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The drying process of large-cross-section timber is a critical challenge in
the timber industry, as it is prone to moisture gradients and drying defects,
such as surface checks and cracks, which negatively affect the wood's
quality and structural integrity. Therefore, effective methods to control
moisture movement during drying are essential for improving timber
utilization and preserving its sustainability. This study investigated the
effect of surface moisturization and internal moisture control in minimizing
drying defects in large-cross-section Korean Red Pine (Pinus densiflora).
The experimental setup involved applying cross-sectional sealing and
steaming pre-treatment to regulate internal moisture transfer, with real-
time monitoring of weight changes and moisture content at various
positions within the timber using load cells and hygrometers. The results
showed that lateral moisturization effectively mitigated drying defects by
reducing the rate of moisture loss from the ends. The total drying time was
835.4 hours (approximately 35 days), and surface moisturization proved
to be a critical factor in reducing surface checks and enhancing wood
quality. This approach provides a promising strategy for improving drying
efficiency and reducing defects, ultimately benefiting the timber industry
by promoting more sustainable wood drying practices.
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INTRODUCTION

Wood is essential in construction, furniture production, and various other
industries. Its hygroscopic nature allows it to absorb and release moisture from the
surrounding environment, making its quality highly dependent on the pre-treatment and
drying processes (Srisuchart et al. 2023; Kim et al. 2020). The preservation and
restoration of wooden cultural heritage sites, such as palaces and temples, often require
large-cross-sectional timber to serve for structural elements, such as columns and
beams (Han et al. 2019a,b; Lee 2020; Jung et al. 2022; Lee and Lee 2023). However,
uneven drying often results in a significant internal moisture gradient, leading to drying
stresses that cause structural defects such as cracks. Furthermore, it increases the
likelihood of over-drying or under-drying, both of which can negatively impact the
wood's structural integrity, durability, and sustainability for construction (Green et al.
1999; Skaar 1988; Redman et al. 2016; Kim et al. 2017).
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Drying stress is closely related to internal factors, such as wood components,
species, and moisture content, as well as external factors, such as drying temperature
and relative humidity (Keey et al. 2000). Cracks often develop in areas with significant
differences in shrinkage during drying, including the interfaces between heartwood and
sapwood or the transition zones between earlywood and latewood (Oltean et al. 2007).

Recent studies have emphasized the importance of understanding and controlling
internal moisture dynamics during drying (Penvern et al. 2020). Uwizeyimana et al.
(2020) demonstrated that variables such as temperature and humidity significantly
influence moisture content measurements and highlighted the ability of resistance
sensors to track moisture movement within wood accurately. Additionally, lateral
moisturization and moisture control techniques have been proven effective in uniformly
regulating moisture loss, thereby reducing the likelihood of defects during drying
(Elustondo et al., 2023). Botter-Kuisch et al. (2020) measured the changes in wood
weight during drying and placed temperature and humidity sensors at various depths
within the wood. Their findings emphasized that effectively managing moisture
gradients can control shrinkage and reduce internal stress. Furthermore, pretreatment
methods such as steam treatment have been shown to delay initial moisture loss,
promote balanced drying, and reduce the risk of defects (Yin and Liu 2021; Lee and
Lee 2023). Techniques such as cross-sectional coating have proven effective in
reducing surface checks, thereby preserving the structural integrity of timber (Fu ef al.
2023).

Pretreatment techniques, such as pre-steaming, have been demonstrated to
positively influence the drying characteristics of red pine timber (Lee and Lee 2023).
Pre-steaming delays initial moisture loss, promoting a more uniform drying process and
reducing the risk of defects associated with uneven internal moisture distribution(Li e?
al. 2019).

In the early stages of drying, drying stresses are generally minimal and do not
compromise the structural integrity of the wood. However, as the moisture content (MC)
decreased below the fiber saturation point, the drying stress increased progressively.
Once these stresses exceed the tensile strength of the wood in the tangential direction,
cracks and other drying defects may occur (Fu et al. 2016).

Moisture gradients within the timber are the primary cause of internal stress
during drying, often leading to structural defects such as checking (Park et al. 2020).
These stresses arise from differential drying rates between the outer and inner wood
layers. The faster drying of the outer layers induces shrinkage, whereas the inner layers
with a higher moisture content resist this shrinkage. This imbalance results in internal
stresses that can cause splitting and checking, particularly during the initial drying
stages when the MC falls below the fiber saturation point. Several factors typically
influence checking, including the moisture content disparity between heartwood and
sapwood, specimen thickness, and differences in tangential and radial shrinkage
(Larsen and Ormarsson 2014; Hill et al. 2013).

This study employed a silica-gel-based blanket cover as an innovative, reusable,
and sustainable solution for managing the lateral moisture content during the drying
process of large-cross-section timber. No prior studies have utilized this specific silica-
gel-based method for surface moisturization in timber drying. By optimizing internal
moisture transfer and effectively reducing drying-induced stresses, this method
significantly reduces the risk of cracks. Building on this approach, this study aimed to
establish a controlled drying process for large-cross-sectional Korean red pine (Pinus
densiflora) round timber. These techniques are designed to minimize moisture gradients,
enhance wood quality, and promote technological advancements in the timber industry.
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EXPERIMENTAL

Materials

The experiment utilized a single round of red pine timber with a diameter of
450 mm and length of 3800 mm. The specimens were prepared by removing 190 mm
from each end of the timber. The remaining portion was divided into two sections
measuring 1650 mm long. The average wood density of each specimen was 0.41 g/cm?.
The average initial moisture content of the red pine timber before cutting into specimens
was 94% (Fig. 1). Additionally, for the end-coating treatment, urethane waterproof
paint (New Waterthane, Samhwa, Republic of Korea) was used, and for surface
moisturization, a silica-gel-based blanket cover was created and applied.

Methods
Sample preparation

To analyze moisture content (MC) and wood density (WD) distributions, six
disk-shaped specimens (20 mm thick) were extracted from three specific locations
along the timber's length: both ends and the middle section (approximately 1900 mm
from one end). Three disks from each location were used for MC and WD
measurements. The preparation and sampling processes are illustrated in Fig. 1. The
disk specimens designated for the MC measurements were further subdivided into 77
small test pieces for a detailed analysis of the internal MC distribution. The oven-drying
method was used to ensure the accurate measurement of MC in these test pieces.
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Fig. 1. lllustration of the experimental procedures. EC: End coating, EC+LM: End Coating +
Lateral Moisturization, WD: Specimen for measuring wood basic density; MC: Specimen for
measuring moisture content

End Coating and Lateral Moisturization Pre-treatment
This study implemented two pre-treatment methods:
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1. End Coating (EC): The ends of the timber were coated with urethane waterproof
paint to minimize moisture loss along the grain direction (Fig. 2 (a)). During the drying
process, the lateral surface of the timber was exposed to outside air. (Batjargal et al.
2023).

2. End Coating with Lateral Moisturization (EC+LM): This treatment was based on
the EC method. Once the timber MC reached approximately 50%, the critical point at
which internal stresses began to develop, the lateral surface was wrapped with a silica-
gel-based blanket cover. The purpose of this blanket was to control and regulate the
moisture, preventing rapid drying and reducing internal stresses.

g

Fig. 2. Pretreatment for kiln drying: ends coated with urethane waterproof paint (a), applied
silica gel cover (b)

Pre-steaming Treatment and Kiln Drying Schedule

Precise drying conditions were implemented to achieve a uniform moisture
distribution across the timber cross-section. These conditions include careful
temperature control, relative humidity (RH), and air flow velocity. A minimum air
velocity of 2 m/s was maintained to prevent the formation of stagnant damp air zones
around the timber, ensuring consistent drying across the surface. This air velocity was
selected based on the capabilities of the kiln drying system used in the experiment,
which was designed to maintain a minimum airflow of 2 m/s.

Table 1. Kiln Drying Schedule for Large-Cross-Section Timber

S Time DBT. WDBT WBT. RH EMC Pre-
tep . e o . MC (%)
(hours) °C) diff. (°C) (°O) (%) (%) treatment
0 126.4 70 0.5 69.5 99 22.0 green Steaming
1 157.4 75 15 73.5 94 18.0 ~70 EC
2 93.1 80 2.0 78.0 92 16.3 70~55 EC
3 69.0 80 5.5 74.5 79 11.3 55~40 EC+LM
4 51.5 90 8.5 815 71 8.6 40~30 EC+LM
5 71.9 80 15 78.5 90 15.3 30~25 EC+LM
6 245.0 80 5.5 74.5 79 11.3 ~15 EC+LM

Note: DBT: Dry bulb temperature; WBT: Wet bulb temperature; WDBT diffusion, wet and dry
bulb temperature difference; EMC: Equilibrium moisture content; RH: Relative Humidity; EC:
End coating; EC + LM: End Coating with Lateral Moisturization; Includes 21-h cooling after
drying.

The pre-steaming process was conducted at 70 °C and 99% RH for 120 h.
Following the pre-steaming phase, the timber was subjected to a controlled drying
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schedule with a carefully managed temperature differential between the dry- and wet-
bulb readings. The detailed drying schedule is presented in Table 1. The drying process
was conducted using a kiln dryer (HB-503LF-0, Hanbeak, Republic of Korea) that
offered precise environmental control to optimize the drying conditions.

Moisture Content and Wood Density Measurements
The average MC of the timber was determined using its basic density and initial weight,
as outlined by Siau (1995). The average moisture content refers to the overall moisture
content calculated by averaging the moisture measurements taken at multiple points
along the timber. The wood density was calculated using Eq. (1), whereas the oven-dry
weight of the timber was derived using Eq. (2). Subsequently, moisture loss over time
was assessed using Eq. (3), which incorporates the oven-dry weight and measures the
weights recorded during drying. In this section, the specific moisture content was
obtained at different depths (20 mm, 80 mm) and positions (e.g., 50 mm, 412 mm, and
825 mm from the end) within the timber, which provides insight into the moisture
distribution and gradient across the specimen.

Weight measurements were conducted using a load cell (ZBCDS-500LH, CAS,
Korea) and an electronic balance (AD-310A, A&D Korea), with data collected at 10-
minute intervals. This continuous monitoring facilitated the real-time observation of the
average moisture loss and enabled the determination of the MC gradient across the
timber (Fig. 2 (b)).

W, is
Pdisk) = ﬁ 1)
Wod (timber) = V (timber) X P (disk) 2)
MC (timber) — Wg (timber)_Wod (timber) X 100% (3)

Woq (timber)

where: p gisk) 18 the wood density of the cross-sectional disk (kg/m®), Wyq4 (disk) 18
the oven-dry weight of the disk (kg), V gisk) 1s the volume of the disk specimen (m?),
Wod (timbery 18 the estimated oven-dry weight of the 1650 mm long timber
(kg), V (timber) 1 the volume of the 1650 mm long timber (m?), MC (timber) 18 the MC
of the 1650 mm long timber (%), and W (timper) 1s the actual weight of the 1650 mm
long timber (kg).

Measurement Method and Procedure for Timber Volume

The timber volume was calculated based on the circumference and cross-
sectional dimensions. Circumference measurements were obtained using diameter tape
at five equidistant locations along the timber length. In addition, the cross-sectional
width and length were measured at four locations per section. The average value of
these measurements was used to calculate the overall timber volume.

Real-Time Measurement of Moisture Content Using Embedded Sensors
To monitor the MC and internal conditions during drying, temperature and
humidity sensors were embedded within the timber at strategic locations (50 mm, 412
mm, and 825 mm from the end), as shown in Fig. 3 The sensor locations were chosen
based on the assumption that moisture removal during drying occurs symmetrically.
These specific measurements help track the moisture content at distinct locations,
providing detailed insights into moisture gradients within the timber. The temperature
and relative humidity at 10-minute intervals using a temperature and humidity logger
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(LogE8 THE, Elitech Technology, USA) allowing real-time monitoring of both average
and specific moisture content during the drying process.

@450 @450

Fig. 3. A schematic diagram showing the location of inserted temperature and humidity sensors
in the timbers and the pretreatment, (a) End Coating, (b) End Coating + Lateral Moisturization

The collected data were applied to the Hailwood-Horrobin model (Simpson,
1973) to calculate the equilibrium MC of the timber (Eq. 4). This real-time monitoring
approach allowed the precise control of the drying process, ensuring minimal defects
and enhanced product quality.

RH

EMC = A+B-RH-C-RH? (4)

= ors [kzie)

B = w. [Kl_l]
1.8 IK;+1

WK1 K,
T 180- (K;+1)

W = 0.2234+0.0007 - T-0.000019 - T?
K, = 4.734+0.048 - T-0.0005 - T?
K, = 0.706+0.0017 - T-0.000006 - T?

where EMC is the Equilibrium Moisture Content (%), and RH is the Relative Humidity
inside the wood (%). The parameters W, K1, and K> are coefficients developed by the
Hailwood-Horrobin adsorption model, and 7 is the temperature (°C).

Shrinkage and Surface Check Measurement Post-Drying

The shrinkage measurements were performed before and after drying. Using
circumference-measuring tape, measurements were taken at five predetermined
positions along the timber length (Fig. 3). The measurement of surface checks wider
than 1 mm was performed because, during the post-drying process, smaller checks (less
than 1 mm) are typically eliminated through processes such as planing. Therefore, only
surface checks larger than 1 mm were considered in this study.
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Final Moisture Content Distribution

After drying, the final MC distribution was analyzed by comparing the MC
values of the disc samples collected at positions corresponding to the embedded sensor
locations (50 mm, 412 mm, and 825 mm from the end). The oven-drying method was
used to determine the final MC, allowing a direct comparison with real-time sensor data.

This comprehensive methodology provides a detailed understanding of the MC
distribution, shrinkage behavior, and drying defects, which are critical for optimizing
the drying processes in large-cross-section timbers.

RESULTS AND DISCUSSION

Initial Moisture Content Distribution

Initial Moisture Content (IMC) measurements revealed significant variations
across the specimens, with the highest values observed in the outer layers (150%) and
the lowest values in the core (30%). These results are consistent with the typical
moisture distribution patterns in timber, where the outer layers generally retain more
moisture than the core (Fig.4).
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Fig. 4. IMC profile in wood disk taken at intervals of (a) 190 mm, (b) 1900 mm, (c) 3570 mm
from the log butt

Wood Density and Moisture Content by Longitudinal Position

The three disk-shaped specimens were volumized using the displacement
method and oven-dried to determine the dry weight for the wood density calculations.
The results of wood density (WD) and moisture content (MC) at different locations
along the length of the oversized logs are presented in Fig 5. The variation in wood
density was smaller than that of MC along the longitudinal direction. This observation
aligns with previous studies that reported similar trends in wood density variations
(Simpson 1991; Kollmann and C6té 1968). The IMC was calculated using two methods:
one based on the basic density of wood and the other based on the MC. The error
between the MC calculated from wood density and that calculated from the MC was
less than 10%, as reported by Batjargal et al. (2023).

The analysis of disks collected from different positions along the log length
(0.2, 1.9, and 3.6 m from the stump) revealed that the IMC increased progressively
towards the upper section of the log, while basic density exhibited the opposite trend
(Fig. 5). This pattern can be attributed to variations in wood formation along the tree’s
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length. The higher IMC in the upper portions is likely due to a greater proportion of
juvenile wood, which is characterized by large cell lumens and thinner cell walls. In
contrast, the lower sections contain a higher proportion of mature wood, which exhibits
greater density due to thicker cell walls and higher lignification. The less pronounced
variation in basic density compared to IMC suggests that additional factors, such as
growth rate and wood extraction, may influence density along the log.

| = Wood density wInitial MC |

wa
[ax]
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Fractional MC & Wood density({g/cm?)
Fig. 5. IMC and basic wood density of timber

Average Moisture Content Changes during Drying

The average MC of the wood during drying was calculated based on the
measured weight of the timber and the estimated oven dry weight. This was used to
construct a drying curve that incorporated the actual drying conditions (temperature and
humidity) and equilibrium moisture content (EMC), as illustrated in Fig. 6.

——RH (%) ----- EMC (%)
= Temp. ("C) —EC I
120 A EC+LM

RH(%), Temp. {°C), MC(%)

0 100 200 300 400 300 600 TOOD B0O
Time (hour)
Fig. 6. Average MC of the two specimens and air temperature and humidity during kiln drying

The drying process was controlled to minimize defects by balancing the rate of
moisture evaporation from the surface and movement from the interior of the wood. To
maintain this balance, lateral moisturization was applied to the End Coating with
Lateral Moisturization (EC + LM) test specimens after 300 h of drying. The drying
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process was completed after 800 hours, followed by a slow release of steam to gradually
cool the wood. According to a previous study by Batjargal ez al. (2023), in experiments
involving the same wood species and similar heat drying conditions, the total drying
time was 1200 hours. This difference in drying time could be attributed to variations in
experimental conditions, such as temperature, humidity, and the specific characteristics
of the wood.

Real-time Monitoring of MC changes in Timber during drying

The moisture content of the wood was indirectly estimated by calculating the
EMC, considering the variations in relative humidity and temperature. The real-time
monitoring results are shown in Fig. 7. The humidity was measured using a temperature
and humidity sensor embedded in the wood. A comparison with the moisture content
obtained from the Hailwood-Horrobin model revealed that the error between the
estimated and measured MC was within 10%. However, due to the high moisture
content during the early drying stages, the embedded temperature and humidity sensors
frequently malfunctioned. To address this, the sensors were reinstalled after 300 hours
of drying, as the initial readings were unreliable. As a result, no sensor data were
available for the first 300 hours. To fill in the gap, estimated trend lines were constructed
for temperature, humidity, and moisture content using the initial wood moisture content
and actual drying chamber data.
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Fig. 7. Results of temperature and MC estimated from measured with temperature and
humidity logger, EC: End Coating; EC+LM: End Coating + Lateral Moisturization

Final Moisture Profile

After drying, the MC distribution inside each specimen was analyzed, as shown
in Fig. 8. the Average final MC of 20.7% (Fig. 8 (a)). In contrast, the average MC
increased to 21.9% for the specimens treated with surface moisturization (EC+LM),
with the surface MC measured at approximately 20%. This treatment contributed to a
slight reduction in the moisture gradient compared to the untreated specimens. However,
the potential influence of Step 5 (re-humidification) cannot be entirely ruled out, as it
may have played a role in redistributing moisture within the wood. Further investigation
is required to isolate the specific effects of re-humidification from those of the initial
pretreatment. Additionally, the average MC in the 50 mm section of the cross-section
was found to be 15%, indicating that moisture movement along the fiber direction was
not completely inhibited, even when the ends of the specimen were coated with
urethane waterproof paint. Observations in the drying chamber revealed that moisture
evaporated rapidly from both ends of the specimen, resulting in the formation of split
cracks at the cross-section. This process was documented through photographs taken
throughout the drying period for further analysis.
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Fig. 8. Determine the final moisture profile: (a) End Coating, (b) End Coating with lateral
Moisturization

Surface Checks Post Drying

The occurrence of surface checks after drying is summarized in Fig. 9. The
total number of surface checks in EC+LM specimens was significantly lower than in
EC specimens. The average moisture content at 412 mm and 865 mm was 23.8% for
EC and 25.8% for EC+LM. The surface check investigation was conducted based on
these moisture content levels.

The reduction in surface checks in EC+LM specimens suggests that the applied
treatment effectively mitigated drying stresses, contributing to improved surface
integrity. Specifically, the average area of the surface checks was 273.9 cm? per piece
for the EC timber and 25.9 per piece for the EC+LM timber. These results suggest that
the surface moisturization method effectively reduced the MC gradient within the
timber, thereby minimizing drying defects.

Although the widths of the surface checks were similar for both wood types,
lateral moisturization significantly reduced the number of checks. The observed
reduction in surface checks can be attributed to the use of silica covers, which increased
the EMC at the wood surface and reduced the moisture gradient-induced stresses during

drying.
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Fig. 9. Measurement of the dimensional occurrence of surface checks

Shrinkage Post-drying

The experimental results in Table 2 confirm that the shrinkage rate varied
depending on the final moisture content after drying. The moisture contents of EC and
EC+LM were 20.7% and 21.9%, respectively, indicating minimal differences. However,
the shrinkage rates of the EC+LM and EC specimens were 0.5% and 0.8%, respectively.
This suggests that lateral moisturization treatment effectively reduced shrinkage, likely
by promoting a more uniform moisture distribution during drying.

Table 2. Transverse Shrinkage after Drying

Position from the butt of the log (mm) EC (%) EC+LM (%)

50 1.2 0.9

412 0.7 0.3

825 0.5 0.3

1238 0.6 0.3

1600 0.9 0.7

Average 0.8 0.5

CONCLUSIONS

This study experimentally investigated the effects of pretreatment methods,
including end coating and lateral moisturization, on minimizing drying defects during
kiln drying. The following conclusions are drawn from the test results:

1. Pretreating wood by coating the cross-sections to restrict moisture movement
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along the grain direction while allowing moisture to evaporate solely in the
transverse direction was not entirely effective in preventing surface checking.

2. Applying a lateral moisturizing treatment, which allows for gradual
evaporation and reduces the moisture gradient, resulted in a slower drying
process but effectively reduced surface checking. The controlled lateral
moisturizing method introduced in the drying process of large-cross-sectional
timber showed promising results in minimizing structural defects. This
approach effectively mitigated the moisture gradient, a significant cause of
drying-related issues such as checking and warping.

These findings provide valuable insights into how surface moisture control can
mitigate wood-drying defects and enhance drying efficiency. Implementing these
strategies can improve timber utilization. Furthermore, improving drying techniques
plays a crucial role in preserving wooden cultural heritage sites and enhancing the
structural integrity of timber for various construction applications, ultimately
supporting the sustainable use of timber resources.
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