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Abstract 
Excessive variability in the final moisture content (MC) of hardwood lumber may have a significant impact on secondary wood 

processing and final product performance. Sources of final MC variation during kiln-drying have been studied in prior research. A 
test examining the final MC of red oak (Quercus spp.) and yellow-poplar (Liriodendron tulipifera) lumber after kiln-drying was con­
ducted to obtain empirical knowledge of the effects from anatomical structures and lumber thickness A 23 fixed-effects linear statisti­
cal model was used to examine MC changes and the effects that growth rate. thickness. and wood type have on MC variability of red 
oak and yellow-poplar 4/4 lumber during the kiln-drying process. Growth rate was comprised of “fast” and “slow” levels. Lumber 
thickness had “thin” and “thick” levels, and wood type had heartwood and sapwood levels. The entire experiment was duplicated to 
improve the inference of experimental results. Variability in the MC of red oak lumber steadily increased during kiln-drying before 
the equalizing treatment. and was significantly reduced after equalization. This empirical study may suggest that the equalization 
treatment is an important step in the kiln-drying of red oak lumber. Variability in the MC of yellow-poplar declined during the entire 
kiln-drying process. There was statistical evidence in the duplicate experiments that suggested that the wood type (heartwood or sap­
wood) had a significant effect on red oak final MC. There was no statistical evidence to suggest that the three factors studied had an ef­
fect on the final MC of yellow-poplar lumber. 

The goal of quality control during the industrial sector on factors that may ucts that have poor reliability. Capturing 
lumberdrying is toreducefinal moisture affect the final moisture ofkiln-dried oak sources of variation that affect process 
content (MC) variability and prevent lumber. Final MC variability in kiln- outcomes is critical in directing process 
drying defects. Wood scientists have dried hardwood lumber outside 6 to 8 study and improvement (Leitnaker et al. 
studied factors that affect MC variation percent MC is likely to produce end prod- 1995). The sources of variation in any 
in lumber during kiln-drying for many 
years (Smith and Dittman 1960. 
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Table 1. – The average thickness for thin and thick boards in each test. 

Thickness 
classification Red oak Yellow-poplar 

Load 01 Load 02 Load 01 Load 02 

Thin board 
Thick board 

a Values in parentheses are standard deviations. 

process can be categorized into raw ma- sample reached the 7 percent target MC. 

terial variation, equipment variation, Conditioning was performed if neces­

measurement variation. method varia- sary based on Boone et al. (1993). 

tion, and personal variation. This study 

focused on material variation and data Experimental design 

were gathered on the effects that natural A three-factor, two-level classical 

variation in wood anatomical structure fixed effects linear statistical model was 

and sawing thickness variation have on assumed in the experiment (Hinkle­

the final MC ofkiln-dried red oak (Quer- mann and Kempthorne 1993, Mont­

cus spp.) and yellow-poplar (Lirioden- gomery 2001): 

dron tulipifera) lumber.1 


Methods [1] 

Two loads (256 board feet [BF] each) 
of red oak (Quercus spp.) and two loads where µ is the overall mean effect: ti
(256 BF each) of yellow-poplar (Lirio- is the effect of the ith level of the thick­
dendron tulipifero) were tested in a ness factor A: bj is the effect of the jth
500-BF capacity lab kiln. Freshly sawn level of type of wood factor B: gk is the
4/4 lumber was procured from two hard- effect of the kth level of the growth rate
wood sawmills in eastern Tennessee that factor C; (tb)ij is the effect of the inter-
were approximately 40 miles apart. One action between ti and bj ; (tg)ik is the ef­
load was selected for drying during the fect of the interaction between ti and gk;
spring months and the other load was (bg)jk is the effect of the interaction be-
selected for drying during the summer tween bj and gk ; (tbg)ijk is the effect of
months. the interaction between ti , bj , and gk ; e 

To reduce potential nuisance factors 
ijkm is a random error component: i = 1 

in the experiment. all lumber was cut to or2 (4/4 lumber thickness< 1.135 in. or 
uniform widths and lengths (6 in. wide ³ 1.135 in.); j = 1 or 2 (heartwood or 
by 8 ft. long) before drying. Drying sapwood lumber): k = 1 or 2 (slow: < 5 
schedules followed the traditional kiln rings per in.: fast: ³ 5 rings per in.); m = 
schedules developed by Boone et al. 1, 2, 3, ..., 7, (sample size). The entire 
(1993).2 All four test loads were equal- experiment was duplicated for all fac­
ized at the end of the drying process. tors and levels to strengthen the infer-
The equalizing treatment was designed ence of the results. 
to reduce the MC variation between 
boards. Both red oak and yellow-poplar Board categorization 
were equalized at 180°F/137°F (dry The lumber was manually selected 
bulb/ wet bulb temperature) for target- from the sawmill green chain and was 
ing 7 percent final MC. The EMC at loaded in the kiln no later than 3 days af­
180°F/ 137°F condition was 5 percent, ter selection in order to minimize any air 
which was the MC of the driest sample pre-drying nuisance effect. The growth
board when the equalizing started. rate was determined by counting the 
Equalizing stopped when the wettest number of rings on the end of each green 

board. Boards with less than five rings 
were characterized as “fast” growth and 
boards with five or more rings were de­

1 Hardwood lumber that is classified as 4/4 lumber is fined as “slow” growth boards. Sap-
considered by the hardwood lumber industry to be wood/heartwood boards were catego­
lumber that has a minimum thickness specification rized after visual examination of theof 1.000 inches 

2 All MCs were calculated on a dry-weight basis, color and the ring curvature on the end 
i. e., (initial weight - ovendry weight)/(ovendry of every board. Boards with pure heart-
weight). wood were not easy to obtain. There­
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fore, boards with more than 60 percent 
of total volume of the board as heart­
wood were categorized as heartwood 
boards for the tests. Sapwood boards 
were either pure sapwood or more than 
80 percent as sapwood. Ten thickness 
measurements were taken for each 
board (five measurements per edge) in 
the longitudinal direction after the 
boards were edged and trimmed into di­
mensions of 6 inches wide and 8 feet 
long. Thin boards were categorized as 
less than or equal to 1.135 inches in 
board average thickness (averaged from 
the 10 measurements on each board) and 
thick boards were greater than 1.135 
inches in average thickness (Table 1). 
The experiment had a balanced design 
of 8 boards for each category (64 total 
boards). in which 1 board from each car­
egory was used as the sample board in 
drying process control. 

Board stacking and kiln-drying 
Stickers were placed uniformly in the 

stack and each of the 56 test boards was 
randomly placed throughout the stack. 
The stack consisted of more than 56 test­
ing boards in order to fill up the kiln 
(500 BF). Every test board was weighed 
before stacking. Eight sample boards 
were used to control the drying schedule 
and were measured twice a day. It took 4 
to  5 days  to  d ry  and equa l ize  
yellow-poplar hoards, and 3 to 4 weeks 
to dry and equalize red oak boards. 
Drying was halted before and after the 
equalization treatment and all of the 
boards were weighed. 

After equalization. the drying process 
was either stopped or continued by a 
conditioning treatment depending on 
the stress test outcome. If the stress test 
showed any indication of drying stress 
and tension set (casehardening), the 
conditioning phase was executed before 
the drying process was completed. All 
the boards were weighed again at the 
end of the process. Two 1-inch-long MC 
sections were cut 22 inches inside of 
each end from every board immediately 
after drying. The MC sections were 
ovendried at 103°C to determine the 
MC. The average of the two 1-inch sec­
tions from each board was used to esti­
mate the final MC of each test board. 

Results and discussion 

MC variation 
The coefficients of variation (COVs)3 

for the initial MC of red oak were less 
than the COVs for the initial MC of yel-
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Table 2. – MCs for two experiments at three stages of the drying process for two loads of red oak (Quercus spp.) andyellow-poplar 
(Liriodendron tulipifera) boards.a 

Initial MC MC before equalizing Final MC 

Red oak Yellow-poplar Red oak Yellow-poplar Red oak Yellow-poplar 
1 2 1 2 1 2 1 2 1 2 1 2 

Mean 
SD 
COV 
a SD = standard deviation; COV = coefficient of variation. 

Table 3. – Analysis of variance for final MC for red oak (Quercus spp.), first experiment. 

Source of variation Sum of squares 
A. thickness 

B: wood type 
C: growth rate 
AB 
BC 
AC 
ABC 

Error 
Total 

lowpoplar (Table 2). The high value of 
the COVs in the yellow-poplar initial 
MC was due to a significant difference 
(a = 0.05) between the initial MCs of 
heartwood and sapwood boards. Yel­
low-poplar sapwood lumber had an av­
erage initial MC greaterthan 90percent. 
while heartwood lumber had an average 
initial MC less than 70 percent. 

The COVs for the MC of red oak at 
the pre-equalizing stage were higher in 
both experiments than the COVs for the 
initial MC (Table 2). This difference in 
theCOVmay indicatethat MC Variation 
in the dried oak boards is a result of the 
kiln-drying process. The COVs for yel­
low-poplar MC at the equalizing stage 
were lower than the initial stage in both 
experiments The difference in COVs by 
species between initial and pre-equaliz­
ing MC illustrates the challenges of 
kiln-drying red oak lumber. The diffi­
culty ofkiln-drying red oak lumber has 

3 The COV is defined as the quotient of the sample 
standard deviation and sample average. The COV is 
a useful statistic when the data are subject to vary­
ing sample averages that may have a large scale. 
The COV gives the analyst a statistic for comparing 
relative variability between factors. The sample 
standard deviation is affected by the scale of the 
raw data, which may affect comparison of standard 
deviations for parameters with large differences in 
scale. 

Degrees of freedom Mean square 

been noted by others (Smith and 
Dittman 1960). 

As expected after equalizing, the 
COVs for the final MC in both experi­
ments for both species were lower than 
those at any otherstages in the kiln-dry­
ing process. The COVsat the final stage 
were 25.3 and 15.1 percent for red oak; 
and 19.9 and 22.3 percent for yel­
low-poplar.compared to thehigherval­
ues at the pre-equalizing stage of 35.2 
and 32 percent for red oak. and 23.2 and 
25.6 percent for yellow-poplar (Table 
2). The MC range for red oak was re­
duced from 9 and 10 percent at the pre­
equalizing stage to 5 and 7 percent after 
the equalizing treatment. For yellow-
poplar, the range was reduced from 12 
and 13 percent to 7 and 8 percent by 
equalizingtreatment. 

ThechangesintheCOVsbetween the 
pre-equalizingandthe final MCs forred 
oak further illustrate the importance of 
the equalizing stage forred oak lumber. 
The COV values ofred oak forfinal MC 
went back to the initial stage, which 
demonstrated that the equalizing pro­
cess reduced variation between the red 
oak boards during kiln-drying. There 
wasasignificantdifferenceintheCOVs 
between initial and final MCs for 
yellow-poplar, i.e., the COVs for the fi­
nal MC of yellow-poplar were reduced 
significantly in both experiments. The 

F p-value 

drying process practiced for yel­
low-poplar appeared to be effective in 
reducing the MC variation between 
heartwood and sapwood lumber since 
the variation at the initial stage was 
mainly from the difference between 
heartwoodandsapwoodMCs. 

Sources of variation 
For lumber dried in a commercial 

kiln. there are additional factors that af­
fectthe final MC otherthan the ones ex­
amined in this study. For example, the 
board location within the stack and the 
variation in airflow and temperature 
withinthekiln mayadd variabilityinthe 
final MC. By doingthis study in a small 
research kiln with good stacking. con­
trol,and airflow, wefeelthatwehavere­
duced some ofthe variability that is not 
directly related to the controlled vari­
ables and improved the sensitivity ofthe 
testtothetreatment variables. 

Red oak. -Therewas strong statisti­
cal evidence from the duplicate experi­
ments (p-value = 0.0283; p-value = 0. 
0158) that the final MC of red oak was 
affectedby lumberthat wasclassifiedas 
either heartwood or sapwood (Tables 3 
and4). The final MC of heartwood lum­
ber was significantly higher (a = 0.05) 
than sapwood lumber after kiln-drying 
(Tables 5 and 6). Theaverage final MCs 
of heartwood boards were 7.8 and 8.0 
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Table 4. – Analysis of variance for final MC for red oak (Quercus spp.), second experiment 

Source of variation Sum of squares Degrees of freedom Mean square F p-value 

A: thickness 

B: wood type 
C: growth rate 

AB 


BC 

AC 

ABC 

Error 

Total 


Table 5. – Final average MC data for red oak (Quercus spp.), first experiment. 

Heartwood Sapwood 

Growth rate < 1.13 in. thick > 1.13 in. thick < 1.13 in. thick > 1.13 in. thick 

Slow < 5 rings/in. 
Fast: > 5 rings/in. 

Table 6. – Final average MC data for red oak (Quercus spp.), second experiment. 

Heartwood Sapwood 

Growth rate < 1.13 in. thick > 1.13 in. thick < 1.13 in. thick > 1.13 in. thick 

Slow: < 5 rings/in. 
Fast: > 5 rings/in. 

percent for the first and second load test, 
and they were 6.8 and 7.2 percent for the 
sapwood boards in the first and second 
load tests. Approximately 1 percent MC 
difference between heartwood and sap­
wood boards occurred after drying. This 
MC difference may he caused by the dif­
ference in the anatomical characteristics 
of heartwood and sapwood. Heartwood 
tends to dry slower than sapwood due to 
some depositions formed in the vessels 
during the transition from sapwood to 
heartwood (Hoadley 1980). The differ­
ence in final MC between heartwood 
and sapwood boards may reduce with 
the time of equalization. The time re­
quired to equalize red oak will be de­
pendant on the variation and amount of 
heartwood and sapwood, and this is why 
equalization times can be so varied in 
red oak. 

Variations in board thickness after 
cutting have been found to be a substan­
tial problem in the sawmill industry. The 
presence of a couple of thick hoards in 
one kiln stack can adversely affect all of 
the pieces in the stack (Brown 1982). 
The effect from lumber thickness varia­
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tion on final MCs is of more interest to 
both primary and secondary wood man­
ufacturers. The fucus of this research 
was to investigate the effect of between-
board thickness variation on final MC. 

Two levels of board thickness (thin/ 
thick) were examined for the effect on 
the final MC. Results from the two red 
oak experiments showed no statistical 
significant effect (Tables 3 and 4 ). In the 
first drying experiment of red oak lum­
ber, the result of the individual effects of 
wood type (p-value = 0.0283) and 
growth rate (p-value = 0.0001) was con­
founded by the significance of the inter­
action of thickness and wood type (Ta­
ble 3 ). The interaction of thickness. 
wood type. and growth rate was also sig­
nificant ( p-value < 0.0001) (Table 3). 
These interactions were not significant 
in the second experiment ( Table 4 ). 
Only the main effect of wood type was 
statistically significant (p-value = 
0.0150) in the second red oak experi­
ment. The inconsistent results ofthe red 
oak experiments may indicate some of 
the problems in controlling MC variabil­
ity in kiln-drying red oak ( Quercus spp.) 

lumber. Due to anatomical structure and 
density. it is more difficult to move 
moisture through red oak than many 
other species. In addition. red oak has a 
great range of property variability. More 
long-term experiments on red oak may 
be required to improve the science of 
drying red oak lumber. Future experi­
ments may also examine traditional con­
trol strategies for drying red oak lumber. 

Yellow-poplar. – The results of the 
study were more consistent for yellow-
poplar lumber ( Tables 7 and 8 ). There 
was a lack of statistical evidence to sug­
gest that any of the factors studied had a 
significant effect on the final MC of yel­
low-poplar lumber. The initial MCs of 
heartwood and sapwood were signifi­
cantly different. but the final MCs were 
not significantly different ( Tables 9 and 
10 ), which may indicate that there is no 
benefit to be gained by sorting poplar 
based on heanwood or sapwood before 
the drying process. 

Conclusions 
The COVs in MCs for red oak and 

yellow-poplar were different during the 
kiln-drying process. For red oak, higher 
COV values at the pre-equalizing stage 
relative to the COVs at the initial stage 
indicated that variability between red 
oak board MCs increased at a certain 
stage during the kiln-drying process. A 
significant reduction in the COVs for 
the final MC of red oak lumber after 
equalizing illustrates the importance of 
this step when drying red oak. The 
COVs of yellow-poplar MC were signif­
icantly reduced throughout the entire 
drying process. 

There was statistical evidence to sug­
gest that the final MC of red oak lumber 
was affected by its classification as ei­
ther heartwood or sapwood lumber. The 
final MC of heartwood lumber was sig­
nificantly higher than sapwood lumber 
after kiln-drying. The second kiln-dry-
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Table 7. – Analysis of variance for final MC for yellow-poplar (Liriodendron tulipifera). first experiment. 

source of variation Sum of squares Degrees of freedom Meansquare F p-value 

A: thickness 
B: wood type 
C: growth rate 

AB 
BC 
AC 
ABC 

Error 

Total 

Table 8. – Analysis of variance for final MC for yellow-poplar (Liriodendron tulipifera), second experiment. 

Source of variation Sum of squares Degrees of freedom Mean square 
A: thickness 
B: wood type 
C: growth rate 


AB 

BC 

AC 

ABC 


Error 

Total 


Table 9. – Final average MC data for yellow-poplar (Liriodendron tulipifera), first ex­
periment. 

Heartwood Sapwood 

Growth rate < 1.13 in. thick > 1.13 in. thick < 1.13 in. thick > 1.13 in. thick 

Slow: < 5 rings/in. 
Fast: > 5 rings/in. 

Table 1 0 .  – Final average MC data for yellow-poplar (Liriodendron tulipifera), second 
experiment. 

Heatwood Sapwood 

Growth rate < 1.13 in. thick > 1.13 in. thick < 1.13 in. thick > 1.13 in. thick 

Slow: < 5 rings/in. 
Fast: > 5 rings/in. 

ing experiment on red oak lumber indi­
cated that in addition to wood type 
(heartwood/sapwood), a growth rate, 
thickness, and wood type interaction 
confounded the inference of experimen­
tal conclusions. The difference in the re­
sults of duplicate experiments may illus­
trate some of the challenges of kiln-
drying red oak lumber. i.e., anatomical 
complexities within red oak lead to dif-
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fering and inconsistent effects on the fi­
nal kiln-dried MC. 

There was a lack of statistical evi­
dence to suggest that growth rate, wood 
type, or thickness had an effect on the fi­
nal MC of yellow-poplar lumber. It is 
likely that because of the fast drying rate 
of yellow-poplar that some equalization 
occurs during the drying process. In 
other words. red oak is probably dried at 

54. NO. 11 

F p-value 

a maximum rate of moisture transfer 
from the center of the board tu the sur­
face ofthe board while yellow-poplar is 
more stable and uniform during the 
schedule. 

This study illustrates the differences 
in sources of variation that influence the 
final MC of kiln-dried red oak and yel­
low-poplar lumber. The study added 
value to the science of kiln-drying by 
presenting empirical evidence on 
sources of variation that may influence 
the final MC of kiln-dried red oak and 
yellow-poplar lumber. 
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