location parameters were a result of left-skewed distributions). 

3) It seems plausible that the adjustment of PI to P, should go through the 
origin. This will happen only if the two location parameters are equal. 

The variations of the Weibull model were the result of different ways ofmodeling 
of the Weibull parameters as a function of moisture content. Originally the Weibull 
parameters were modeled separately for each of the nine grade-size combinations. 
To make it easier to extend the procedure to grades and sizes not tested, analysis 
of covariance was used to eliminate some of the 54 coefficients that resulted from 
the 9 grade-size combinations. 

Surface models. -The last type of model is obtained by fitting a surface to the 
relationship between property and moisture content. The surface is defined by 
contour lines along which one moves when adjusting a property from one moisture 
content to another. Given a property value PI  at moisture content MI, a contour 
is found that goes through this point. The property value P, at moisture content 
M, is the value of this contour at M,. Parameters for these contours are modeled 
as a function of moisture content and property value. The method used to define 

contours for the surface models was to use 21 percentiles (2nd, 5th, loth, . . . 
90th, 95th, 98th) from each grade-size-moisture content combination. Using the 
same underlying idea of the Weibull models (i.e., the pth percentile at one moisture 
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TABLE 2. Estimated intersection moisture content M,for southern pine dimension lumber. 

Modulus of Modulus of Moment Flexural 
rupture elasticrty capacity stiffness 

Mo~sturc content adjustment model (MOW (MOW (RS) (El) 

Constant percentage 

Linear (model 1) 24.5 23.8 17.9 15.7 

Quadratic (model 5) 21.5 22.0 16.8 21.2 

Surface 

Linear (model 11) 22.0 22.6 22.0 20.7 

Quadratic (model 12) 21.3 20.5 21.0 19.8 

content is converted to the pth percentile at another moisture content), contours 
are defined by connecting like percentiles across moisture ~ o n t e n t . ~  For any given 
grade-size percentile level, the four values across moisture content were used to 
define a contour. Two variations of the surface model are obtained by modeling 
the contours as either a linear or a quadratic function of moisture content. The 
coefficients of these contours were then modeled as a linear (linear contours) or 
a cubic (quadratic contours) function of the estimated property value at 15% 

moisture content. The choice of 15% moisture content was arbitrary, any other 
value could have been chosen. The surface models were fitted to each grade-size 
combination individually, as well as to the pooled data. 

Intersection moisture content 

It is generally assumed that the mechanical properties of small, clear wood 
specimens decrease with increasing moisture content up to some level. Past this 
level, properties are assumed to be independent of moisture content (USDA 1974). 
The moisture content above which properties are independent of moisture content 
is called the intersection moisture content, M, (Wilson 1932). An Mp value is 
required for every model used in this study. 

For clear specimens of loblolly and longleaf pine the Mp value is 2 1 O/o (Wilson 
1932). Traditionally, the value of M, is chosen as the intersection of two lines on 
a plot of the logarithm of the property versus moisture content. The first line 
describes the linear relationship between log property and moisture content for 
dry wood, and the second is a horizontal line representing the property values for 
green wood (a moisture content greater than M,). The apparent value of M, varies 
with property and form of the relationship used to describe the property-moisture 
content relationship. 

Because the apparent value of M, is different for each moisture content ad- 
justment model, optimum values of M, were determined for each of the four 
flexural properties and for two types of the analytical models: 1) the constant 
percentage and 2) the quadratic surface models. For the constant percent adjust- 
ment models, the value of M, was that which minimized the residual sum of 
squares when a linear, exponential, or quadratic equation was fitted to the prop- 
erty-moisture content data. For the surface models, the value of M, was chosen 
to minimize the sum of the residual sum of squares for 189 equations (21 per- 
centiles and 9 grade-size cells). 

See McLain et al. (1984) for plots of percentiles of the flexural properties versus moisture content. 
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The resulting estimates of M, vary by property, model type, and variation 

within model type (see Table 2). Even more variation exists if M, is estimated 
by percentile level or for individual grade-size combinations. Because of this 
variation, there is no solid empirical evidence to reject the clear wood value of 
M, = 21. This value was used for M, in all subsequent modeling. 

Comparison of models 

For a given grade-size combination, the models were compared by adjusting 
the property for each of the four moisture content groups to a common moisture 
content. If the model adequately adjusts for the effect of moisture content, the 
cumulative distribution functions of the four adjusted data sets should be similar. 
Therefore, the performance of the models was evaluated by comparing the dif- 
ference between the maximum and minimum property estimate (maximum ab- 
solute difference). This difference was calculated at the 5th, 25th, 50th, 75th, and 
95th percentiles of the cumulative distribution function as well as the mean. The 
mean was included because it "averages" the differences over the entire distri- 
bution, while the percentiles only indicate the differences at one point in the 
distribution. Although the models do not fit each grade-size combination equally 
well, the maximum absolute differences were averaged across the nine grade-size 
combinations in order to more easily compare models. 

The data were adjusted to four common moisture contents, 10, 15, 20% and 
green (M,). The average maximum absolute difference is presented only for data 
corrected to a moisture content of 15% (Table 3). In general, for MOR these 
numbers would be about 100 psi larger if corrected to lo%, 100 psi smaller if 
corrected to 2096, and 120 psi smaller if corrected to M, at the mean. For MOE, 
these numbers would be about 0.01 x 106 psi larger if corrected to 10°/o, 0.01 x 

lo6 psi smaller if corrected to 20%, and 0.013 x 106 psi smaller if corrected to 

M, at the mean. The average maximum absolute difference tends to be larger 
when drying to lower moisture contents as the property value tends to be larger. 

EVALUATION OF MODELS 

In this section we evaluate the various moisture content adjustment models. 
For each property, the variations within a given model type are first compared 
to select the most useful model of that type. Then we compare the performance 
of the selected models and comment on their usefulness for various applications. 

Average maximum absolute differences are only given for MOR and MOE. 
Similar patterns were seen in RS as in MOR and EI as in MOE. 

In general, models in which the coefficients are fitted to each grade-size com- 
bination separately fit the experimental data better. However, models that are 
independent of grade and size are preferred for two reasons. First, these models 
are more likely to be appropriate for grades and sizes not tested than would be 
grade size-dependent models which must be extrapolated to other grades and 
sizes. Second, because the sample size is limited for any given grade-size moisture 
content level combination, a model independent of grade and size is likely to be 
more stable and less likely to fit the peculiarities of the given data set. Coefficients 
for each model discussed in this section are given in the appendix. 



146 WOOD AND FIBER SCIENCE, JANUARY 1986, V. 18(1) 

TABLE 4. Predicted effect of drying on jlexural properties using the linear constant percent models. 

Model 
Percent increase' in property from green2 to 

Grade Svre number 20 15 I2 10 

Modulus of rupture (MOR) 

All All 1 3.4 20.1 30.2 36.9 

Select 2 x 4  4 4.5 27.2 40.8 49.9 
Structural 2 x 6 4 3.7 22.5 33.7 41.2 

2 x 8 4 4.1 24.8 37.2 45.5 

All 3 4.2 25.2 37.8 46.3 

No. 2 2 x 4  4 3.8 22.5 33.8 41.3 

2 x 6  4 3.0 18.3 27.4 33.5 

2 x 8 4 2.6 15.3 23.0 28.1 
All 3 3.3 19.6 29.5 36.0 

No. 3 2 x 4  4 2.5 14.9 22.3 27.3 

2 x 6  4 3.6 21.8 32.7 40.0 

2 x 8  4 2.9 17.3 26.0 31.8 
All 3 3.1 18.8 28.2 34.5 

Modulus of elasticity (MOE) 

All All 1 2.0 12.3 18.5 22.6 

Select 2 x 4  4 2.4 14.6 21.9 26.7 
Structural 2 x 6  4 2.2 13.0 19.5 23.8 

2 x 8 4 2.1 12.8 19.2 23.4 

All 3 2.3 14.1 21.1 25.8 

No. 2 2 x 4 4 2.6 15.3 23.0 28.1 

2 x 6 4 2.1 12.8 19.2 23.5 

2 x 8  4 1.9 11.6 17.4 21.2 
All 3 2.3 14.0 21.5 25.8 

No. 3 2 x 4  4 1.6 9.4 14.1 17.2 

2 x 6 4 2.0 11.8 17.7 21.6 
2 x 8  4 2.1 12.7 19.0 23.2 

All 3 2.0 11.7 17.6 21.5 

I Pcrccnt Incrcuse ts (F  - 1)100 = [(a + bM,)/(a + bM, )  - 11100 (see Eq. 3). 

' Orcen molsture content, M,. IS assumed to hc 21°/1,. 

Evaluation of individual models 

Constant percentage adjustment models (Nos. 1-5). -Of the three functions 
used to determine a constant percentage adjustment model, the quadratic models 
almost always produced the smallest average maximum absolute difference (com- 
pare model 1 with model 2 and model 4 with model 5 in Table 3). In many cases 
the quadratic model is not a lot better than the linear model. Altho~gh the ex- 
ponential model is of historical importance for clear wood, it always produced a 
higher average maximum absolute difference than either the quadratic or linear 
models, and therefore it was not included in the tables. This poor performance 
is due to the curvature of the MOR moisture content and MOE moisture content 
relationships. This curvature tends to be convex for lumber rather than concave 
as for clear wood. 

As indicated previously, the models in which coefficients are determined for 

each grade-size combination should be better than the grade-size independent 
models. In fact, the anticipated improvement with the grade-size dependent models 
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Moisture content (MI, pct 

FIG. 5. Predicted modulus of rupture (MOR) using the quadratic surface model (No. 12). 

(Nos. 3-5) was not always observed. Thus, for design use, the linear model which 
is independent of grade and size (No. 1) would appear to be the most suitable of 
the constant percentage models. 

Because the current design procedure assumes a constant percent increase in 
lumber properties with drying to a specified MC level (Table I), it is of interest 
to compare the current adjustments with the increases predicted by the models 
developed in this paper. 

The percent increase in property values for drying lumber from green to 20, 

15, 12, and 10% is given in Table 4 for the linear constant percent adjustment 
models (Nos. 1, 3, and 4). The potential instability of model 4 which is dependent 
upon grade and size is seen in the inconsistent pattern of property increases across 
grade and size. The increase predicted for MOR in the grade-size independent 
model (No. 1) is less than the current increase given in D 245 (Table 1). Looking 
at the grade (size) dependent models (models 3 and 4), although the percent 
increases are not overly consistent within grades or sizes, in general the increases 
allowed for Select Structural are near those provided in D 245, but the increases 
for No. 2 and No. 3 are less than those provided in the standard. For MOE, the 
increases for both the grade-size dependent and grade-size independent models 
are close to the current increase given in D 245. 

Strength ratio models (Nos. 6-8). -The linear and curvilinear variations of the 
SR model given in Eqs. 5 and 6 resulted in very similar average maximum absolute 
differences. Because the average maximum absolute difference for the linear model 
(Eq. 5) was almost always less than that for the equivalent curvilinear model, 
only the results for the linear model are shown in Table 3. Both the linear and 
exponential equations also gave similar values of F*. 
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Moisture content (MI, pct 

FIG. 6 .  Predicted modulus of elasticity (MOE) using the quadratic surface model (No. 12). 

For the range of values investigated in this study, the cutoff value made little 
difference in the performance of the models (Table 3). The lack of sensitivity of 
the data to different cutoff values is due to the high proportion of data in the 
upper portion of the SR distribution (Fig. 4). Determination of an SR model by 
size did not significantly improve the fit. 

McLain et al. (1984) showed that for design purposes a moisture content ad- 
justment factor of 1.0 was reasonable for the MOR of No. 3 grade lumber. For 
this reason the model which uses the 26% cutoff (No. 7, Table 3) was chosen in 
the present study as the best SR model for all properties. 

As may be seen in Fig. 1, the relationship predicted by model 7 is near the 
lower 95% confidence line predicted by Gerhards (1970). 

Weibull models (Nos. 9 and lo).-The Weibull model with parameters deter- 
mined separately for each grade-size combination (No. 9) produces smaller average 
maximum absolute differences than one in which an analysis of covariance is 
used to reduce the number of coefficients (No. 10, Table 3). However, the reduced 
model is preferable for adjusting the in-grade data because it can be more easily 
generalized for grades and sizes not tested. 

Surface models (Nos. I1  and 12).-The results for the surface models shown 
in Table 3 include those for the linear version (No. 11) and quadratic version 
(No. 12). Ofthese two models, the quadratic model generally produced the smallest 
average maximum absolute difference. Although neither of the two model types 
is simple enough for design use, both are easily used with the help of a computer. 
Approximate adjustment factors may be estimated for model 12 using the contour 
plots shown in Figs. 5 and 6. A predicted value is obtained by determining the 
coordinate for a known property-moisture level and following the appropriate 
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contour line to the moisture content level for which a predicted property value 
is desired. The predicted value is read on the ordinate at the intersection of the 
curved line and the vertical line for the desired moisture content. The contours 
given in Figs. 5 and 6 have been limited as shown in Table A5. 

Comparison of selected models 

Seven of the thirteen models discussed appear useful either for adjusting in-grade 
data or for use in design codes. Table 5 compares the performance of these models 
to that of the quadratic surface model (No. 12). The quadratic surface model (No. 
12) was chosen as a basis for comparison because it is one of the more accurate 
models, and the results are independent of grade and size. 

The Weibull models (Nos. 9 and 10) and the quadratic surface model (No. 12) 
predict very similar results throughout the range of properties (Table 5). The 
Weibull model with 54 coefficients produced the smallest average maximum 
absolute difference for MOR. However, this model is not recommended for general 
use because of the dangers of overfitting the data. 

For many studies of the reliability of timber structures, the reduced Weibull 
model (No. 10) may be preferred because the Weibull distribution is being used 
extensively in reliability analysis. However, the Weibull model is not recom- 

mended for general use because of the difficulty in applying the model to adjust 
grades and sizes not tested in this study. 

Neither the constant percentage adjustment model (Nos. 1, 3, and 4) nor the 
strength ratio model (No. 7) produces as small an average maximum absolute 
difference as the Weibull and quadratic surface models (Table 5). The fact that 
the SR model does not work is not surprising because the correlation between 
MOR and SR is poor (R2 = 0.283 using all the data) and that between MOE and 
SR is worse (R2 = 0.09). Although all three of these models offer a significant 
improvement in accuracy over the zero adjustment model for predicting the effect 
of moisture content on mean MOR, at the 5th percentile they are no better than 
taking no adjustment. Therefore, neither of these simpler models is recommended 
for adjusting MOR. Results predicted using the constant percentage adjustment 
models appear to work reasonably well for MOE. 

The selection of a particular model can have an effect on the dry-green ratios 
predicted for lumber (Table 6). The dry-green ratios are simply the moisture 
content adjustment factors for adjusting the assumed green property to 12% mois- 
ture content. For the SR model, the minimum SR of the grade was assumed. 
Additional confidence in the models being recommended in this report may be 
gained following analysis of a similar data set for Douglas-fir dimension lumber 
(Aplin et al. 1985). 

CONCLUSIONS 

Of the analytical models evaluated in this study, we conclude that: 
1) The analytical model obtained by fitting a quadratic surface to the property- 

moisture content relationship (No. 12) be used to adjust in-grade data to a constant 
moisture content level. 

2) The model based on the two-parameter Weibull distribution (No. 10) is as 
accurate as the model 12 but is difficult to apply to grades and sizes not tested. 

3) If a relatively simple model is needed as a basis for general design use, the 



TABLE 5.  Performance of selected moisture content adjustment models compared to the quadratic surface model (No. I2) at a moisture content of 15%. 

Average maximum absolute difference minus 
average maximum absolute difference for model I2 

Number 

Independent of of Percentile 
Model coeffi- Average of 

Model type number Vanation Grade S~ze  cients Mean 5 25 50 7 5 95 5 to 95 

Modulus of rupture (MOR), psi 

Zero adjustment 0 None Yes Yes 0 2,160 179 837 

Constant percentage 1 Linear Yes Yes 2 402 232 312 
3 Linear No Yes 6 308 197 280 
4 Linear No No 18 320 175 215 

Strength ratio linear 7 yo = 26 

Weibull 9 2-parameter 
10 2-parameter 

Surface 11 Linear 

Yes Yes 2 396 168 

NO 54 -139 -131 

No 19 98 -26 

Yes 2 272 112 

Modulus of elasticity (MOE), lo6 psi 

Yes 0 0.269 0.204 

No 

No 

Yes 

Zero adjustment 0 None Yes 

Yes 2 0.050 0.050 

Yes 6 0.037 0.039 

No 18 0.044 0.046 

Constant percentage 1 Linear 
3 Linear 

4 Linear 

Yes 
No 

No 

Strength ratio linear 7 yo = 26 Yes Yes 2 0.096 0.125 0.062 

Weibull 9 2-parameter No No 54 0.032 0.012 0.007 

10 2-parameter No No 19 0.001 0.005 -0.003 

Surface 11 Linear Yes Yes 2 0.032 0.012 0.007 
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T~13l.e 6. Predicted dry-green ratios for assumed green properties of southern pine 2 x 4's when 

adjusted to a moisture content of 12%. 

Dry-green ratios for model indicated 
Assumed 

Assumed rnlntmurn Constant Strength 2-Parameter Linear Quadrat~c 
property, strength percentage ratio Weibull surface surface 

Grade green ratlo (No. 3) (No. 7) (No. (No. I I )  (No. 12) 

Modulus of rupture (MOR) 

psi psi 

Select 

Structural '3,360 0.67 1.379 1.209 1.186 1.128 1.249 

No. 1 2,835 0.55 - 1.148 - 1.033 1.183 

No. 2 2,4 15 0.45 1.295 1.097 1.106 1.000 1.109 

No. 3 1,312 0.26 1.282 1.000 0.931 1.000 1.000 

Modulus of elasticity (MOE) 

Select 
Structural 1 . 5 ~ 1 0 ~  0.67 1.211 1.095 1.256 1.213 1.229 

No. 1 1.5 x lo6 0.55 - 1.067 - 1.213 1.229 

No. 2 1.4 x 10h 0.45 1.21 1 1.044 1.261 1.216 1.230 

No. 3 1.2 x 106 0.26 1.176 1.000 1.241 1.224 1.240 

I 2.1 x F, value gwen in NDS for green southern pine 2 x 4's (National Forest Products Association 1982) 
' Modrl 10 is unbounded. 

linear constant percentage adjustment model (No. 1) is appropriate for MOE or 
EI. The simpler models do not appear adequate for MOR or RS. 

As was stated previously, the objective of this study was to develop analytical 
models for predicting the effect of changes in moisture content on the strength of 
southern pine dimension lumber. A fundamental assumption of these models is 
that the change in properties with change in moisture content is relatively insen- 
sitive to the particular geographic location from which the lumber was sampled. 
The absolute magnitude of the properties at a given moisture content may vary 
from sample to sample. 

Care should be exercised in using these equations with lumber mechanical 
properties or moisture content levels that are outside of the range of data used to 
establish the coefficients. It is our experience that failure to place limits on the 
use of these equations may sometimes yield unrealistic or even illogical results. 
We do not recommend that these equations be used for moisture contents less 
than 8%. 

For MOR and MOE, property 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 Appendix Table A5. Applicable limits for EI and 
RS may be determined by appropriate scaling of the MOR and MOE limits. 
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APPENDIX 

Tables AI-A4 give the coefficients for most of the models presented in this paper. It is always risky 
to use analytical models to predict properties that fall outside the range of the experimental data on 
which the models are based. Property limits for the data obtained in this study are given in Table A5. 

TABLE Al. CoefJicients of linear constant percentage adjustment models.' 

Coeffic~ents for lndlcated vrooert~ . .  . 

Coelli- Modulus of Modulus of Moment Flexural 
Model clent rupture elasticity capacity stiffness 

Swc Grade number symbol (MOR) WOE) (RS) (El) 

All Select 3 a 14,044 2.34304 3,238.8 0.25509 

Structural b -314 -0.03684 -58.1 -0.00181 

All No. 2 3 a 9,566 1.97745 2,212.6 0.21863 

b - 186 -0.03104 -32.5 -0.00170 

All No. 3 3 a 9,115 1.83678 2,107.4 0.20251 
b - 172 -0.02547 -29.5 -0.00106 

All All 1 a 10,888 2.03829 2,520.4 0.22482 

b -214 -0.02923 -37.9 -0.00135 

' F = PJP, = (a + bM,)/(a + bM,). 
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TABLE A2. Coefficients of linear strength ratio model with 26% cuto& model 7. l .*  

Coeffic~cnts for indicated properly 

Coefi- Modulus of Modulus of  Moment Flexural 
clcnt rupture elast~city capacity stiffness 

Sllc Grade symbol (MOW WOE) (RS) (EI) 

All All a 16,196 2.32770 3,702.0 0.24684 

b 3 1 6  -0.03 174 -66.0 -0.00092 

' Ir'SR > 26. F = [I00 - P y , ,  + (F* - I)SR]/(100 - y,,): F* = (a + bM,)/(a + bM,) for lumber wrth SR = 100; yo = 26. 

>I fSK 5 2 6 . F =  1 .  

TABLE A3. Coefiients to be used in calculating Weibull parameters, model 

Coefficients" 

S17c Gradc A ,  A,  BO B,  B2 

Modulus of rupture (MOR)5 

3.67188 0.09598 12.57049 Select 
Structural 

No. 2 

No. 3 

Select 

Structural 

No. 2 

No. 3 

Select 

Structural 

No. 2 

No. 3 
1.53404 0.0589 1 4.33924 

1.30143 0.061 14 7.80258 

Modulus of elasticity (MOE)6 

5.65920 -0.03345 1.68130 Select 

Structural 
No. 2 
No. 3 

Select 

Structural 
No. 2 

No. 3 

Select 
Structural 

No. 2 
No. 3 

4.95482 -0.03186 1.34793 
4.07226 -0.00216 1.53370 

Moment capacity (RS)5 

3.89354 0.08741 35.48912 Select 
Structural 

No. 2 
No. 3 

Select 

Structural 

No. 2 
No. 3 
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TABLE A3. Continued 

Sfre Grade AO A ,  b 9, B2 

2 x 8 Select 

Structural 
No. 2 
No. 3 

Flexural stiffness (EI)6 

6.29639 -0.05804 8.27747 2 x 4 Select 

Structural 

No. 2 
No. 3 

2 x 6 Select 

Structural 
No. 2 

No. 3 

2 x 8 Select 

Structural 
No. 2 

No. 3 

'P, = W ~ [ ( P , / W , ) " ~ / ~ ~ ] ;  m, =A,, + AIM,,  i = I, 2; w, = B,, + B,M, + B2M:, i = I ,  2. 

Thls model is unbounded. If bounds are deslred: if P, > P, and M, < M ,  then P, = P,, if P, < P, and M, > M ,  then P, = P, .  
' For slzcs not tested. the coefficients &. 6,. can be estimated from nlots of A,, and B,, versus standard dm dimensions (3%. 5'12, 7%). " " ., .. 

Thc coellic~cnts A , ,  8, and 6 ,  are independent of sire. 
Coefficients for No. I grade should be somewhere between those for No. 2 and those for Select Structural. The exact position must 

be dctcrmined by the user. 
' Property modeled as P = P/ 10'. 
Vroperty modeled as P = PiI06. 



TABLE A4. Coefficients of surface models. 

Coefficients for indicated property 

Coeffic~ent Modulus oP rupture Modulus of elast~city' Moment capac~ty' ' Flexural stiffnessz4 
Model number Model type symbol (MOW WOE) (RS) (El) 

I P 1s In PSI. 
' P 1s In 106 psl. 
' Property modeled as P = Pldi where d = 3.5, 2 x 4; 5.5, 2 x 6; 7.25, 2 x 8. 

Propeny modeled as P = P/d3 (d as in footnote 3). 
'Let T = [P, + a(15 - M,)1/[1 + b(M, - 15)). S = a + bT. P, = S(M, - M,) + P, if S > 0 then P, = P,; if MOR and S < -500 then S = -500; ~f MOE and S < -0.05 then S = -0.05; RS and 

S c -0.001 785 then S = -0.001 785; El and S < -95 then S = -95. 

' F ~ n d  T such that ~f A = a + bT + cT2 + dT1; B = e + ff + gT' + hT3; P, - T = A(M, - 15) + B(M,' - 225); and ~f B > 0 then P, = P,. If MOR and T > 14.000 then A = -374.0392, B = -6.13312; 
MOE and T > 2.4 then A = 0.1913256. B = -0.006172624; RS and T > 3,400 then A = 45.958934, B = -1.7152025; El and T > 0.33 then A = 0.02153659, B = -0.0016435637; and P, = P, + A(M, - 
M , )  + B(MI2 - M,2). 
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TABLE A5. Recommended property limits at a moisture content of15% for the models presented in 

this report.' 

Applicable range 

Propeny Swe Grade Minimum Maximum 

Modulus of rupture (MOR) All Select 2,000 

Structural 

No. 2 2,000 
No. 3 2,000 

Modulus of elasticity (MOE) All Select 200,000 

Structural 

No. 2 200,000 

No. 3 200,000 

' Mudelr should not be used to adjust data to moisture contents below 8%. 


