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Abstract: High quality lumbers produced from Eucalyptus plantations can be used to make higher
value-added solid wood products. Moisture flow affects shrinkage, deformation, and quality of
Eucalyptus wood during conventional drying. In this study, 50 and 100 mm long samples were
dried using a conventional drying method. The drying curves, drying rate, moisture content (MC)
gradient and distribution, moisture flow, and shrinkage during the drying process were investigated.
The results show: Drying was much faster in the first 15 h for all samples and became slow as MC
decreased. The drying rate above fiber saturated point (FSP) was about 3.5 times of that below FSP
for all samples. The drying rate of 50 mm samples above and below FSP is 1.40 and 1.33 times of
100 mm samples; MC gradients are greater in tangential, radial directions, and cross-sections for
both samples when the MC is above FSP, especially at an average MC of 50%. MC gradient along
the tangential and radial direction depends on the samples size and MC stages. The short samples
have much greater MC gradients than the longer samples above FSP. Moisture distributions on the
cross-sections of wood coincide with the moisture gradient in the cross-sections. At an average MC
of 50%, the moisture distributions of 50 mm are highly uneven, while they are relatively even in
the middle of 100 mm samples, and become much more even at the end of the sample. Moisture
distributions become even as MC decreases in all of the samples. Water migration directions vary by
state of water. In the short samples, most free water migrates more in the fiber direction from the
wood center toward the end surfaces, but bound water diffusion becomes weak. The collapse in the
50 mm samples is significantly larger than that in the 100 mm samples, indicating that the collapse is
affected by the dimension of the sample.

Keywords: Eucalyptus; moisture content; moisture distribution; moisture flow; shrinkage

1. Introduction

Tree species of the Eucalyptus genus are widely planted on different continents, due
mainly to their fast growth and strong adaptability [1–3]. As the predominant type of
industrial fast-wood plantations, Eucalyptus trees are also planted widely in south China.
Until 2015, the Eucalyptus plantations occupied an approximate area of 4.5 × 106 hm2 [4],
which was in response to the economic, social and ecological needs of the country [5].

Most Eucalyptus species are generally used to produce low-value products, such as
wood-based panels, pulp, laminate and energy products [6]. They are rarely processed
into sawn timbers used for higher value-added solid wood products due to the technical
processing difficulties associated with high growing tensions, non-ideal fiber orientation,
poor dimensional stability, excessive shrinkage, severe collapse and surface checking [7–10].
However, certain Eucalyptus woods have relatively good mechanical strength, few knots,
and beautiful wood textures, which have great potential application in high-quality solid
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wood products, such as furniture, floorings, doors, windows, decorative lines, and other
fields [11–14]. Recently, there has been high interest in increasing the amount of Eucalyptus
woods as a source of the higher value-added lumbers in Chile, Brazil and China [15–17].

The performance of wood products is strongly related to the moisture content, which
affects physical, mechanical and chemical properties and the color of wood [18–21], as well
as the processing and use of wood [22–25]. Thus, wood, especially plantations wood need
further treatments to improve wood quality and additional functions [26–29]. Wood drying
can decrease the water in wood to a reasonable level in order to obtain excellent properties,
which is paramount for the subsequent processing and service life improvement of wood
products [30].

Wood drying shows variations in water migration and its physical state [31]. Water
migration is a complex process and involves liquid water and gaseous water movement,
depending on the moisture level in wood. Water in wood is divided into free water, or
capillary water representing the liquid and gaseous phase above the fiber saturated point
(FSP), and bound water representing the gaseous and bound water in the cell wall of the
wood, below the FSP [32]. The migration mechanisms of free water and bound water are
different. Free water migration is caused by capillary forces, whereas bound water’s migra-
tion in the gaseous phase through the cell wall results from diffusion owing to the moisture
gradient [33]. Water diffusion in wood is affected by micro-structure, moisture content
(MC) and diffusion directions [34–36]. Water migration also depends on the principles of
water movement. The water migration in the longitudinal direction is higher than that in
the radial direction, and the slowest migration is in the tangential direction [37,38]. In hard-
woods, the vessels, rays and pits influence the drying characteristics [39,40]. Meanwhile,
water migration is also affected by the temperature, relative humidity, the flow of wind,
time and wood species [41,42].

There were a lot of studies on the relationship between moisture content and wood’s
chemical, physical and mechanical properties [43–46]. There are some studies [6] on
the flow of free water and bound water in Eucalyptus wood in different directions and
regions during conventional drying. The results provide help in the drying optimization
of Eucalyptus. In this study, Eucalyptus urophylla × E. grandis samples were dried, and the
characteristics of moisture distribution, flow of water and shrinkage during conventional
drying were investigated and compared to provide technical support for the optimization of
conventional drying and parameters to indicate to industries the uses of Eucalyptus wood.

2. Materials and Methods
2.1. Materials

Six eight-year-old fast-growing Eucalyptus urophylla × E. grandis trees were collected
from Guangxi Provence, China. The trees were felled and produced into 1000 mm (L) logs
and then sealed using plastic films. After that, they were delivered to the lab of Nanjing
Forestry University. The logs were processed into boards of 30 (R) × 30 (T) × 1000 (L) mm3;
after that, they were sawn into two types of end-matched and defect-free samples (nine
pieces) with a length of 50 and 100 mm separately, according to the sketch map in Figure 1.
The initial MCs were 90% and 98%, respectively.

2.2. Equipment and Devices

The drying equipment is an environmental test chamber (DF-408, Nanjing FuDe In-
strument Co., Ltd., Nanjing, China) and an electric heat drum wind drying oven (DHG-905,
386-III, Shanghai Cimo Medical Instrument Co., Ltd., Shanghai, China). Other devices
are an electronic balance, 0.001 g (Sincere Dedication of Science and Technology Inno-
vation Company, Shanghai, China) and a vernier caliper (CD-20CPX, Mitutoyo, Japan,
0–200 mm/0.01 mm).



Materials 2022, 15, 3386 3 of 12Materials 2022, 15, x FOR PEER REVIEW 3 of 12 
 

 

 
Figure 1. Schematic of the process used to prepare samples. 

2.2. Equipment and Devices 
The drying equipment is an environmental test chamber (DF-408, Nanjing FuDe In-

strument Co., Ltd., Nanjing, China) and an electric heat drum wind drying oven (DHG-
905,386-III, Shanghai Cimo Medical Instrument Co., Ltd., Shanghai, China). Other devices 
are an electronic balance, 0.001 g (Sincere Dedication of Science and Technology Innova-
tion Company, Shanghai, China) and a vernier caliper (CD-20CPX, Mitutoyo, Japan, 0–
200 mm/0.01 mm). 

2.3. Wood Drying 
The thin woodblocks of A, B, C and D in Figure 1 were sawn from two ends of 1000 

mm boards used to estimate the initial MC of test samples. The MCs were obtained by the 
oven-dry method which were assumed to be the initial MC of all corresponding samples. 
According to the initial MCs and weights of samples, the absolute dry weight was ob-
tained. Therefore, the MC of samples during drying was estimated after the samples’ 
weight was measured. The 50 and 100 mm samples were dried in the environmental test 
chamber according to the schedule in Table 1. The relative humidity (RH) was constant, 
while the temperature increased gradually from an ambient temperature of 22 °C to 70 °C 
with drying time. The samples were taken out from the drying chamber at regular inter-
vals for mass and dimensions’ measurement, and the MCs and shrinkage were calculated. 
As the MCs of the samples decreased to around 50%, three 50 and 100 mm samples were 
taken out for mass and dimensions’ measurement, respectively. After measuring, one 8-
mm thin wood block was sawn from the middle of each 50 mm sample and two 8-mm 

Figure 1. Schematic of the process used to prepare samples.

2.3. Wood Drying

The thin woodblocks of A, B, C and D in Figure 1 were sawn from two ends of 1000 mm
boards used to estimate the initial MC of test samples. The MCs were obtained by the
oven-dry method which were assumed to be the initial MC of all corresponding samples.
According to the initial MCs and weights of samples, the absolute dry weight was obtained.
Therefore, the MC of samples during drying was estimated after the samples’ weight was
measured. The 50 and 100 mm samples were dried in the environmental test chamber
according to the schedule in Table 1. The relative humidity (RH) was constant, while the
temperature increased gradually from an ambient temperature of 22 ◦C to 70 ◦C with
drying time. The samples were taken out from the drying chamber at regular intervals for
mass and dimensions’ measurement, and the MCs and shrinkage were calculated. As the
MCs of the samples decreased to around 50%, three 50 and 100 mm samples were taken
out for mass and dimensions’ measurement, respectively. After measuring, one 8-mm
thin wood block was sawn from the middle of each 50 mm sample and two 8-mm thin
wood blocks were sawn from one end and the middle of each 100 mm sample, respectively
(Figure 1). After that, they were marked and split into 25 small blocks. After weight
measuring, they were dried at 103 ◦C. The MCs of 25 blocks were determined and were
used to present the MCs distributions in the samples at an average MC of 50%. The same
procedures were conducted as the MCs of the samples decreased to about 30 and 12% MC
to investigate the MCs distribution and shrinkage in wood.
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Table 1. Drying schedule of the conventional drying.

Time (h) 0 0.3 25 35 48 60 72 >72

Temperature (◦C) 22 45 50 55 60 65 70 70
Relative humidity (%) 40 65 65 65 65 65 65 65

2.4. Moisture Content Determination

The moisture content of wood in this study was calculated using Equation (1) accord-
ing to the National Standard of GB/T1931-2009 [47]:

MC = (Mi − Mo)/Mo × 100% (1)

where Mi (g) is the initial mass of specimens, Mo (g) is the mass of oven-dried specimens.

2.5. Drying Rate

The drying rate of the 50 mm and 100 mm samples was calculated using Equation (2),
to compare the effect of size on the drying rate:

R = (MCi − MCf)/t × 100% (2)

where MCi (%) and MCf (%) are the initial and final MC of the samples, respectively, t is
the time as the MC of the sample decreased from MCi to MCf.

2.6. Moisture Contetnt Distribution

As shown in Figure 1, a total of 25 small blocks were prepared, and the MC was mea-
sured when the average MC of the samples decreased to about 50, 30 and 12%, respectively.
The MCs’ distribution measurement in tangential, radial and cross-section is also shown
in Figure 1. For example, T1 indicates the first tangential layer MC of the sample, which
is the average MC of one, two, three, four and five wood blocks. T2, T3, T4 and T5 are
the second, third, fourth and fifth tangential layer of MC of the sample, respectively. The
same measurements are conducted for the MC distribution in the radial direction and
cross-section of the samples. The MC distributions along the tangential and radial direction,
and the cross-section of the wood corresponding to the three average MCs, were studied
and compared.

2.7. Shrinkage

Wood normally shrinks as the MC decreases from the FSP, but for wood prone to
collapse, it shrinks even when the MC is above the FSP [48]. In this study, the tangential
and radial shrinkage of wood during drying is calculated using Equation (3), and the
transversal shrinkage is obtained using Equation (4):

St,r = 100 × (Li − Lf)/Li (3)

Sc = 100 × (Ai − Af)/Ai (4)

where Li and Lf are the initial and final dimensions in tangential or radial directions of the
samples as the MC decreased from MCi to MCf, respectively. Ai and Af are the initial and
final areas in cross-sections of the samples corresponding to MCi and MCf, respectively.

3. Results and Discussion
3.1. Moisture Curves and Drying Rate

The MC and drying rate curves of the 50 and 100 mm samples are presented in
Figure 2, and the relevant data are summarized in Table 2. Although the temperature at
the beginning is low, at 45 ◦C, the drying rate is higher for both of the 50 and 100 mm
samples. Sharp declines are observed from the MC curves at 10 h and 15 h for 50 and
100 mm samples, respectively. Compared with the 100 mm samples, the drying of the
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50 mm samples was faster in this period. After 25 h drying, the temperature increased
gradually to 50 ◦C. However, the drying rates are lower than at the beginning. It took about
30 h and 48 h for the 50 and 100 mm samples, respectively, as the MC decreased to the
FSP. The drying rate above the FSP is about 3.5 times of that below the FSP. The drying
rate presents a similar tendency to that in a previous study [6], but it is much smaller. It
can be clearly seen that drying is much faster as the MC is above the FSP for both samples.
Meanwhile, the drying rates of the 50 mm samples above and below the FSP are 1.40 and
1.33 times that of the 100 mm samples, indicating that the drying rate changes with the
sample size.
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Figure 2. MC and drying rate curves of 50 and 100 mm samples during drying.

Table 2. Moisture content, drying time, drying rate of samples during drying.

Samples
Type

Initial
MC

Final
MC

Drying Time (h) Drying Rate (% h−1)

>FSP <FSP Total >FSP <FSP Total

50 mm 89.3 11.5 29.5 32.2 61.7 −2.01 −0.57 −1.26
100 mm 98.7 15.5 47.5 34.0 81.5 −1.44 −0.43 −1.02

3.2. Moisture Content Gradients
3.2.1. Moisture Content Gradient along Tangential and Radial Direction

The MC distribution of the 50 and 100 mm samples in the tangential and radial
direction at 50, 30 and 12% MC are shown in Figure 3a,b, respectively. The biggest moisture
gradients in tangential and radial direction at the average MC of 50% are 39.1% and
32.7% for the 50 mm samples, and 23.0% and 26.7% for the 100 mm samples, respectively.
They became 15.4% and 16.5% and 9.1% and 13.0% as the average MC decreased to 30%,
respectively, and almost cannot be found as the MC decreased to 12%. These indicate
that the moisture gradients are greater above the FSP, especially at an average MC of 50%
for both samples. The short samples have a much greater moisture gradient than the
longer samples because free water in the surface layer of the wood migrates much faster in
short samples. Meanwhile, for the 50 mm samples, the moisture gradient in the tangential
direction is greater than that in the radial direction at 50% MC. However, they became
almost no different as the MC decreased to 30%. However, for the 100 mm samples, the
moisture gradients in the tangential are all smaller than those in the radial direction at both
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MCs of 50 and 30%. These suggest that more free water migrates in the tangential direction
in short samples, but for the 100 mm samples, the migration of the free water becomes
stronger in the radial direction. These indicate that the MC gradient along the tangential
and radial directions depends on the sample sizes and MC stages.
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3.2.2. Moisture Content Gradient in the Cross Section of Wood

The MC gradients between surface and core layers in the cross-sections of wood are
indicated in Figure 4. The MC gradients between surface and core layers were 30.5% and
31.9% for the 50 and 100 mm samples at an average MC of 50%, respectively, and they
became 16.8% and 13.1% at an average MC of 30%, and 0.6% and 3.8% at an average MC
of 12%, respectively. These indicate that the MC gradients between the surface and core
layers were greater at an average MC of around 50% and became less significant as the
average MC decreased for both the 50 and 100 mm samples, showing a similar tendency
compared to the tangential and radial directions. At an average MC of 50%, the error bars
in the core layers are significantly greater than in the surface layers, indicating the MC
differences in the core layers are greater. However, they become smaller in the surface
layers showing an even MC. The error bar of the core layers of the 50 mm samples is
slightly more extensive than that of the 100 mm samples, indicating a slightly greater MC
difference in the core layer of the 50 mm samples. However, for the surface layers, the
opposite phenomenon is observed. When the average MC decreased to 30%, the errors
in the core and surface layer of the 50 mm samples were almost the same, indicating that
the MC is even in the corresponding zones, despite the significant MC gradient between
the surface and core layers. However, for the 100 mm samples, the MC differences in the
core layers are still greater than that of the 50 mm samples, showing an uneven MC in the
core zones. At the final MC stage, the error bars of the surface and core layers for both the
50 and 100 mm samples are almost the same, showing the MC becomes more even in the
corresponding zones.
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3.3. Moisture Distribution in the Cross Sections of Wood

The MC distribution of every sample and the average data at an average MC of about
50, 30 and 12% are presented in Figure 5 using contour plots. From Figure 5a–c, it can be
seen that, although the MC distributions of every sample are not the same as three average
MCs, they present as very similar. Therefore, the contour plots of Figure 5d can show the
feature of MC distributions of the 50 and 100 mm samples at three average MCs. At an
average MC of about 50%, the moisture distributions of the 50 mm samples are hugely
uneven, showing a deep red color in the core zones and a green color in the surface zones.
Compared with the 50 mm samples, the MC distribution in the middle of the 100 mm
samples becomes relatively even and much more even at the end of the sample. When
the average MC decreases to 30%, the MC distribution in the 50 mm and in the middle
of the 100 mm samples presents as very similar, and become much more even than at the
average MC of 50%. Meanwhile, the MC distribution at the end of the 100 mm samples also
becomes more even as the MC decreases. When the average MC of the samples decreases to
12%, MC distribution in the 50 mm and the end of 100 mm samples is more even compared
with that in the middle of the 100 mm samples, which show a little higher MC in the center
of the cross-sections. The MC distribution in the cross-sections indicates a similar tendency
to the MC gradient in the cross-sections.

3.4. Moisture Flow

Table 3 shows the end and side surface areas, drying rate and the ratios of the total
surface areas and drying rates of the 50 to 100 mm samples. The entire surface area of the
50 mm samples is only 57% of 100 mm; however, the total drying rate of the 50 mm samples
is 1.24 times of the 100 mm samples. This indicates that, for short samples, most water
migrates in the fiber directions from the wood center toward the end surfaces. However,
the water migration directions vary by the state of the water. When the MCs are above
and below FSP, the ratios of the drying rate of 50 to 100 mm samples are 1.40 and 1.32,
respectively. This indicates that, for the 50 mm samples, free water migrates more in the
fiber direction above the FSP, but bound water diffusion becomes weak in the fiber direction
below FSP. Bound water diffusion in the central parts of the 100 mm samples becomes
difficult toward the end surfaces due to the longer transfer path, thus a certain amount of
bound water diffuses towards wood side surfaces in the shorter path as the MC is below
the FSP.
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Figure 5. Moisture content distributions in the cross-sections at average MC of 50, 30 and 12%.
(a) middle sections of each 50 mm sample; (b,c) end and middle sections of each 100 mm samples,
respectively; (d) average data of three sections of 50 mm samples (d left), middle of 100 mm samples
(d middle) and end of 100 mm samples (d right), respectively.

Table 3. Surface areas and drying rate of samples.

Sample Type
Surface Area (cm2) Ratio of Surface Area Ratio of Drying Rate

End Side Total Total >FSP <FSP Total

50 mm 1800 6000 7800
0.57 1.40 1.32 1.24100 mm 1800 12,000 13,800

3.5. Shrinkage

The tangential, radial and transversal shrinkage of samples during drying are pre-
sented in Figure 6. Generally, shrinkages occur in the MC below the saturation of the
fiber [49]. However, all samples in our experiments shrank as the MC was above the FSP
and increased as the MC decreased. A similar collapse was also observed in a previous
study [50]. These shrinkages are termed as collapses resulting from the capillary tension
force-induced via free water migration in the lumens of wood cells. As the capillary tension
force exceeds the tensile strength limit of the wood’s cell wall, the cell walls deform, and
collapse occurs [51,52]. For the collapse of the 100 mm samples, there are no apparent
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differences in the tangential and radial directions as the MC is above the FSP. The differ-
ences become evident when the MC is below the FSP, showing a significant collapse in
the tangential direction. However, for the 50 mm samples, the collapse in the tangential
direction is greater than when the MC decreases below 60%. The collapse occurred sig-
nificantly after that MC point and can be observed obviously from the tangential, radial
and area curves. The collapse of the 50 mm samples is significantly greater than that of
the 100 mm, indicating that the collapse is affected by the dimensions of the samples. For
the 50 mm samples, free water migration is much faster than in the 100 mm, resulting in
greater capillary tension force which produces more cell collapse.
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Figure 6. Tangential (T), radial (R) and transversal (S) shrinkage curves of samples during drying.

4. Conclusions

Eucalyptus urophylla × E. grandis wood was dried using the conventional drying
method. The characteristics of the moisture content distribution and the gradient in
tangential, radial, and cross-section, moisture flow, and shrinkage were measured and
compared during the drying process. The results are summarized: Drying of all samples
was much faster in the first 15 h and became slow as the MC decreased, especially when
below the fiber saturated point (FSP). The drying rate above the FSP is about 3.5 times
of that below the FSP for all samples. The drying rate of the 50 mm samples above and
below FSP was 1.40 and 1.33 times of the 100 mm samples; MC gradients are greater in
tangential, radial directions and cross sections for both samples when the MC is above the
FSP, especially at an average MC of 50%. The MC gradient along the tangential and radial
direction is influenced by the samples’ size and MC stages. The MC gradients in short
samples are much greater than in the longer samples above the FSP; moisture distributions
in cross-sections present a similar tendency to the moisture gradients in the cross-sections.
At an average MC of 50%, the moisture distributions of the 50 mm samples are hugely
uneven, whereas they are relatively even in the middle of the 100 mm samples and become
much more even at the end. Moisture distributions become even with MC decreases for
all samples; water migration directions vary by the state of the water. For short samples,
free water migrates more in the fiber direction from the wood center toward end surfaces,
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but bound water diffusion becomes weak in the fiber direction. The collapse of the 50 mm
samples is significantly greater than that of 100 mm, indicating the dimension of the sample
affects the collapse of wood.
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