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Abstract: Moisture transfer influences wood deformation and moisture content (MC) distribution
during conventional drying of Eucalyptus urophylla wood. This study aims to investigate the effect
of sample length (30, 100, and 200 mm) on moisture distribution and transfer in different directions
and locations and on deformation of wood. The results showed that when the MC was above the
fiber saturated point (FSP), the drying rate decreases exponentially with an increase of sample length;
however, below the FSP, there was no obvious relationship between the drying rate and sample
length and above the FSP, the moisture distribution was non-uniform along tangential, radial, and
longitudinal directions and became even below the FSP, which was more significant in the middle
location of wood. The greatest MC differences occurred between the surface and sub-central layers
along the tangential and radial direction, which were between the end and sub-middle locations along
the longitudinal direction. The effect of sample length on the MC distribution and MC differences
along wood in the three directions depended on locations and the MC stage of wood; most of the
free water and bound water transferred from the wood central to the ends along the longitudinal
direction for three sets of samples. Bound water diffusion significantly slowed as the sample length
exceeded 200 mm; sample length affects wood collapse and its recovery, but the drying rate has a
lesser effect on collapse for samples with a length below 200 mm.

Keywords: Eucalyptus urophylla; dimension; moisture; transfer; collapse; conventional drying

1. Introduction

Trees within the Eucalyptus genus are widely planted in certain countries to meet
the demands from the wood industry and environmental protection due to their good
biological features responding to fertilization, resistance to pests, and strong adaptations
to the environment [1–4]. Most Eucalyptus wood are commonly used to produce low-
value wood composite boards, pulp, and bio-refineries, etc., because they have certain
technical difficulties related to processing, such as high internal stress and drying problems
of internal checking, collapse, and a high transverse shrinkage [5–7]. However, the use of
Eucalyptus wood as a resource of lumber for higher quality wood products has recently
received extensive interest in some countries [8–10].

High-quality drying of Eucalyptus wood is the most critical problem for their higher
value-added products [11]. As known, wood is composed mainly of cellulose, hemicel-
lulose, and lignin. Hemicellulose, which contains a high number of hydroxyl groups, is
responsible for the wood’s hygroscopicity and moisture content (MC) [12]. The perfor-
mance of wood materials and products is strongly associated to their MC [13–17], which
significantly affects wood properties, processing, and use [18–20]. Therefore, drying is
needed to decrease wood MC to an appropriate level to meet the requirements of wooden
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products. There are several drying methods used in the wood industry, in which the
conventional kiln drying has dominated in the drying of lumbers due to its low cost and
wide adaptability [21,22]. Although it is difficult to dry the refractory Eucalyptus wood
owing to their natural propensity to internal checking and collapse, some Eucalyptus wood
have been dried successfully at the commercial level using conventional kiln drying [23].
The studies showed that relatively thin wood (<20 mm) can be dried with less internal
checking and collapse if they are pre-treated by air drying from green to the fiber saturated
point (FSP). Furthermore, other reasonable pre-treatments, such as pre-steaming [24], pre-
boiling [25], and pre-freezing [26], are all effective to lessen the prevalence of collapse and
checking and to promote drying of Eucalyptus wood.

Collapse, defined as a deform that occurs above the FSP, is considered to be caused
by the capillary tensions development during the early stage of drying. The explanation
assumes that the major cause for collapse is that the cell wall cannot withstand the surface
tension of free water being removed from the cell lumens [27]. The free water in wood
is removed by capillary forces, whereas the bound water removal is driven by diffusion
due to the MC gradient [28,29]. Diffusion of water in wood is affected by anatomical
structure, MC, and diffusion direction. The moisture transfer in wood in the longitudinal
direction is the highest, followed by the radial direction, and is the lowest in the tangential
direction [30–33]. For hardwood species, anatomical structure such as vessels, rays, and
pits also influence the movement of water [34,35].

Hence, a good understanding of the relationship between collapse and moisture
removal in wood is needed to successfully dry these species into commercial solid wood
products. However, most studies have focused on the relationship between MC and
the physical, mechanical, and chemical properties of wood after drying [36–38]. Studies
evaluating the transport of water in wood from different directions and its effect on collapse
are rare. The purpose of this study is to investigate the effect of sample length on moisture
transfer in wood in the tangential, radial, and longitudinal directions and the collapse of
Eucalyptus urophylla × E. grandis.

2. Materials and Methods
2.1. Materials

Three fast-growing Eucalyptus urophylla × E. grandis trees (6 years old) were purchased
in Guangxi Provence, China. After being felled, one tree was processed into 4 logs with a
length of 1000 mm, taken from a height of 300 mm from the root. The logs were wrapped
with plastic film and then were transported to Nanjing Forestry University; thereafter, they
were processed into lumbers of 30 × 30 × 1000 mm (tangential × radial × longitudinal)
using a band saw and a single blade saw. Finally, four lumbers prepared from one log were
selected and sawn into three sets of end-matched and defect-free samples. The lengths of
the samples were 30, 100, and 150 mm, respectively (Figure 1). Two slices were cut in both
ends of a lumber using a circle saw and used for the determination of the MC of the lumber.
The mass of each slice was measured using an electronic balance and then they were dried
at 103 ◦C in an oven for 24 h to obtain the oven-dry mass (zero MC). The MC of the slices
was determined based on the oven-dry mass. The initial MC of the samples used in this
study was approximately 100%.

2.2. Equipment and Devices

The drying equipment includes a constant temperature and humidity chamber (DF-
408, Nanjing Defu test equipment Co., Ltd., Nanjing, China); an electric heating oven (DHG-
905-386-III, Shanghai Cimo medical equipment manufacturing Co., Ltd., Shanghai, China);
a digital vernier caliper (CD-20CPX, Japan Mitutoyo Co., Ltd, Tokyo, Japan, 0.01 mm);
and an electronic balance (JA5003N, Shanghai precision scientific instrument Co., Ltd.,
Shanghai, China, 0.001 g).
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Figure 1. Schematic of samples preparation. Slices marked with A, B and I; C and D, E and F, G 
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and radial direction, and then the dimensions were measured using a digital vernier cali-
per in the marked line and the mass of the samples using a balance. Thereafter, they were 
dried in a constant temperature and humidity chamber according to the parameters (Fig-
ure 2). To obtain an obvious collapse for the comparison, the drying condition in this study 
is slightly severe. The relative humidity was maintained at 65% in the whole drying pro-
cess, while the temperature increased from room temperature to 70 °C (68 h later), and 
then maintained constant until end of drying. The samples were periodically taken out 
from the chamber to measure their dimensions and weight; as a result, the MC and shrink-
age at this moment can be calculated according to the obtained data. When the MC of 
samples decreased to approximately 50, 30, and 12%, three samples were taken out from 
each group for MC distribution and difference measurement. 

Figure 1. Schematic of samples preparation. Slices marked with A, B and I; C and D, E and F, G and
H were used for the determination of the MC of the lumber.

2.3. Test Method
2.3.1. Wood Drying

Prior to drying, each sample was marked in the middle location along the tangential
and radial direction, and then the dimensions were measured using a digital vernier caliper
in the marked line and the mass of the samples using a balance. Thereafter, they were dried
in a constant temperature and humidity chamber according to the parameters (Figure 2).
To obtain an obvious collapse for the comparison, the drying condition in this study is
slightly severe. The relative humidity was maintained at 65% in the whole drying process,
while the temperature increased from room temperature to 70 ◦C (68 h later), and then
maintained constant until end of drying. The samples were periodically taken out from
the chamber to measure their dimensions and weight; as a result, the MC and shrinkage at
this moment can be calculated according to the obtained data. When the MC of samples
decreased to approximately 50, 30, and 12%, three samples were taken out from each group
for MC distribution and difference measurement.
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Figure 2. Drying curves of the samples and the temperature and humidity in the chamber against
drying time.
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2.3.2. Moisture Content Determination

The moisture content of samples was calculated using Equation (1) according to the
National Standard of GB/T1931-2009:

MC = 100 × (Mi − Mo)/Mo (1)

where Mi is the initial mass of samples (g) and Mo is the mass of oven-dried samples (g).

2.3.3. Moisture Content Distribution and Difference

Three samples were taken out from each group as their MC decreased to approximately
50%. After measuring the mass and dimensions, thin slices were sawn from the samples for
measuring the MC distribution and difference (Figure 1). For 30 mm samples, one 10 mm
slice was sawn in middle locations; for 100 mm samples, two 10 mm slices were sawn in
the middle and end locations, respectively; for 200 mm samples, three 10 mm slices were
sawn in the middle, one quarter, and end locations, respectively. After that, a slice was
marked and numbered as shown in Figure 1; then, it was dissected into 25 small blocks.
The MC of each block was calculated using equation 1 based on the oven-dry method.
Consequently, the MC distribution and difference in the tangent and radial directions can
be obtained by the MC of each block. For example, T1 demonstrates the first tangential
layer, the MC of which is the average MC of the blocks numbered as 1, 6, 11, 16, and 21. The
same measurements were also conducted when MC of the samples reached approximately
30% and 12%.

2.3.4. Shrinkage

The tangential and radial dimensions of samples were measured during drying, and
they were used for transversal area calculation. The transversal shrinkage (S) of samples
was calculated using Equation (2):

S = 100 × (Ai − Af )/Ai (2)

where Ai (mm2) and Af (mm2) are the initial and final transversal areas of the samples
corresponding to MCi and MCf, respectively.

2.3.5. Statistical Analysis

A multiple comparison was first applied to an analysis of variance (ANOVA) using
SPSS to assess the effect of sample length on water transfer and shrinkage of wood, and
significant differences between mean values of samples were determined using Duncan’s
multiple range tests (p < 0.05).

3. Results and Discussion
3.1. Drying Rate

The curves of moisture content, drying temperature, and humidity during the drying
process are presented in Figure 2. The relevant data of initial and final MC, drying time, and
drying rate above and below the FSP are summarized in Table 1. The moisture of Eucalyptus
urophylla wood decreased fast when their MC was above the FSP (approximately 30%),
especially for the shortest samples (30 mm); however, moisture content decreased slowly
as the average MC of wood approached the FSP, and in particular, the decrease of 200 mm
samples became more and more slow with the decrease of the average MC (Figure 2). A
similar result was also obtained by a previous study [39]. It can also be clearly seen that
the average drying rates of all samples above the FSP were significantly higher than that
below the FSP (Table 2). The drying rate was significantly affected by sample length when
the MC was above the FSP and presented an exponential decrease with the increase of
sample length (Figure 3). However, below the FSP, the drying rate of the 30 and 100 mm
samples were almost the same, and there was no noticeable relationship between drying
rate and sample length. Free water is removed mostly by the capillary force from wood
internal to the surfaces; however, bound water in wood is discharged by diffusion. The
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different dewatering mechanism results in fast and slow water removal above and below
the FSP, respectively [29,39,40]. Below the FSP, sample size significantly resists bound water
diffusion, leading to a much lower drying rate.

Table 1. Initial and final moisture content (MC), drying time, and drying rate of all samples.

Sample Length (mm) Initial MC (%) Final MC (%)
Drying Time (h) Drying Rate (%.h−1)

>FSP <FSP Total >FSP <FSP Total

30 102.1 15.8 25 23 48 2.85 0.62 1.80
100 98.1 12.5 48 28 76 1.42 0.63 1.13
200 99.7 17.1 73 107 180 0.95 0.12 0.46

Table 2. Moisture content difference between middle and surface layers along tangential and radial
direction when the average MC of the samples was at 50, 30, and 12%.

SL (mm) 100 200

Location Middle End Middle End

Average MC (%) 50 30 12 50 30 12 50 30 12 50 30 12

Tangential 28.9Aa 16.6Bb 9.8Dd 18.6Gg 4.0Hh 1.9Ii 31.4Aa 32.1Bc 1.2Ef 21.7Gg 4.9Hh 0.0Ii
Radial 27.8Aa 17.6Bb 10.4Dd 15.5Gg 4.3Hh 2.1Ii 21.8Aa 30.6Bc 1.6Ef 14.9Gg 5.6Hh 0.8Ii

SL: sample length. Means followed by the same capital letter do not differ significantly between the tangential and
radial directions (p < 0.05) according to Duncan’s multiple range tests at the same average MC. Means followed
by the same lowercase letter do not differ significantly in same direction between 100 and 200 mm at the same
average MC (p < 0.05) according to Duncan’s multiple range tests.
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Figure 3. Drying rate against sample length above FSP.

3.2. Wood Moisture Distribution and MC Difference
3.2.1. Moisture Distribution and Difference along Tangential and Radial Directions

The MC distributions in the middle and end location of the 100 and 200 mm samples
along the tangential and radial directions are shown in Figure 4a–d. The MC distributions
presented a similar tendency in the middle and end locations along the tangential and
radial directions, namely, the MC was more non-uniform when wood has a high MC and
became even as MC decreased. Figure 4 demonstrates that the MC in the central layer was
the highest, followed by the sub-central layers and then the surface layers.
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Figure 4. Moisture content distribution along the tangential direction: (a) middle location; (b) end
location and radial direction; (c) middle location; (d) end location. Closed and open symbols refer to
100 and 200 mm samples, respectively.

The MC difference between the surface layers and sub-central layers along both
tangential and radial directions were greater than that between the sub-central layers and
central layer. In the middle location, the MC differences along the tangential and radial
directions were obvious when the average MC was 50 and 30%, but in the end location, the
MC difference were apparent only at an average MC of 50%.

Table 2 summarizes the MC differences between the central and surface layers along
the tangential and radial directions in the middle and end locations at three average MC
stages. In the end locations, there were no significant differences of MC difference between
the tangential and radial directions for the same length or different length samples at all
MC stages (p < 0.05). This can also be observed in the middle location for all samples when
the average MC was at 50%.

However, there were significant differences of MC difference along the tangential and
radial directions in the middle locations between the 100 and 200 mm samples when the
average MC was at 30 and 12% (p < 0.05). These indicate that the MC distributions and MC
difference along the tangential and radial directions in the middle location of samples are
significantly affected by sample length when their average MC are close to or lower than
the FSP. The ANOVA results also indicated that the locations in wood have a significant
influence on MC distribution, but the effect of dimension depends on the final MC of the
wood. This is probably due to the unique microstructure and chemical composition of the
fast-growing Eucalyptus urophylla × E. grandis trees.
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3.2.2. Moisture Content Distribution and MC Difference along Longitudinal Direction

Figure 5 illustrates the MC distribution and MC difference of the 100 and 200 mm
samples along the wood longitudinal direction. The MC in the end locations was lower
than that in the sub-middle and middle locations not only in the central (Figure 5b) and the
sub-central (Figure 5c) layers, but also in the surface layers (Figure 5d). For the 200 mm
sample, the MC in the middle and sub-middle locations were almost the same when the
average MC was at 50 and 12%, but the MC in the sub-middle location was obviously
smaller than that in the middle when the average MC was at 30%, presenting an apparent
decreasing whereby the highest was in the middle, followed by the sub-middle, and the
lowest was in the end. This trend was obvious in the central layer (Figure 5b), sub-central
layer (Figure 5c), and surface layer (Figure 5d).
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Figure 5. Moisture content distribution along the longitudinal direction: (a) average of the central,
sub-central and surface, (b) central, (c) sub-central, (d) surface. The horizontal axis (dimensionless
length) indicates the relative distance of the end, sub-middle, and middle locations to the half of
200 mm samples. Closed and open symbols refer to 100 and 200 mm samples, respectively.

Table 3 shows the MC difference between the middle and end location of the 100 mm
samples and sub-middle and end location of the 200 mm samples along the longitudinal di-
rection at three average MC stages. When the average MC was at 50 and 30%, for the same
length samples, there were no significant differences in MC difference between the central
and sub-central layers, but a significant MC difference was observed in the surface layer
(p < 0.05). When the average MC was at 12%, for the 100 mm samples, a significant MC
difference was observed in the central layer compared with the sub-central and surface lay-
ers, but for the 200 mm samples, the MC difference in the surface layer showed significant
differences compared with the central and sub-central layers (p < 0.05). For different length
samples, when the average MC was at 50 and 12%, there were significant differences in MC
difference in the central, sub-central, and surface layers (p < 0.05), but when the average
MC was at 30%, no significant differences in MC difference were observed in the central
and sub-central layer, while the surface layer showed significant differences (p < 0.05). All
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these indicate that MC distributions and MC difference along the longitudinal direction of
wood are significantly affected by sample length when the wood has a higher or lower MC.

Table 3. Moisture difference along the longitudinal direction in central, middle, and surface layers
when average MC of the samples was at 50, 30, and 12%.

Sample Length (mm) 100 200

Dimensionless Length 0.5–0.15 0.5–0.15

MC (%) 50 30 12 50 30 12

Central layer 20.2Aa 19.8Aa 10.3Aa 12.3Ab 22.1Aa 1.5Ab
Sub-central layer 21.8Aa 18.1Aa 3.5Ba 12.5Ab 18.2Aa 1.1Ab

Surface layer 9.9Ba 7.2Ba 2.4Ba 4.3Bb 4.8Bb 0.6Bb
Means followed by the same capital letter do not differ significantly between central, middle, and surface layers
at the same MC (p < 0.05) according to Duncan’s multiple range tests. Means followed by the same lowercase
letter do not differ significantly in same location between 100 and 200 mm at the same MC (p < 0.05) according to
Duncan’s multiple range tests.

3.3. Moisture Transfer

Figure 6 shows the relationship between the drying rate and the ratio of end areas
to the total surface areas of three sets of samples. The drying rate significantly increased
linearly with the ratio of end areas to total area of samples when the MC was above the FSP
(Figure 6a, R2 = 0.9997). When the MC was above the FSP, although the side areas of the
200 and 100 mm samples are 6.7 and 3.3 times that of the 30 mm samples, their drying rates
are 33% and 50% of the 30 mm samples, respectively. These results are in agreement with a
previous report [40], which indicates that free water is removed mostly from both ends of
wood along the fiber direction. The 30 mm samples have a shorter transfer distance in the
fiber direction, leading to a much faster removal of free water.
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Figure 6. Drying rate against ratio of side areas to total of samples (a) above the FSP, (b) below the FSP.

However, there were no apparent linear relationships between the drying rate and the
ratio of end areas to the total area of samples when the MC was below the FSP (Figure 6b,
R2 = 0.4427). The drying rates were almost the same for the 30 and 100 mm samples with
significantly different side areas, indicating that most bound water diffuses also from the
end of the wood along the longitudinal direction. However, for the 200 mm samples, due
to the longest transfer distance from the wood central to the ends, their drying rates were
much lower than that of the 30 and 100 mm samples. This further demonstrates that bound
water in the 200 mm samples also diffuses mostly from the wood central to both ends along
the longitudinal direction, coinciding with previous results [36]. Additionally, it can be
seen that sample length has a significant influence on bound water migration as it is longer
than 200 mm in this study.
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3.4. Wood Shrinkage and Collapse

The transversal shrinkage curves of the samples during the drying are shown in
Figure 7. Generally, normal shrinkage occurs at an MC below the FSP [41]. However,
all samples shrink both in the tangential and radial direction above the FSP. A previous
study also observed a similar phenomenon of shrinkage [42]. This shrinkage above the FSP,
known as collapses, are caused by capillary tension resulting from free water migration in
the wood cell lumen [43]. As the MC of the samples decreased to the FSP, wood shrinkage
became more apparent and increased significantly with MC decrease. The shrinkage in
this stage is termed as normal shrinkage and is linearly increased with decreasing of the
MC of wood. From Figure 7, it can be seen that three sets of samples all collapsed from the
beginning of drying and increased slightly with MC decrease. The transversal collapses
of the 30 and 100 mm samples were almost same; however, those of the 200 mm samples
are slightly greater. The ANOVA results indicated that sample length has a significant
influence on both tangential and radial shrinkage, suggesting that sample length affects
wood collapse. Although moisture transfer is mainly in the longitudinal direction for all
three sample lengths, and the moisture content decreases exponentially with an increase in
sample length, the collapse of the samples with these three lengths was not so noticeable.
These findings indicate that the drying rate of free water has less effect on collapse for
samples with a length below 200 mm. When the MC is lower than the FSP, the collapse of
the 30 and 100 mm samples had a small change, but the collapse of the 200 mm samples
increased to a peak after the MC reached the FSP and subsequently deceased with MC
reducing due to the recovery of cell walls [41]. The differences of final shrinkage of three
sets of samples were not great in this study. These results indicate that the collapse recovery
of wood is also significantly affected by sample length.
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4. Conclusions

The transfer and distribution of water in Eucalyptus urophylla wood along the tangential,
radial, and longitudinal directions during conventional kiln drying were investigated using
samples with three lengths. Meanwhile, the deformation of different samples was observed
during drying. The results revealed that the drying rate decreased exponentially with
sample lengths above the fiber saturated point (FSP), while no apparent relationship
between drying rate and sample length was observed below the FSP; moisture distribution
along wood in the three directions were more non-uniform above the FSP than that below
the FSP, which was more apparent inside the samples; and the greatest moisture content
(MC) gradient occurred between the surface and sub-central layers along the tangential
and radial directions, which was between the end and sub-middle locations along the
longitudinal direction. Although samples are less than 200 mm, the effect of sample length
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on the moisture distribution and MC difference were dependent on the locations and
moisture stage of wood; most of the free water and bound water transferred from the wood
central to the ends along the longitudinal directions for all samples. Bound water flow
was significantly small as the wood length exceeded 200 mm. Furthermore, sample length
affects wood collapse and its recovery, but the drying rate has a lesser effect on collapse
for samples with a length below 200 mm. The obtained outcomes will provide scientific
support to prepare effective drying schedules and investigate the underlying mechanism
of wood collapse during water removal.
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