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Abstract. Lumber drying is a time-consuming and energy-intensive operation that is complicated by

shrinkage, which occurs when wood moisture content falls below FSP. Differential shrinkage between

radial and tangential directions results in cross-sectional strains that cost the wood industry a substan-

tial amount of money. A novel approach that uses the concept of drying stresses has the potential to

mitigate this problem. This study investigated the feasibility of applying an impervious coating to

lumber surfaces to induce stresses that minimize a drying distortion called cupping. Flatsawn and

quartersawn southern red oak (Quercus falcata) lumber samples from 10 trees were analyzed. Speci-

mens from the same lumber were randomly assigned to three treatments: uncoated, pith-side coated,

and bark-side coated for flatsawn specimens; and uncoated, upper-side coated, and bottom-side coated

for quartersawn specimens. Quartersawn specimens showed very limited distortion for all three treat-

ments. Cupping was minimized in pith-side-coated flatsawn specimens but exacerbated in bark-side-

coated flatsawn specimens. Experimental strains for flatsawn uncoated specimens agreed with those

predicted using a numerical model.

Keywords: Southern red oak, Quercus falcata, shrinkage, cupping, drying stresses, modeling.

INTRODUCTION

Lumber drying is an important process prior
to manufacturing all sorts of wood products.
Drying improves wood’s machinability, resis-
tance to biodeterioration, adhesion with glues or
finishes, treatability with chemicals, and trans-
portation cost. However, lumber drying is time-
consuming and energy-intensive, representing
7-15% of the lumber industry’s energy require-
ment (Ferguson 1997). Drying also results in
wood shrinkage. When wood moisture content

falls below FSP, water molecules residing
within the amorphous regions of the micro-
fibrils start to evaporate, causing cell walls and
the whole lumber piece to shrink. Because of
shrinkage anisotropy and drying stresses, unde-
sirable deformation and defects often accom-
pany lumber drying. The wood industry loses a
substantial amount of money each year because
of drying defects. Cupping is one of those
defects. Cupping happens because shrinkage
parallel is greater than that perpendicular to
the growth rings. In other words, cupping is the
result of tangential shrinkage of wood being
greater than radial shrinkage, and the greater
the difference, the more severe the degree of
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cupping. Current methods used to deal with
wood cupping include using a moderate dry-
ing schedule and applying a restraining weight
on lumber during drying (FPL 2001). Lim-
ited work has been done on developing new
approaches to minimizing wood cupping. We
hypothesize that cupping can be mitigated
if unbalanced drying stresses are induced on
opposite faces of flatsawn lumber. This can
be easily implemented by a method that is
described in this article. Also, the amount
of cupping in lumber will be quantified by mod-
ifying an existing cross-sectional shrinkage dis-
tortion theory (Booker et al 1992; Booker 2003).

MATERIALS AND METHODS

Lumber

One piece of lumber was obtained from each of
10 southern red oak (Quercus falcata) trees. Five
pieces were flatsawn, and five were quartersawn.
Each piece was 6 m long and about 30 mm thick.
Four flatsawn pieces were about 160 mm wide;
the fifth was about 340 mm wide. Four quarter-
sawn lumber were about 140 mm wide, and the
fifth was 230 mm wide. All boards were 100%
heartwood, except for flatsawn boards F2 and
F3 (Table 1), which were 95 and 70% heart-
wood, respectively. All samples were soaked in
water to keep them wet and prevent fungal
decay.

One hundred twenty pieces of 254-mm-long
specimens were prepared from the lumber. The
transverse surfaces of each specimen were
scanned to obtain images of growth ring orien-
tation. When the lumber was being cut, a
25-mm-long moisture section was sawn off each
end of the specimen. Moisture sections were
weighed and then oven-dried to determine their
moisture content and predict oven-dry mass of
each specimen. Moisture content of specimens
in the dry kiln can thus be estimated, and the
drying process can be monitored.

Coating and Drying Schedule

Three adjacent flatsawn specimens were ran-
domly assigned to three coating treatments:

coating on the tangential surface close to
the bark (bark-side-coated), coating on the
tangential surface close to the pith (pith-side-
coated), and no coating on both tangential
surfaces (uncoated). Three adjacent quarter-
sawn specimens were first positioned with
their growth ring curvatures similarly ori-
ented. They were then randomly assigned to
three coating treatments: coating on the top
radial face, coating on the bottom radial face,
and no coating on both radial faces. All spec-
imens were end-coated to minimize water
evaporation from the transverse surface and
to prevent end-splitting. Each set of three
adjacent flatsawn or quartersawn specimens
represented a replicate.

Specimens were placed in a compartment
kiln and dried using the conventional moisture
content-based drying schedule T4-D2 for 25-
to 38-mm-thick southern red oak (Boone et al
1988). Specimens were taken out once
a week and weighed to determine moisture
content. Seven representative samples were
also weighed everyday to monitor the dry-
ing process. The drying process was stopped
after about a month when the specimens
reached about 7% MC. Final moisture content
of each specimen was calculated. Published
shrinkage values of southern red oak from
green to oven-dry condition [4.7% for radial
shrinkage and 11.3% for tangential shrinkage
(FPL 1999)] were used to calculate percent-
age shrinkage from green to final moisture
content:

%Sg�Mc ¼ %Sg�oðMf �McÞ
30

ð1Þ

where %Sg�Mc¼ percentage shrinkage from green
condition to final moisture content; %Sg�o¼
percentage shrinkage from green to oven-dry
condition; Mf ¼ FSP, which was assumed to be
30%;Mc¼ final moisture content of the kiln-dried
specimen.

After drying, transverse surfaces of each spec-
imen were again scanned to model cross-
sectional distortion and compare the predicted
model with actual distorted shape.
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Numerical Determination of Pith and Shape

of Original Lumber

Before modeling, two assumptions were made:
1) growth rings are arcs of perfect circles shar-
ing the same circle center (pith of the log); and
2) shrinkage occurs tangentially along the rings
and radially perpendicular to the rings (Booker
et al 1992). Therefore, to predict wood distor-
tion, finding the position of the pith or the
circle center is very important. The method
used here was a modification of the method
used by Booker (1987). Using image analysis
software Image-Pro Plus (Media Cybernetics,
Inc., Bethesda, MD), coordinates of the centroid
of the transverse surface of lumber were first
located by connecting the four corners of the
lumber cross-section. Then a curve was fitted to
the growth ring arc closest to the centroid, and
coordinates (x, y) of the center of the circle to
which the arc belonged were obtained. Location
of the circle center can be regarded as the log
pith position. Distance from pith to centroid
(Rc) and the angle between the bottom edge of
the lumber and line PC (yc) were calculated
based on coordinates (Fig 1a).

Coordinates of the four corners of the rectangu-
lar cross-section were also given by the pro-
gram. Then, a spreadsheet was used to calculate
coordinates of 20 equidistant points along the
top edge, 20 points along the bottom edge, 5
points along the left edge, and 5 points along
the right edge of the rectangle. Coordinates were
originally in the Cartesian coordinate system
(x, y). Coordinates of points were adjusted with
the pith set as the origin. The program was pre-
viously calibrated; therefore, coordinate values
were in actual lumber scale.

Modeling Lumber Cross-Sectional Distortion

After Drying

Few studies have been done on numerical
modeling to actually understand how cupping
happens. Booker et al (1992) developed a theory
using polar coordinates to describe cupping in
terms of growth ring radius of curvature, growth

ring orientation, and stepwise radial shrinkage
followed by tangential shrinkage along the
growth rings. Booker (2003) later modified
his model by describing cross-sectional shrink-
age as an isotropic shrinkage in all directions
followed by a tangential shrinkage along the
growth rings. The modeling method used in this
study was a modification of those described by
Booker et al (1992) and Booker (2003). First,
lumber was assumed to shrink isotropically from
all directions by a value equal to fractional
radial shrinkage (Fig 1b). Second, lumber was
assumed to shrink tangentially along the growth
rings toward line PC by a value equal to frac-
tional tangential shrinkage, excluding the por-
tion attributed previously to isotropic shrinkage
(Fig 1c).

In the first step, after isotropic shrinkage in all
directions, coordinates of the points on lumber
became (x0, y0):

x0 ¼ xð1� rÞ ð2Þ

y0 ¼ yð1� rÞ ð3Þ

Figure 1. (a) Cross-section of lumber before shrinkage;

(b) cross-section after isotropic shrinkage; (c) cross-section

after further pure tangential shrinkage.

Xiang et al—LUMBER DRYING STRESS AND CROSS-SECTIONAL DEFORMATION 97



where r ¼ fractional radial shrinkage from green
condition to final moisture content of kiln-dried
specimen. The new Cartesian coordinates x0, y0
were transformed to polar coordinates (R, y):

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x02 þ y02

p
ð4Þ

y ¼ arctan
y0

x0
ð5Þ

In the second step, lumber underwent pure tan-
gential shrinkage by an amount equal to (1 � t)/
(1 � r) along the growth rings toward line PC,
because the portion that shrank in the first
step had to be excluded to maintain a total tan-
gential shrinkage of t. Thus, arc KT became arc
K0T0 after isotropic radial shrinkage and sub-
sequently became arc K00T00 after tangential
shrinkage:

K0T0 ¼ KT� 1� rð Þ ð6Þ

K00T00 ¼ KT� ð1� tÞ ð7Þ
Thus,

K00T00 ¼ K0T0 � ð1� tÞ
ð1� rÞ ð8Þ

where r was as defined previously and t ¼
fractional tangential shrinkage from green con-
dition to final moisture content of the kiln-dried
specimen.

Therefore, each point on K0T0 changed from
coordinates (R, y) to (R, y0) on K00T00, and the
angle changed from ya to ya0:

R � ya0 ¼ ðR � yaÞ � ð1� tÞ
ð1� rÞ ð9Þ

y0 � yc ¼ ðy� ycÞ � ð1� tÞ
ð1� rÞ ð10Þ

y0 ¼ ðy� ycÞ � ð1� tÞ
ð1� rÞ þ yc ð11Þ

where ya and ya0 ¼ angles occupied by arc K0T0
and K00T00, respectively; and yc ¼ angle between
bottom edge of lumber and line PC (Fig 1).

The new polar coordinates (R, y0) were changed
back to Cartesian coordinates (x00, y00), where
x00 ¼ R�cos(y0) and y00 ¼ R�sin(y0). The new
coordinates were again graphed using a spread-
sheet and compared with original lumber and
the real distorted shape of the lumber.

In Booker’s method (Booker 2003), after isotro-
pic shrinkage in all directions, lumber under-
went a pure tangential shrinkage by a value of
(1 � t þ r) instead of (1 � t)/(1 � r). Therefore,
total tangential shrinkage along growth rings
was underestimated.

Experimental Verification

To verify the model, simple visual comparison
with actual lumber is not sufficient. Numerical
differences between the model and the actual
sample need to be shown to determine how well
the predicted model agrees with the real cross-
sectional distortion.

For flatsawn lumber, width and thickness of the
predicted model or deformed lumber were deter-
mined based on distances between the four cor-
ners of the lumber. For example, distance from
the top left to top right corners gave the top
width, whereas distance from the bottom left
to bottom right corners gave the bottom width.
Left side and right side thickness were obtained
similarly. Top and bottom width were aver-
aged and then compared with average width of
green lumber to obtain percentage shrinkage in
width. The same calculations were performed to
obtain percentage shrinkage in thickness. Radii
of curvature for the two wide lumber faces were
also measured and averaged. If lumber cupped
toward the tangential surface close to the pith,
radius of curvature for that lumber was defined
as negative. The ratio of radius of curvature for
the model to radius of curvature for the actual
lumber was calculated. A ratio of 1 meant that
the model and actual lumber had the same degree
of cupping. If the ratio was greater than 1, it
meant that the actual lumber had more cupping
than the model; conversely, if it was less than 1,
the actual lumber had less cupping than the
model. If the value was negative, it meant that

98 WOOD AND FIBER SCIENCE, JANUARY 2012, V. 44(1)



the actual lumber had cupping toward the oppo-
site side.

For quartersawn lumber, only width and thick-
ness shrinkage for the predicted model and the
actual sample were measured.

RESULTS AND DISCUSSION

Model Verification of Lumber Cross-

Sectional Distortion After Drying

To verify how close the predicted model was to
the actual lumber cross-section, uncoated spec-
imens were compared. For flatsawn lumber,
average thickness shrinkage was 5.76 � 0.04%
for the predicted model and 8.30 � 0.09% for
uncoated specimens. Average width shrinkage
was 7.91 � 0.02% for the predicted model and
11.73 � 0.08% for uncoated specimens. The
ratio of radii of curvature was 1.85 � 0.04
(Table 1). For quartersawn lumbers, average
thickness shrinkage was 7.38 � 0.23% for the

predicted model and 14.03 � 0.74% for
uncoated specimens. Average width shrinkage
was 4.94 � 0.24% for the predicted model and
7.33 � 0.41% for uncoated specimens (Table 2).

Predicted shapes of lumber cross-sections were
in close agreement with those of actual spec-
imens (Fig 2). Booker et al (1992) found closer
agreement between his model and experimental
results. However, in that study, a different lum-
ber species, radiata pine, was evaluated, which
has much less radial shrinkage (1.61%) and tan-
gential shrinkage (3.69%) than the species used
in this study (southern red oak). Southern red
oak has radial and tangential shrinkage values
from green to oven-dry of 4.7 and 11.3%, re-
spectively.

In this study, the model agreed better with actual
distortion for flatsawn lumber groups F2, F3,
and F5 and less with flatsawn lumber groups F1
and F4, which indicated that there were percent-
age shrinkage variations among lumber from

Table 2. Comparison of shrinkage of predicted model with those of quartersawn lumber subjected to different coating

treatments (uncoated, bark-side-coated, and pith-side-coated).

Specimensa R (mm) y(� )
Green

thickness (mm)
Green width

(mm)

Thickness shrinkage (%) Width shrinkage (%)

Model Uncoated
Upper-
coated

Bottom-
coated Model Uncoated

Upper-
coated

Bottom-
coated

Q1A 137.42 �1.55 29.24 139.41 8.82 13.89 16.85 15.09 3.76 6.20 6.26 6.69

Q1B 374.18 �7.25 30.01 142.12 8.80 16.92 15.82 15.92 3.78 5.31 5.55 6.42

Q1C 282.77 �12.15 30.43 141.21 8.39 18.38 17.59 16.50 3.89 5.29 5.19 6.06

Q1D 60.49 �2.65 30.09 138.52 7.84 17.19 16.98 17.80 3.59 5.17 5.51 5.65

Q2A 89.90 9.60 28.99 137.04 7.96 16.24 14.58 14.96 4.06 5.73 5.38 4.54

Q2B 147.58 13.96 28.90 141.61 8.35 16.53 18.10 18.55 4.12 6.58 7.33 6.51

Q2C 121.00 16.35 29.07 143.90 7.86 17.19 15.65 17.78 4.28 4.67 6.72 6.22

Q2D 127.77 16.18 29.16 145.59 7.95 17.64 15.95 15.99 4.28 5.99 6.67 6.21

Q3A 390.30 12.17 31.02 148.75 8.52 18.49 19.21 21.39 3.87 5.79 6.39 5.52

Q3B 537.52 22.33 32.38 147.30 7.99 17.73 17.42 15.27 4.35 6.50 6.09 6.90

Q3C 579.79 23.48 31.44 144.94 7.99 16.27 15.47 13.59 4.40 6.50 7.25 7.35

Q3D 235.01 20.94 30.26 144.17 7.92 13.66 14.69 14.69 4.28 5.98 7.29 7.62

Q4A 275.18 28.67 29.41 154.84 7.37 10.02 14.85 31.92 4.96 8.21 7.50 7.81

Q4B 149.37 36.60 29.75 155.00 6.40 10.75 11.73 15.00 5.75 8.86 9.59 9.25

Q4C 164.26 39.39 29.75 154.50 6.33 13.42 9.65 7.75 5.94 9.10 9.43 10.18

Q4D 70.12 39.65 29.16 154.07 6.60 11.65 15.89 12.49 6.26 9.29 10.15 10.01

Q5A 225.11 40.92 31.95 226.95 6.04 7.97 17.37 15.61 6.12 9.24 9.01 8.06

Q5B 175.79 51.79 30.69 231.72 5.50 9.36 10.80 8.01 7.01 10.83 11.30 13.66

Q5C 212.64 55.59 30.89 227.98 5.23 8.34 10.38 7.90 7.29 10.83 11.94 11.97

Q5D 369.98 51.11 30.02 225.61 5.64 9.00 7.64 7.63 6.83 10.50 10.74 12.69

Average 7.38 14.03 14.83 15.19 4.94 7.33 7.76 7.97

Standard Error 0.23 0.74 0.63 1.10 0.24 0.41 0.42 0.51
a Specimen designation Q means quartersawn. Specimens with a common number came from the same piece of original lumber.
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different trees. Also, width shrinkage (7.33%)
and thickness shrinkage (14.03%) of quarter-
sawn lumber in this study were much greater
than radial and tangential percentage shrinkage
values from the literature (FPL 1999). This is a
possible source of error because the literature
values were used in modeling cross-sectional
distortion. Instead of taking shrinkage values
from the literature, Booker et al (1992) mea-
sured actual percentage shrinkage values for
their specimens and thus observed less differ-
ence in distortion between the model and actual
lumber.

Effects of Drying Stresses on Lumber

Distortion After Drying

All coated flatsawn lumber had similar thick-
ness shrinkage of about 8.5% but had signifi-
cantly different width shrinkage, ranging from
11.7-12.9%. Bark-side-coated specimens had a
radius of curvature ratio of about 4.2, which was

much larger than the 1.9 ratio for uncoated spec-
imens. This indicates that bark-side-coated spec-
imens had very severe cupping. Pith-side-coated
specimens had a radius of curvature ratio of
about 0.1, which was much smaller than that of
uncoated specimens, indicating little or no cup-
ping (Table 1). Several pith-side-coated spec-
imens even cupped toward the opposite side
(Fig 3). For quartersawn lumber, no evident cup-
ping and no significant difference among the
differently treated specimens occurred (Fig 4).

The fact that flatsawn lumber had such response
to coating treatment could be explained by dry-
ing stress imbalance. For uncoated specimens, at
the initial stage of drying, the lumber surface
dries first and starts to shrink, whereas the lum-
ber core is still wet and does not shrink. This
causes the lumber surface to be in tension stress
and the core in compression stress (Fig 5a).
However, stresses are balanced within the lum-
ber, therefore the lumber has normal cupping
mainly caused by greater shrinkage of the face
near the bark relative to that of the face near the
pith. For pith-side-coated specimens, tension
stress is closer to the bark side and compression

Figure 2. Comparison of predicted cross-sectional lumber

distortion (dashed outline) with actual lumber distortion

(photograph) after drying. Also shown are green lumber

shapes (solid outline).

Figure 3. For flatsawn lumber, bark-side-coated spec-

imens had more severe cupping and pith-side-coated spec-

imens had less cupping (even cupping toward the opposite

side compared with uncoated specimens).
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stress is closer to the pith side at the initial
stage of drying (Fig 5b). If the portion in
tension exceeds the tensile stress at proportional
limit perpendicular to the grain, it assumes a
tensile set and is therefore in an expanded state.

Similarly, if the portion in compression exceeds
the compressive stress at proportional limit per-
pendicular to the grain, it assumes a compres-
sive set and is therefore in a contracted state.
Shrinkage of the face near the bark is offset by
the tensile set whereas shrinkage of the face near
the pith is in the same direction as the compres-
sive set and, therefore, lumber has less cupping
when coated on the pith side. In fact, if the
tensile set is larger than the shrinkage of the face
near the bark and/or the compressive set is larger
than the shrinkage of the face near the pith,
the lumber could cup toward the opposite side
(Fig 3). For bark-side-coated lumber, stress dis-
tribution is the reverse of the pith-side-coated
specimens (Fig 5c). Lesser shrinkage of the face
near the pith (relative to that of the face near the
bark) is exacerbated by the tensile set on that
face and by the compressive set on the other
face, thereby resulting in more severe cupping.

Figure 4. Quartersawn specimens showing no evident

cupping and no significant difference among differently

treated specimens.

Figure 5. Drying stress analysis of (a) uncoated, (b) pith-side-coated, and (c) bark-side-coated specimens.
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The decreased amount of cupping in pith-side-
coated specimens suggests that simple applica-
tion of surface coating on lumber prior to drying
could potentially minimize the amount of warp
during drying. This concept must be explored
further because the approach is very simple
and the cost associated with its implementation
appears minimal.

CONCLUSIONS

In this study, southern red oak lumber cross-sec-
tional shrinkage after drying was analyzed. The
predicted shape of the lumber cross-section after
drying was compared with actual lumber distor-
tion. The predicted model closely agreed with
actual distortion with the difference mainly attrib-
uted to use of published shrinkage values instead
of measuring actual percentage shrinkages.

Bark-side-coated lumber had more cupping and
pith-side-coated lumber had less cupping com-
pared with uncoated specimens. The reason for
this was unbalanced drying stress. To better
model drying distortion of bark-side-coated and
pith-side-coated specimens, drying stresses need
to be incorporated. This could be the subject of a
future study. Surface-coating lumber close to the
pith could be a novel approach to minimizing
lumber warp during drying.
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