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ABSTRACT1)

The purpose of this research was to evaluate the vapor permeability of nine different species of domestic softwood 

and the vapor permeability evaluation through the production of small wall structures for the developing applications, 

utilizing the vapor permeability of wood. In addition, the permeability evaluation was attempted by means of the production 

of a small wall structure injected with a waste material, bottom ash, as a moisture absorbent for improving the permeability. 

Consequently, the results of the vapor permeability evaluation by means of Sd value are as follows: (1) It was observed 

that Abies holiphylla, Picea jezoensis, Ginkgo biloba, Pinus koraiensis and Pinus rigida are permeable to moisture 

among 9 species of domestic softwood in Korea. (2) By means of this, semi-permeability efficiency was evaluated 

when producing a small wall structure. (3) Besides, improved effects of permeability were evaluated when producing 

a small wall structure inserted with bottom ash. As a result, it was confirmed that the Sd value of Pinus koraiensis 

turned out to be 1.63, which is superior to other 8 tree species.

Keywords: permeability, Sd value, bottom ash, moisture transport

1. INTRODUCTION

Indoor air quality is deteriorated by harmful chem-

icals such as formaldehyde and volatile organic com-

pounds (VOCs) emitted from indoor building materi-

als and household goods (Kim et al., 2011). Harmful 

chemicals released indoor are not enough to threaten 

the lives of indoor residents who spend most of their 

day, but long-term lifestyles have many effects on 

health, such as decreased immunity (Yoo et al., 2011). 

As interest in indoor air quality hazardous substances 

and interest in eco-friendly materials increase, the case 

of interior design using wood, which is a natural mate-

rial has increased (Park et al., 2015).

Wood is a material excellent in humidity control, 

heat insulation, electrical resistance, sound insulation, 

impact resistance, and abrasion resistance, and pro-

vides a comfortable interior by controlling the temper-

ature and humidity of the room (Kim et al., 2004; Lee 

et al., 2014; Yang et al., 2020; Yang et al., 2020). 

1 Date Received August 19, 2020, Date Accepted October 22, 2020
2 Department of Bio-based materials, Chungnam National University, Deajeon 34134, Republic of Korea
3 The Korean Woodism-city Project Research Council, Chungnam National University, Deajeon 34134, Republic of Korea
†Corresponding author: Seog Goo KANG (e-mail: lachesis@cnu.ac.kr, ORCID: 0000-0002-2440-7070)

J. Korean Wood Sci. Technol. 2020, 48(6): 832~846 pISSN: 1017-0715 eISSN: 2233-7180

https://doi.org/10.5658/WOOD.2020.48.6.832

Original Article



A Study on the Evaluation and Improvement of Permeability in Radial and Tangential Section of Domestic Softwoods

- 833 -

Among the characteristics of wood, heat insulation and 

humidity control are related to anatomical character-

istics such as micropores and pit of wood. The mois-

ture movement through the micropores caused by the 

differences of humidity conditions and water vapor 

pressure is defined as wood vapor permeability (Lim 

et al., 2006). Moisture permeability can be controlled 

indoor humidity due to the difference in water vapor 

pressure by moisture absorption in the high water va-

por pressure and dehumidification in the low water va-

por pressure (Lee, 1996).

However, the moisture permeability of wood differs 

depending on the species, density, sapwood and core, 

and the shape of the pitting, and the moisture perme-

ability differs in the order of three sections of wood: 

cross section, radial section, and tangential section 

(Siau, 1984). 

In particular, the flow of material is more advanta-

geous in softwoods than in hardwoods, and more ad-

vantageous between the bordered pit of the axial trach-

ied in tangential direction. It depends on the capillary 

structure of the axial trachied and pit structure in axial 

direction and the ray parenchyma help the horizontal 

flow. Air flow in the tangential direction is about 130 

times less than the axial flow (Petty, 1970; Flynn, 

1995). Radial direction liquid penetration is moved by 

the ray parenchyma and connected to the conduit ray- 

vessel tissue inter-wall to facilitate the radial direction 

of the liquid movement (Chun, 2017).

Recent government policy has increased interest in 

wooden buildings with low thermal conductivity com-

pared to other architectural materials due to the streng-

thening of the thermal perfusion rate of buildings. In 

particular, the wooden structure is constructed with a 

waterproof paper that makes it possible to prevent the 

penetration of moisture inside and outside the structure 

member wood and control humidity. As the construction 

case of high-rise wooden buildings has increased using 

a large wood panel, Cross Laminated Timber, the 

study of the permeability, permeability resistance eval-

uation and wall configuration for moisture has been 

conducted (Yoo et al., 2019; Jang et al., 2017). In order 

to improve the residential environment of the wooden 

building made of wood as porous material, moisture 

permeability is evaluated using moisture permeance, 

permeability rate, vapor resistance, and etc (Lee, 1992).

In addition, Bio Dryer Co., Ltd. in Japan, to mini-

mize drying defects that occur during forced drying, a 

bio-dryer (Fig. 1) consisting of a wall made of wood 

is being developed and sold. The principle of the 

bio-dryer assumes that the dryer is a single large cell, 

and moisture transfers from the green wood put in the 

dryer to the outside so that it can be dried to less than 

10% without drying defects of the wood. Mostly, tree 

species such as hard maple, which is difficult to dry, 

such as wood for repair of cultural properties and 

musical instruments, are dried at 35°C for 1 month 

to produce less than 8% dry wood (bio-drywood, 

 

Fig. 1. Bio-dryer of Bio Dryer Co., Ltd. in Japan.
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2018). However, in the domestic situation, studies on 

the use of broadleaf trees are being conducted as the 

accumulation of broadleaf trees in the country in-

creases, but due to drying defects such as torsion and 

internal splitting during forced drying of hardwood, 

the sawn yield of oyster oak is as low as 30-40% (Jang 

et al., 2017). 

In this study, in order to localize the bio dryer used 

in Japan, the evaluation of the moisture permeability 

of domestic softwood was conducted. In addition, in 

order to promote the movement of moisture generated 

in the wood drying process to the outside and improve 

the moisture permeability, the evaluation of the mois-

ture permeability of a small wall filled with bottom 

ash, which is a coal ash emitted after coal combustion 

in a thermal power plant, was conducted. Through 

this, it is intended to improve the moisture perme-

ability of wood by selecting the optimal species and 

using absrobent.

Bottom ash used in this study is classified into fly 

ash and bottom ash according to the specific gravity 

of the remaining ash from coal burned in the thermal 

power plant ad bottom ash a coal ash that is collected 

in the boiler lower reservoir (Maeng et al., 2014). 

Bottom ash is generated as little as about 15-20% of 

the total ash generated and difficult to recycle (Kim 

et al., 2009). It contains compounds such as SiO2 and 

Al2O3 which is as remarkable in moisture absorption 

ability as diatomite and when bottom ash consisting 

of 50% SiO2 is in contact with moisture, a small 

amount of SiO2 gets rehydrated with CaO, which 

forms a hydrate on the surface to be used in where 

required adsorption adsorption performance is required 

(Moon et al., 2012).

 

2. MATERIALS and METHODS

2.1. Testing materials

2.1.1. Tree species

According to the pit structure of the domestic soft-

wood in Korea, nine tree species that has such types 

of pit as piceoid, window-like, taxodioid, cupressoid, 

pinoid were selected as an testing tree species. 

Selected species are Larix kaempferi, Pinus densiflora, 

Abies holophylla, chamaecyparis obtusa, picea jez-

oensis, Cryptomeria japonica, Ginkgo biloba, Pinus 

koraiensis, Pinus rigida and the form of pit shape of 

the species and the distinction between the heartwood 

and the sapwood is shown as Table 1. 

 

Species Pit shape
Heartwood(H)/Sapwood(S)

Radial section Tangential section

Abies holophylla Taxodioid H H

Pinus koraiensis Window-like H H

Picea jezoensis Piceoid H H

Pinus rigida Pinoid H H

Ginkgo biloba Cupressoid H H

Pinus densiflora Window-like H H

Cryptomeria japonica Taxodioid S(21.7%)+H(78.3%) S(24.3%)+H(75.7%)

Larix kaempferi Piceoid, Cupressoid H H

Chamaecyparis obtusa Cupressoid S(35.3%)+H(64.7%) S(44%)+H(56%)

Table 1. Each species density and classified heartwood, sapwood 
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Particle size
Composition components

SiO₂ Al₂O₃ Fe₂O₃ CaO MgO MnO

5-10 mm 55.9 % 24.17 % 7.77 % 1.01 % 1.34 % 1.53 %

Table 2. Particle size and composition components of bottom ash

 

Used specimen was cut down in YoungDong re-

search forest, Chungnam Univ. and its surface was 

processed and tailored in the size of 100 mm (W) × 

100 mm (L) × 15 mm (T) to make radial section and 

tangential section be large section. The specimen in 

air-dry condition with the percentage of moisture con-

tent, 11±0.3% was apportioned. The tailored specimen 

was used to measure its curing and weight until the 

temperature and humidity conditions reach the order 

of 24-hour period for moisture uniformization of the 

specimen in 35°C and 55% temperature and humidity 

conditions. Pre-treatment of it was completed at the 

point of reaching the constant weight and it was used 

as an testing material for measuring permeability 

resistance.

 

2.1.2. Bottom ash

Bottom ash was selected as a material for improving 

the effect of the permeability of the testing material. 

The bottom ash used at this time was used after drying 

until the time to reach the amount using a forced air 

dryer of 100±5°C with the water content 31.5%. The 

component and particle size of the bottom ash is 

shown as Table 2.

 

2.2. Test method 

2.2.1. Wet cup test

For evaluating the performance of permeability of 

moisture generated inside to the outside, the perme-

ability evaluation was processed according to types of 

species and cross section based on wet cup test, ｢ISO 

12572 Hydrothermal performance of building materi-

als and products–Determination of water vapour trans-

mission properties (ISO, 2001)｣.

Fig. 2. Wet-cup test set-up model.

Specimens were prepared to dissolve the concen-

tration of KCl (potassium chloride) aqueous solution 

to 85% and each 300 g of them was added to the glass 

cup. For comparing the permeability of the exposed 

section per species, the test sample was placed on a 

glass cup as shown Fig. 2 and sealed with mois-

ture-proof tape in the area where the side of the speci-

men and the glass cup are attached. Moisture through 

the wood specimen was allowed to move in only one 

direction, and vapor generated inside the cup did not 

leak to the outside. The weight of the cup in a 24- 

hour period was measured while maintaining the con-

dition of temperature 35°C and relative humidity 55% 

and the moment when the weight was changed by 5% 

than the initial was set as the moment to end the ex-

periment, and the experiment was repeated three times.

 

2.2.2. Small wall test

For the application of domestic wood to bio-dryer 

walls, the top five species of test results in 2.2.1 were 

used to construct a small wall structure in the size of 

100 mm (W) × 100 mm (L) × 50 mm (T) with interior 

space of 80 mm × 80 mm × 30 mm to measure the 

permeability of each species (Toyoshima and Suzuki, 

2013).
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Fig. 3. Modified mock wall wet-cup test model.

If the moisture in the wall is not discharged easily 

to the outside in the process of wood drying of green 

wood condition, the moisture is condensed in the wall, 

which causes microorganisms such as mold in the 

bio-dryer wall to be propagated. By putting bottom ash 

into the internal space as a way to increase the dis-

charge rate of moisture, changes in the permeability 

was measured. By applying the specifications of 

ISO-12572 used in experiment, 2.2.1, the test in regard 

with temperature, humidity, saturated aqueous solution 

was conducted in the same way.

The weight of the cup in a 24-hour period was 

measured while maintaining the condition of temper-

ature 35°C and relative humidity 55% and the moment 

when the weight was changed by 5% than the initial 

was set as the moment to end the experiment, and the 

experiment was repeated three times.

 

2.2.3. Moisture-permeability calculation of the 

permeable air layer and a permeable 

resistance factor

For analysis on experiment results, the calculation 

formula specified in the ISO 12572 specification was 

utilized. Through the mass change rate of each per-

meable cup, a permeability resistance factor (µ, water 

vapor resistance factor) was calculated according to 

the tree species and cross-section. The formula for  

the calculation of permeability resistance factor is 

shown as in the equation (1). At this time, 

 is hu-

midity penetrability in the air 5°C, which is applied 

to by a constant, 
×


.

 

                 





(1)

 : Water vapour resistance factor (-)



 : Water vapour permeability of air (㎏/m·s㎩)

 : Water vapour permeability of sample (㎏/m·s㎩)

The moisture penetrability of the measuring materi-

al,  was calculated using the equation (2) for the hu-

midity penetrability of the equivalent air layer accord-

ing to the saturated water vapor pressure (5,630 Pa) 

of the temperature condition satiated 35°C.

 

             
∙∆



∙
(2)

 : Mass change rate (㎏/s)

 : Exposed area of sample (㎡)

∆

 : Water vapour pressure difference across 

sample (㎩)

 : Thickness of sample (m)

The initial  (mass change rate) and the one after 

moisture absorption were calculated through the equa-

tion shown in (3) with the time (t2-t1) that takes up 

to a difference of weight (m2-m1) and a 5% increase 

in weight.  
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             



 





 


(3)



 : Mass of sample at time, 


 (㎏)



 : Mass of sample at time,  (㎏)



 


 : time taken to change to 5% weight (s)

Water vapor pressure difference inside and outside 

the wood test specimen (Water vapor pressure differ-

ence across sample) was calculated in the condition 

of the experimental temperature and humidity (35°C, 

55%) and through the equation (4).

 

      ∆





××


×

(4)

  : relative humidity (%)

  : temperature (°C)

The permeable resistance coefficient value derived 

through the equation above is the value relatively 

compared to the permeability resistance of the floating 

air layer of the same thickness at the same temperature 

and the degree of permeability of each material was 

evaluated with Sd (equivalent air layer thickness) val-

ue, which multiplies the thickness of the specimen 

used in the test to µ value.

In this study, according to ｢KS F 2607 : 2007 per-

meability measuring methods of  building materials｣

revised since 2007 based on the local circumstances, 

Sd value was calculated with the equation (5) and the 

permeability of materials was evaluated with three 

standards, Permeable, Semi-peremable, Impermeable. 

It is determined that the smaller Sd value as the resist-

ance value is, the greater the permeability is and vice 

versa.

 

               

∙ (5)

     

    

3. RESULTS and DISCUSSION

In this study, in order to localize the bio-dryer that 

is used in Japan, through evaluation on the vapor per-

meability of domestic softwood in Korea and the per-

meability of a small wall discharged with bottom ash, 

improvement of vapor permeability of wood is at-

tempted to improve by selecting the optimal tree spe-

cies and using absorbent.

 

3.1. Comparison of permeability 

according to radial section and 

tangential section per species

The result of analysis on permeability by classifying 

into radial section and tangential section per species 

is found in Table 3, Fig. 4, and Fig. 5. Abies hol-

ophylla, Picea jezoensis, Ginkgo biloba, Pinus densi-

flora, and Pinus rigida whose Sd value is 1 or less 

than 1 showed as permeability and Larix kaempferi, 

Cryptomeria japonica, Chamaecyparis obtusa with a Sd 

value of 1 or more than 1 showed semi-permeability. 

In the case of Pinus koraiensis, Sd value of its radial 

section showed permeability and its tangential section 

showed are Sd value radiation cross-section is perme-

able, tangential cross-section showed semi-permeability. 

In the case of two species, Ginkgo biloba and 

Cryptomeria japonica, it was shown that their tangen-

tial section was more permeable than their radial 

section. In general, the radial section is known to be 

superior in permeability than the tangential section, 

but the permeability varies depending on the density 

of the wood, the ratio of the heartwood and the sap-

wood, the closure of the pit due to changing heart-

wood. The permeability of the wood varies depending 

on the density and water content of the wood, the 

composition of springwood and latewood. In the case 

of Chamaecyparis obtusa, the permeability rate of 

portion of the springwood and the latewood shows 

three times more than usual (Lee and Kim, 1992). The 



Joon Ho KIM⋅Seung Min YANG⋅Hyun Jae LEE⋅Ki Hyung PARK⋅Seog Goo KANG

- 838 -

Species
Radial Section Tangential Section

Density (g/㎤) µ Sd Density (g/㎤) µ Sd

Abies holophylla 0.379±0.002 19.31 0.29 0.388±0.003 36.61 0.55

Pinus koraiensis 0.438±0.002 29.29 0.44 0.552±0.009 70.29 1.05

Picea jezoensis 0.417±0.002 34.45 0.52 0.470±0.003 38.2 0.57

Pinus rigida 0.474±0.001 46.24 0.69 0.472±0.001 40.86 0.61

Ginkgo biloba 0.439±0.001 56.68 0.85 0.445±0.002 28.81 0.43

Pinus densiflora 0.456±0.001 60.59 0.91 0.555±0.004 62.76 0.94

Cryptomeria japonica 0.381±0.001 92.48 1.39 0.400±0.001 109.82 1.65

Larix kaempferi 0.521±0.002 103.36 1.55 0.445±0.002 351.44 5.27

Chamaecyparis obtusa 0.497±0.002 292.86 4.39 0.479±0.001 73.22 1.1

Table 3. Each section of species permeability (µ) and Sd value

Fig. 4. Radial section of Sd value.

      

Fig. 5. Tangential section of Sd value.

 

bordered pit pair of sapwood portion serves as a chan-

nel for moisture, but the pit of the heartwood portion 

doesn’t make the movement of moisture smooth due 

to the displacement of the torus (Kang et al., 2008).

The increase in the heartwood ratio among heart-

wood and sapwood ratio (Table 2) of the specimen 

makes difference in permeability despite the same tree 

species, and it is determined that in the case of using 

a bio-dryer wall, methods of sawing and the composi-

tion ratio of heartwood and sapwood should be con-

sidered.

 

3.2. Permeability results of small walls

3.2.1. Small walls per species

The walls of bio-dryer actually are manufactured for 

a wall structure made of the outer wall and the inner 

wall, and the permeability of the small wall was eval-

uated to compare the difference between the species 

according to the inner air layer. For smooth discharge 

of water vapor inside the dryer, the moisture perme-

ability of small walls was evaluated with five species 

of high moisture Abies holophylla, Picea jezoensis,  
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Species
Radial Section Tangential Section

µ Sd µ Sd

Abies holophylla 52.72 2.64±0.35 97.9 4.89±0.2

Picea jezoensis 84.62 3.61±0.25 146 6.2±0.06

Pinus koraiensis 89.32 3.81±0.67 76.1 5.27±0.61

Pinus rigida 91.37 4.57±0.38 85.7 9.79±0.13

Ginkgo biloba 80.39 3.43±0.12 39.2 1.67±0.14

Table 4. Each mock wall permeability (µ) and Sd value

Fig. 6. Radial section Sd value of Mock wall.

      

Fig. 7. Tangential section Sd value of Mock wall.

 

Pinus koraiensis, Pinus rigida, Ginkgo biloba through 

the moisture permeability evaluation result according 

to the previous wood species. The results are shown 

in Table 4, same as Fig. 6 and 7. Small wall manufac-

tured for the wall structure showed the decrease of 

permeability regarding 5 tree species due to the in-

crease in wood thickness as the wall structure, al-

though the air layer inside did not affect the perme-

ability resistance. Wall structure consisting of radial 

section rather than tangential section made it easy for 

the moisture to move and showed the permeability of 

tangential section turned out to be about twice higher 

than that of radial section. High permeability of radial 

section was shown in the order of Abies holophylla, 

Ginkgo biloba, Picea jezoensis, Pinus koraiensis, 

Pinus rigida. High permeability of tangential section 

was shown in the order of Ginkgo biloba, Abies hol-

ophylla, Pinus koraiensis, Piecea jezoensis, Pinus rigida. 

Among them, Ginkgo biloba showed higher moisture 

permeability in the tangential direction than in the 

radial direction, and it was believed that it was due 

to the mixing of the radial section and the imbalance 

of the wood material during the sawing.

 

3.2.2. Bottom ash filling wall for improving 

permeability

Through the small wall test, the moisture perme-

ability decreased due to the increase in the thickness 

of the wood and the moisture permeability was eval-

uated by filling 100% of the bottom ash inside the
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Species
Radial Section Tangential Section

µ Sd µ Sd

Pinus koraiensis 1.14 1.63±0.21 44.21 2.21±0.48

Picea jezoensis 1.63 1.9±0.18 38.07 1.9±0.61

Abies holophylla 2.28 2.21±0.34 50.76 2.54±0.22

Ginkgo biloba 2.98 2.54±0.65 32.63 1.63±0.12

Pinus rigida 5.71 2.98±0.53 59.59 2.98±0.24

Table 5. Each mock wall permeability (µ) and Sd value added bottom ash

Fig. 8. Radial section Sd value of Mock wall added

Bottom ash.

      

Fig. 9. Tangential section Sd value of Mock wall added 

Bottom ash.
 

small wall for smooth discharge of vapor inside the 

dryer. The results are shown in Table 5, Fig. 8 and 

Fig. 9. The permeability of the radial section was im-

proved by 36.4% on average and in particular, the per-

meability of Picea jezoensis was improved by 54.8%, 

and that of Pinus koraiensis was improved by 50.1%. 

The permeability of the tangential section was excluded 

as the improvement effect of the Ginkgo biloba wall 

is as small as 2.4%, the permeability of four species 

was by 61.5% on average. Tangential section is known 

to make the moisture movement inefficient, but the 

fluid adsorption force of bottom ash as moisture ab-

sorbent is  greater than the internal water vapor pressure 

by the wood anatomical structure. Particularly, the per-

meability of tangential section was improved, which 

is why it is determined to show the similar results as 

the radial section.

4. CONCLUSION 

In this study, in order to localize the bio-dryer that 

is used in Japan, through evaluation on the vapor per-

meability of domestic softwood in Korea and evalua-

tion on the permeability of a small wall discharged 

with bottom ash, it was attempted to select the optimal 

tree species and the results are as follows.

1. Abies holophylla, Piecea jezoensis, Ginkgo biloba, 

Pinus densiflora, Pinus rigida whose Sd value is 

1 or less than 1 out of nine domestic softwoods 

in Korea showed permeability and Larix kaemp-

feri, Cryptomeria japonica, Chamaecyparis obtu-

sa with a Sd value of 1 or more than 1 showed 

semi-permeability.

2. In an attempt to make the discharge of water va-

por inside the dryer easy, the small walls were 
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evaluated using 5 wood species that showed per-

meability. As a result, the increase of the thick-

ness of wood due to the wall structure showed 

semi-permeability and in order to improve the 

vapor permeability, it was attempted to put bot-

tom ash in, which resulted in the improvement 

for radial section, 36.4% on average and tan-

gential section, 61.5% on average (except for 

ginkgo biloba).

 

Through evaluation on the permeability of the same 

thickness of wood, small wall, moisture absorbent 

with small wall, and through the improvement effect 

by means of permeability per species and moisture ab-

sorbent, Pinus koraiensis and Picea jezoensis were de-

rived as the optimum species for the wall of bio-dryer.

Sawn lumber produced in Korea is mostly for flat 

sawn with high yield rate because of the issue of yield 

problems resulted from types of sawing and sawn as 

flat sawn and quarter sawn. In order for flat sawn to 

be applied for bio-dryer, it is determined that opti-

mization studies on the elements such as moisture ab-

sorbent type and input ratio, wall thickness for the per-

meability improvement are needed.

 

ACKNOWLEDGMENT

This study was carried out with the support of 

‘R&D Program for Forest Science Technology 

(Project No. 1405004321)’ provided by Korea Forest 

Service(Korea Forestry Promotion Institute). 

REFERENCES

Bio-drywood. 2018. http://www.bio-drywood.com.

Chun, S.K. 2017. Capillary Flow in Different Cells of 

Larix Kaempferi, Betula Davurica, Castanea crenata. 

Journal of the Korea Furniture Society 28(1): 88-93.

Flynn, K.A. 1995. A review of the permeability, fluid 

flow, and anatomy of spruce (Piceaspp.). Wood 

and Fiber Science 27(3): 278-284.

Han, Y.J. 2014. Unsteady state analysis of moisture 

transfer and drying stress development in red pine 

wood. Ph.D. Thesis, Seoul National University, 

Korea.

Jang, S.J., Wi, S.H., Lee, J.G., Lee, H.Y., Cho, H.M., 

Kim, S.M. 2017. Analysis of Cooling and Heating 

Energy Demands of Wooden Houses with Cross- 

laminated Timber (CLT) Using Domestic Plywood 

as Core Materials. Journal of the Korean Society 

of Living Environmental System 24(6): 752-759.

Jang, Y.S., Shin, H.K., Kim, S.J., Han, Y.J., Kim, M.J., 

Eon, C.D., Lee, Y.G., Shim, K.B. 2017. Evaluation 

of Drying Properties and Yields of Domestic 

Quercus Species for Enhancing Utilization. Journal 

of the Korean Wood Science and Technology 45(5): 

622-628.

Kang, C.W., Kim N.H., Kim, B.R., Kim, Y.S., Byeon 

H.S., So, W.T., Yeo, H.M., Oh, S.W., Lee, W.H., 

Lee, H.H. 2008. Wood Physics & Epidemiology, 

Hyangmunsa. Seoul. Korea. 82-83.

Kang, C.W., Jang, S.S., Kang, H.Y., Li, C. 2019. Sound 

Absorption Rate and Sound Transmission Loss of 

CLT Wall Panels Composed of Larch Squre Timber 

Core and Plywood Cross Band. Journal of the 

Korean Wood Science and Technology 47(1): 

33-39.

Kang, Y.J., Lee, J.H., Lee, H.Y., Kim, S.M. 2017. 

Heating and Cooling Energy Demand Evaluating 

of Standard Houses According to Layer Component 

of Masonry, Concrete and Wood Frame Using 

PHPP. Journal of the Korean Wood Science and 

Technology 45(1): 1-11.

Kim, H.J., Lee, K.S., Cho, J.K., Lee, J.B., Roh, H.R., 

Yun, H.S. 2011. Reduction Effect of VOCs and 

Formaldehyde Using Auto Bake-Out System. 

Applied Chemistry for Engineering 22(3): 291-295.

Kim, J.M., Kwak, E.G., Cho, S.H., Kang, C. 2009. 

Decision of optimized Mix Design for Lightweight 



Joon Ho KIM⋅Seung Min YANG⋅Hyun Jae LEE⋅Ki Hyung PARK⋅Seog Goo KANG

- 842 -

Foamed Concrete Using Bottom ash by Statistical 

Procedure. Journal of the Korea Concrete Institute 

21(1): 3-11.

Kim, N.H., Hwang, W.J., Kwon, G.J., Kwon, S.M. 2004. 

Properties of Charcoal-Packed Wood panel. Journal 

of the Korea furniture Society 15(1): 9-16.

Lee, H.W., Jang, S.S. 2019. Thermal Resistance and 

Condensation in the Ligth-frame Timber Wall 

Structures with Various Composition of Insulation 

Layers. Journal of the Korean Wood Science and 

Technology 47(4): 533-542.

Lee, M., Park, S.B., Byeon, H.S., Kim, J.I. 2014. Deve-

loping of Sound Absorption Composite Boards 

Using Carbonized Medium Density Fiberboard. 

Journal of the Korean Wood Science and Technol-

ogy 42(6): 714-722.

Lee, W.H., Kim, B.R. 1992. Behavior of Moisture 

Transmission in Earlywood and Latewood for 

Cryptomeria japonica: Difference of Moisture 

Transmission Behavior and Calculation of the 

Vapor Permeability. Journal of the Korean Wood 

Science and Technology 20(3): 21-27.

Lee, W.H. 1992. Moisture Transfer and Velocity of 

Moisture Transmission by Wood in Steady State. 

Current Research on Agriculture and Life Sciences 

10: 41-47.

Lee, W.H. 1996. Experimental Examinations on the 

Phenomenon of Transfer and Moisture Diffusion 

in Wood. Journal of the Korean Wood Science and 

Technology 24(1): 75-80.

Lim, H.A., Oh, S.W., Kang, J.H. 2006. Effect of 

Functional Hanji Using Wood Ceramics on Indoor 

Humidity Control. Journal of Korea Technical 

Association of the Pulp and Paper Industry 38(2): 

35-42.

Maeng, J.H., Kim, T.Y., Suh, D.H. 2014. Minimizing 

Environmental Impact in Accordance with the TPP 

ash Management(I). Korea Environment Institute. 

Ministry of Environment. 2001. Exposure Assessment 

Guide.

Moon, J.W., Oh, J.K., Lee, T.G. 2012. A research of 

Bottom ash as a Lightweight Vegetation Block to 

Take Advantage of the Mixing Ratio. Journal of 

the KIEAE 12(2): 125-129.

Park, S.H., Beak, E.S. 2015. A Study on the Combus-

tion Characteristics of Wood According to Flame 

Resistant Treat. Fire Science and Engineering 

29(1): 12-18.

Petty, J.A. 1970. Permeability and structure of the wood 

of Sitkaspruce. Proceedings of the Royal Society 

of London B 175: 149-166.

Siau, J.F. 1984. Transport processes in wood. Springer 

Science & Business Media. New York. 

Toyoshima, Isao., Suzuki, Yoshihito. 2016. Develop-

ment of low cost wood drying technology. Aichi 

Prefectural Forest and Technology Center Report 

No.53.

Yang, S.M., Kwon, J.H., Kim, P.L., Kang, S.G. 2020. 

Analysis of Heat Transfer Characteristics by 

Material Based on Closed Conditions Using Acrylic 

Hemisphere(Ⅱ):Comparison by Type of Building 

Structural Materials. Journal of the Korean Wood 

Science and Technology 48(5): 710-721.

Yang, S.M., Lee, H.J., Kang, S.G. 2020. Analysis of 

Heat Transfer Characteristics by Material Based on 

Closed Conditions Using Acrylic Hemisphere(Ⅰ): 

Comparison of Interior Finishing Materials. Journal 

of the Korean Wood Science and Technology 48(5): 

710-721.

Yoo, D.W., Lee, T.G. 2019. Analysis of Energy Per-

formance and Structure of Wooden Passive Houses 

Using CLT in Overseas. KIEAE Journal 19(5): 

101-107.

Yoo, Y., Lee, S.M., Seo, S.C., Choung, J.T., Lee, S.J., 

Park, S.J., Park, C.W. 2011. The Clinical and Immu-

nological Effects of Forest Camp on Childhood 

Environmental Diseases. Journal of the Korean 

Institute of Forest Recreation and Welfare 15(2): 

85-93.



A Study on the Evaluation and Improvement of Permeability in Radial and Tangential Section of Domestic Softwoods

- 843 -

APPENDIX

(Korean Version)

국산 침엽수의 방사, 접선단면의 투습성 평가와 개선방안에 관한 연구

초록 : 본 연구는 목재의 투습성을 활용한 용도개발을 위해 국산 침엽수 9개 수종에 대한 투습성 평가와 소형 벽체 

구조 제작을 통한 투습성 평가를 하고자 하였다. 또한, 투습성 개선을 위해 폐자재인 bottom ash를 흡습제로 투입한 

소형 벽체를 제작하여 투습성을 평가하였다. 그 결과, Sd 값에 의한 투습성 평가 결과는 다음과 같다. ① 국산 침엽수 

9개 수종 중 Abies holiphylla(잣나무), Picea jezoensis(가문비나무), Ginkgo biloba(은행나무), Pinus koraiensis(잣나무) 

and Pinus rigida(리기다 소나무)는 투습 성능을 나타내는 것을 확인하였다. ② 이를 이용하여 벽체 구조 제작 시 반 

투습 성능을 나타냄을 평가하였다. ③ 또한, Bottom ash를 투입한 소형 벽체 구조를 제작하여 투습성 개선 효과를 

평가한 결과, Pinus koraiensis(잣나무)의 Sd 값이 1.63으로 나타나, 8개 타 수종보다 우수함을 확인하였다.

1. 서 론

실내의 건축자재 및 생활용품으로부터 방출되는 포름알데히드나 휘발성 유기화합물(VOCs) 등과 같은 유해화학물질에 의해 

실내공기질이 악화된다(Kim et al., 2011). 실내에 발생되는 유해화학물질은 하루 중 대부분 시간을 보내는 실내거주자들의 

생명을 위협할 정도는 아니지만 장기간 생활하면 면역력 저하 등 건강에 많은 영향을 끼친다(Yoo et al., 2011). 실내공기질 

유해물질에 대한 관심도가 높아지면서 친환경 소재에 대한 관심도가 높아지고 있으며 천연 재료인 목재를 이용한 실내 인테리어 

사용 사례가 증가하고 있다(Park et al., 2015). 목재는 조습성, 단열성, 전기저항성, 차음성, 내충격성, 내마모성 등이 우수한 

재료이며 실내의 온·습도 조절을 통하여 쾌적한 실내를 제공한다(Kim et al., 2004; Lee et al., 2014; Yang et al., 2020; Yang 

et al., 2020). 목재의 특성 중 단열성과 조습성은 목재의 미세공극, 벽공 등과 같은 해부학적 특성과 관련 있다. 온·습도 조건과 

수증기압 차이로 인해 발생하는 미세공극을 통한 수분 이동을 목재 투습성이라 정의한다(Lim et al., 2006). 투습성은 수증기압 

차이에 의해 수증기압이 높은 쪽에서는 흡습 현상, 낮은 쪽에서는 탈습현상으로 실내 습도조절이 가능하다(Lee, 1996).

그러나 목재의 투습성은 수종, 밀도, 변재와 심재, 벽공의 형태 등에 따라 다르며 목재 3단면인 횡단면, 방사단면, 접선단면 

순으로 투습성이 다르다(Siau, 1984). 특히 활엽수보다 침엽수가 물질의 흐름이 유리하며 접선방향에서는 축방향가도관의 유연

벽공 사이, 축 방향은 축방향가도관과 벽공 구조의 모세관 구조에 의존하며 방사유세포가 수평방향 흐름을 돕는다. 접선방향의 

공기 흐름은 축 방향 흐름의 약 130배 정도 적다(Petty, 1970; Flynn, 1995). 방사방향 액체 침투는 방사유조직에 의해 이동되며 

도관방사조직간 벽공과 연결되어 액체의 방사방향 이동을 용이하게 한다(Chun, 2017).

최근 정부 정책에 의하여 건축물의 열관류율 강화로 다른 건축소재에 비해 열전도도가 낮은 목조건축물에 대한 관심도가 

증가하고 있다. 특히 목조건축물은 구조부재가 목재로 외부와 내부의 수분 침투를 막고 습도조절이 가능한 투습방수지 등을 

함께 시공하고 있다. 고층목조건축물 시공사례가 증가하면서 대형목재패널인 Cross Laminated Timber를 이용하여 수분에 

대한 투습성, 투습저항 평가 및 벽체 구성에 대한 연구가 진행된 바 있다(Yoo et al., 2019; Jang et al., 2017). 다공성 재료인 

목재로 만들어진 목조 건축물의 주거환경 개선을 위하여 수분 투과성에 대해 투습계수, 투습률, 투습 저항 등을 이용하고 

평가하고 있다(Lee, 1992).

또한 일본 불연목재에서는 강제건조 시 발생되는 건조결함을 최소화하기 위하여 목재를 이용하여 벽체가 구성된 바이오건조

기(Fig. 1)를 개발 및 판매하고 있다. 바이오건조기 원리는 건조기를 하나의 큰 세포로 가정하여 건조기 내부에 투입된 생재 

상태의 목재로부터 외부로 수분 이동시켜 목재의 건조결함 없이 10% 이하로 건조가 가능하다. 주로 문화재 보수용 목재, 

악기 등 건조가 어려운 하드 메이플 같은 수종을 35℃에서 1개월 동안 건조하여 8% 이하 건조목재로 생산하고 있다

(bio-drywood, 2018). 그러나 국내 상황은 국내 활엽수 임목 축적량 증가에 따라 활엽수의 용도개발에 대한 연구가 진행되고 

있으나 활엽수 강제건조 시 비틀림, 내부할렬 등의 건조 결함으로 인하여 굴참나무의 경우 제재수율이 30-40% 정도로 낮다(Jang 

et al., 2017). 

본 연구에서는 일본에서 사용되고 있는 바이오건조기를 국산화하기 위해 국산 침엽수종의 투습성 평가와 목재 건조 과정에서 

발생되는 수분을 외부로 이동 촉진과 투습성 개선을 위해 화력발전소의 석탄 연소 후 배출되는 석탄회인 bottom ash를 충전한 
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소형벽체 투습성 평가를 통해 최적 수종을 선정과 흡습제를 이용하여 목재의 투습성을 개선하고자 한다.

본 연구에서 사용된 bottom ash(바텀애쉬)는 화력발전소에서 석탄을 태우고 남은 회분으로 비중에 따라 fly ash(플라이애쉬)

와 bottom ash로 구분되며 bottom ash는 보일러 하부 저장조에서 포집되는 석탄회이다(Maeng et al., 2014). bottom ash는 

전체 발생하는 회분의 15-20% 정도로 발생량이 적고 재활용이 어렵다(Kim et al., 2009). 흡습 능력이 뛰어난 규조토와 동일한 

SiO2와 Al2O3와 같은 화합물을 함유하고 있고 SiO2가 50% 구성된 Bottom ash는 수분과 접촉 시 미량의 SiO2가 CaO와 수화하여 

표면에 수화물을 형성하여 흡착성능을 요구하는 곳에 사용되고 있다(Moon et al., 2012). 

 

2. 재료 및 방법 

2.1. 공시재료

2.1.1. 공시 수종

국산 침엽수종 중 벽공 구조에 따라 가문비형(piceoid), 창상형(window-like), 삼나무형(taxodioid), 편백형(cupressoid), 소나무

형(pinoid) 벽공을 가진 9가지 수종을 공시 수종으로 선정하였다. 선정된 수종은 일본잎갈나무(Larix kaempferi), 소나무(Pinus 

densiflora), 전나무(Abies holophylla), 편백(Chamaecyparis obtusa), 가문비나무(Picea jezoensis), 삼나무(Cryptomeria 

japonica), 은행나무(Ginkgo biloba), 잣나무(Pinus koraiensis), 리기다소나무(Pinus rigida)로 수종의 벽공 형태와 심·변재 구분은 

Table 1과 같다. 사용된 시험편은 충남대학교 영동학술림에서 벌채하여 표면 가공 및 100 mm (W) × 100 mm (L) × 15 mm 

(T) 크기로 방사단면과 접선단면이 넓은 단면이 되도록 재단하였으며 함수율 11±0.3%인 기건상태의 시험편 분양받았다. 재단된 

시험편은 온습도 조건은 35℃, 55% 항온항습 조건에서 시험편의 수분 균일화를 위해 24시간 주기로 항량에 도달할 때 까지 

양생 및 중량을 측정하였다. 항량에 도달하는 시점에서 전처리를 완료하고 투습저항 측정을 위한 공시재료로 사용하였다.

2.1.2. bottom ash

공시재료의 투습성의 효과를 개선하기 위한 재료로 bottom ash를 선정하였다. 이때 사용된 bottom ash는 함수율 31.5%로 

100±5°C의 강제송풍식 건조기를 이용하여 항량에 도달할 때 까지 건조 후 사용하였다. bottom ash의 성분 및 입자크기는 

Table 2와 같다.

 

2.2. 실험 방법

2.2.1. Wet cup test

내부에서 발생한 수분을 외부로 투습하는 성능평가를 위해「ISO 12572 Hygrothermal performance of building materials 

and products–Determination of water vapour transmission properties(ISO, 2001)」 Wet cup test 규정에 따라 수종별 및 단면별 

투습성 평가를 진행하였다. 시편은 KCl(염화 칼륨) 수용액의 농도를 85%로 용해 제조하여 유리컵에 각 300g씩 투입하였다. 

수종별 노출단면의 투습성 비교를 위해 Fig. 2와 같이 유리컵 위에 시험편을 올려놓고 시험편의 옆면과 유리컵이 만나는 부위를 

방습테이프로 밀폐하였다. 목재 시편을 통한 수분이 한쪽 방향으로만 이동하게 하였으며 컵 내부에서 발생한 수증기가 외부로 

새지 않도록 하였습니다. 온도 35°C, 상대습도 55% 항온항습 조건을 유지하여 24시간 주기로 컵의 중량을 측정하였으며 

초기보다 중량이 5% 변화된 시점을 실험 종료 시점으로 설정하였으며 3회 반복하여 실험하였다.

 
2.2.2. 소형 벽체 실험

바이오 건조기 벽체에 국산 목재 적용을 위하여 2.2.1의 실험 결과의 상위 5개 수종을 이용하여 내부 공간 80 mm × 80 mm 

× 30 mm를 포함하는 100 mm (W) × 100 mm (L) × 50 mm (T) 규격의 소형 벽체구조를 제작하여 수종별 투습성을 측정하였다

(Toyoshima and Suzuki, 2013). 생재상태의 목재 건조 과정에서 벽체에서 수분이 외부로 원활하게 배출되지 않으면 벽체 내부에 

수분이 응결되어 바이오 건조기 벽체에 곰팡이 등의 미생물이 번식하게 된다. 수분의 배출 속도를 증가시키기 위한 방안으로 

내부 공간에 Bottom ash를 투입하여 투습성의 변화를 측정하였다. 실험 2.2.1에서 이용한 ISO-12572의 규격을 응용하여 온도, 

습도, 포화 수용액 등 시험 과정을 동일하게 진행하였다. 온도 35°C, 상대습도 55% 항온항습 조건을 유지하여 24시간 주기로 

컵의 중량을 측정하였으며 초기보다 중량이 5% 변화된 시점을 실험 종료 시점으로 설정하였으며 3회 반복하여 실험하였다.

 
2.2.3. 투습저항계수 및 등가 공기층의 습기 투과성 산출

실험 결과 분석에는 ISO 12572 규격에 명시된 계산식을 활용하였다. 각 투습 컵의 질량 변화율을 통해 수종 및 단면에 

따른 투습저항계수(μ, water vapor resistance factor)를 산출하였으며 투습 저항계수 산출을 위한 식은 식 (1)과 같다. 이때, 
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

는 공기 5°C에서의 습기 투과성으로 



×


  상수를 적용한다.

                                         





(1)

 : Water vapour resistance factor (-)



 : Water vapour permeability of air (㎏/m·s㎩)

 : Water vapour permeability of sample (㎏/m·s㎩)

은 측정재료의 습기투과성은 항온조건인 35℃의 포화수증기압(5,630㎩)에 따른 등가 공기층의 습기투과성은 

식 (2)를 이용하여 계산하였다. 

                                      
∙∆



∙
(2)

 : Mass change rate (㎏/s)

 : Exposed area of sample (㎡)

∆

 : Water vapour pressure difference across sample (㎩)

 : Thickness of sample (m)

(mass change rate)는 초기와 흡습 후 중량의 차(m₂-m₁)와 중량 5% 증가까지 소요되는 시간(t₂-t₁)으로 다음 

식 (3)을 통하여 계산하였다.

                                       



 





 


(3)



 : Mass of sample at time,  (㎏)



 : Mass of sample at time,  (㎏)



 


 : time taken to change to 5% weight (s)

목재 시험편 내․외부의 수증기압 차이(water vapour pressure difference across sample)는 실험 온‧습도 조건(35℃, 

55%)과 식 (4)를 통해 계산하였다. 

                               ∆





××
  

 ×

(4)

  : relative humidity (%),      : temperature (°C)

위 식을 통해 도출되는 투습저항계수 값은 같은 온도에서 같은 두께의 부동 공기층의 투습 저항과 상대 비교한 

값으로서 μ 값에 시험에 사용된 시험편의 두께를 곱하여 Sd(등가 공기층 두께) 값으로 각 재료의 투습성의 정도를 

평가하였다. 본 연구에서는 국내 실정에 맞추어 2007년 이후 개정된「KS F 2607 : 2007 건축 재료의 투습성 측정 

방법」에 따라 식 (5)을 통해 Sd 값을 계산하여 투습(Permeable), 반투습(Semi-peremable), 불투습(Impermeable) 3가

지 기준으로 재료의 투습성을 평가하였다. Sd 값은 저항값으로 작을수록 투습성이 높으며 클수록 투습성이 낮다고 

판단할 수 있다. 

                                        

∙ (5)

     ,        

3. 결과 및 고찰

본 연구에서는 일본에서 사용되고 있는 바이오건조기를 국산화하기 위해 국산 침엽수종의 투습성 평가와 bottom ash를 

충전한 소형벽체 투습성 평가를 통해 최적 수종을 선정과 흡습제를 이용하여 목재의 투습성 개선에 관한 연구를 하였다.
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3.1. 수종별 방사, 접선단면에 따른 투습성 비교

수종별 방사단면과 접선단면으로 구분하여 투습성을 분석한 결과는 Table 3과 Fig. 4, Fig. 5와 같다. Sd 값이 1 이하인 

전나무, 가문비나무, 은행나무, 소나무, 리기다소나무는 투습, Sd 값이 1 이상인 일본잎갈나무, 편백, 삼나무는 반투습성을 나타냈

다. 잣나무는 Sd값이 방사단면은 투습, 접선단면은 반투습의 결과를 나타냈으며 은행나무와 편백 2개 수종은 방사단면보다 

접선단면의 투습성이 높게 나타났다. 일반적으로 방사단면이 접선단면 보다 투습성이 우수하다고 알려져 있으나 목재의 밀도, 

심·변재 비율, 심재화로 인한 벽공의 폐쇄 여부에 따라 달라진다. 목재의 투습성은 목재 밀도와 함수율, 춘재부와 추재부 구성에 

따라 투습율 다르다. 삼나무의 경우 춘재부와 추재부의 투습률은 약 3배 차이를 나타낸다(Lee and Kim, 1992). 변재부의 

유연벽공대는 수분 통로의 역할을 하지만 심재부의 벽공은 토러스의 변위로 폐색벽공대화 되어 수분 이동이 원활하지 않다

(Kang et al., 2008). 시험편의 심·변재 비율(Table 2) 중 심재 비율 증가는 폐색벽공의 증가로 인하여 동일 수종이라도 투습성의 

차이를 나타낼 수 있으며 이는 바이오건조기 벽체로 사용 시 제재 방법과 심·변재 구성 비율도 고려하여야 할 것으로 판단된다.

 

3.2. 소형 벽체의 투습성 결과

3.2.1. 수종별 소형 벽체

실제 바이오 건조기 벽체는 외벽과 내벽이 존재하는 벽체구조로 제조되며 내부 공기층에 따라 수종 간 차이를 비교하고자 

소형 벽체의 투습성을 평가하였다. 건조기 내부의 수증기의 원활한 배출을 위하여 앞선 목재 수종에 따른 투습성 평가 결과를 

통해 투습성이 높은 전나무, 가문비나무, 리기다소나무, 잣나무, 은행나무의 5가지 수종으로 소형 벽체 투습성을 평가하였으며 

그 결과는 Table 4, Fig. 6, 7과 같다.

벽체구조로 제조된 소형 벽체는 내부의 공기층은 투습저항 계수에 영향을 미치지 않지만 벽체구조로 목재 두께 증가로 

인하여 5가지 수종에 대해서 투습성이 감소하였다. 접선단면보다 방사단면으로 구성된 벽체구조가 수분의 이동이 용이하며 

투습성은 접선단면이 방사단면보다 약 2배 높은 결과를 나타냈다. 방사단면은 전나무, 은행나무, 가문비나무, 잣나무, 리기다소

나무 순으로 접선단면은 은행나무, 전나무, 잣나무, 가문비나무, 리기다소나무 순서로 높은 투습성을 나타냈다. 이 중 은행나무에

서 방사방향보다 접선방향에서 투습성이 높은 결과를 나타났으며 제재 시 방사단면의 혼합과 목재 재질의 불균형으로 인한 

것으로 판단된다.

  
3.2.2. 투습성 개선을 위한 bottom ash 충진 벽체

소형 벽체 실험을 통하여 목재 두께 증가에 따른 투습성이 저하되었으며 건조기 내부의 수증기의 원활한 배출을 위하여 

소형 벽체 내부에 bottom ash를 100% 충진하여 투습성을 평가하였으며 그 결과는 Table 5, Fig. 8, 9와 같다. 방사단면의 

투습성이 평균 36.4% 개선되었으며 특히 가문비나무 54.8%, 잣나무 50.1% 투습성이 향상되었다. 접선단면의 투습성은 은행나

무 벽체의 개선 효과가 2.4%로 작아 제외하였으며 4개 수종은 평균 61.5% 투습성이 향상되었다. 접선단면은 수분 이동이 

용이하지 않다고 알려져 있으나 목재 해부학적 구조에 의한 내부 수증기압보다 흡습제인 bottom ash의 유체 흡착력이 커 

특히 접선단면의 투습성이 개선되어 방사단면과 유사한 결과를 나타낸 것으로 판단된다.

 

4. 결 론

본 연구에서는 일본에서 사용되고 있는 바이오건조기를 국산화하기 위해 국산 침엽수종의 투습성 평가와 bottom ash를 

충전한 소형벽체 투습성 평가를 통해 최적 수종을 선정하고자 하였으며 그 결과는 다음과 같다.

1. 국산 침엽수 수종 9종 중 전나무, 가문비나무, 은행나무, 소나무, 리기다소나무는 방사·접선 단면에서 Sd 값이 1 이하로 

투습성을 이외 일본잎갈나무, 편백나무, 삼나무, 소나무는 Sd 값이 1 이상으로 반투습성을 나타냈다.

2. 건조기 내부의 수증기의 원활한 배출을 위하여 투습성을 나타낸 5개 수종을 이용하여 소형벽체를 평가하였으며 벽체구조로 

인한 목재 두께 증가로 반투습을 나타냈고, 투습성 개선을 위하여 bottom ash를 투입한 결과 방사단면 평균 36.4%, 접선단

면 평균 61.5%(은행나무 제외)의 개선 효과를 나타냈다.

동일한 두께의 목재, 소형 벽체, 흡습제 충진형 소형벽체의 투습성 평가를 통하여 수종별 투습성과 흡습제에 의한 투습성 

개선 효과를 통하여 바이오 건조기용 벽체로는 잣나무와 가문비나무가 최적 수종으로 도출하였다. 국내 생산되는 제재목은 

제재방식에 따른 수율 문제로 수율이 높은 판목 제재 위주이며 판목과 정·판목으로 제재된다. 판목을 바이오 건조기 벽체로 

적용하기 위해서는 투습성 향상을 위한 흡습제 종류와 투입비율, 벽체 두께 등 요소에 관한 최적화 연구가 필요할 것으로 

판단된다.
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