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An experimental study on change 
of gas permeability depending on pore 
structures in three species (hinoki, Douglas fir, 
and hemlock) of softwood
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Abstract 

The purpose of this study is to analyze the pore structure for the heartwood, intermediate wood, and sapwood 
sections in three species of softwood (hinoki, Douglas fir, and hemlock) and to investigate the correlation of gas 
permeability depending on pore structure. For this study, gas permeability and pore size were measured by capillary 
flow porometry, and classification of a novel method was performed to determine the type of pores (through pores, 
blind pores, and closed pores) based on International Union of Pure and Applied Chemistry (IUPAC). Gas permeabil‑
ity, through pore porosity, and pore size increased from heartwood to sapwood. The results of multiple regression 
analysis showed that through pore porosity, mean pore size, and bulk density were significant factors affecting gas 
permeability.
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Introduction
The permeability of wood greatly influences drying rate 
because free water moves to the surface layer by capil-
lary flow at the beginning of drying [1]. High-tempera-
ture and high-frequency drying methods generate water 
vapor that can move rapidly through the capillary pas-
sage [2].

In recent research, permeability of wood is recognized 
as an important parameter in various applications such 
as heat-treated wood [3–5], nanomaterial impregna-
tion [6–8] and use of the transverse surface of wood as a 
porous sound-absorbing material [9–11]

Applying an appropriate drying schedule can improve 
the permeability of wood [12, 13]. Impregnation of aque-
ous metal nanoparticles into heat-treated solid woods 
can improve its permeability because some of the wood’s 
extractives dissolve, producing perforations and pits [14]. 
Further, heat treatment of wood increases the permeabil-
ity of wood due to loss of bound water, shrinkage at low 
temperatures, and physicochemical changes of cell walls 
at high temperatures [15].

Thus, improving the permeability of wood has the 
advantages of drying defects, impregnation of chemicals, 
and sound absorption performance [3, 10, 11, 13, 16, 17].

As the diameter of a tree reaches a certain level during 
the growth process, the color between the inside and the 
outside of the cross-section appears different. The dark 
part of the inside is called heartwood and the light part of 
the outside is called sapwood [18].

Sapwood is a living tissue that acts as a pathway for 
water and nutrients. It contains a high level of moisture 
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and comprised a soft texture. But heartwood is com-
posed of dead cells with no physiological dysfunction and 
a low level of moisture content [19].

Over the years, many researches have reported that 
sapwood has greater gas permeability than heartwood 
[20–23] due to the difference in chemical and anatomical 
characteristics [24].

From a chemical point of view, cellulose and holocel-
lulose (a combination of cellulose and hemicellulose) 
contained in heartwood are generally less abundant than 
those of softwood [25–28]. It is also known that heart-
wood has a large amount of extractives [28–30]. The 
content of the extractives has a significant effect on per-
meability, resulting in less permeability of heartwood 
than sapwood and difficulty in drying, impregnating, and 
using the wood pulp [25, 26, 28, 30, 31].

With respect to anatomical characteristics, the main 
cause of the permeability difference in softwood is extent 
of closure of the bordered pit pair in heartwood and of 
the extract deposits accumulated on the pit membrane 
[32]. Increased permeability in sapwood is attributed to 
the size and frequency of resin canals and parenchyma 
rays [33].

The permeability of wood is related to pore structure, 
which has been investigated using various methods.

Schneider and Wagner reported that the mean pore 
size of heartwood was smaller than that of softwood as 
measured by mercury intrusion porometry [34]. Plötze 
and Niemz reported pore distribution and pore size of 
24 wood species using a mercury intrusion porosim-
eter and classified them as macro-pore, meso-pore, and 
micro-pore according to pore diameter [35]. Kang et al. 
[3] reported change in pore size of heat-treated malas 
(Homalium foetidum) by capillary flow porometry. Jang 
et  al. reported that the pore size varies depending on 
method, between mercury intrusion porosimetry and 
capillary flow porometry [36]. Jang et  al. [37] classified 
three pore shapes (through pore, blind pore, and closed 
pore) in heartwood, intermediate wood, and sapwood of 
cross-sectional yellow poplar and measured their con-
tents. The results showed that pore size and through pore 
porosity increased from heartwood to sapwood [37]. In 
the same way, Jang and Kang analyzed the pore struc-
ture of heat-treated woods that are classified into three 
pore types based on IUPAC. They reported that, as the 
heat treatment temperature increased, the through pore 
porosity and pore size also increased [5].

Unlike hardwood, softwood is composed of simple 
structures referred to as tracheid, and its heartwood is 
more difficult to dry and impregnate with chemical than 
that of sapwood, which is commonly known to cause pit 
aspiration of the tracheid [19]. The tracheid of softwood 
is considered a type of through pore, while pit aspiration 

of the tracheid is considered closed pore in accordance 
with IUPAC’s morphological classification.

Pore classification based on IUPAC between heart-
wood and sapwood was performed in a previous study 
[37]. However, in the previous study, pore structure was 
classified for only one species of hardwood (yellow pop-
lar), and no comparison of species was performed. For 
such a classification to be useful in wood, it needs to be 
tested in various species. Also, the studies did not clearly 
demonstrate statistical explanations on how the gas per-
meability difference correlates with the type of pores in 
various species of wood. Therefore, this study selected 
three species of softwood [hinoki (Chamaecyparis obtusa 
(Siebold & Zucc.) Endl, Douglas fir (Pseudotsuga men-
ziesii), and hemlock (Tsuga heterophylla)]. In addition, 
statistical analysis was performed to investigate the cor-
relation between air permeability and pore structure of 
wood.

Specifically, this study analyzed pore size, gas perme-
ability, and pore type in accordance with IUPAC’s mor-
phological classification of pores in three species of 
softwood. In addition, this study performed statistical 
analysis on correlations and associations among pore 
size, pore type, and gas permeability by Pearson correla-
tion analysis and multiple regression.

Materials and methods
Specimen preparation
Figure  1 shows three species of softwood purchased 
from a Korean wood market (Jeonil timber Co., Ltd), 
20-year-old hinoki [Chamaecyparis obtusa (Siebold & 
Zucc.) Endl] from Japan, 26-year-old Douglas fir (Pseu-
dotsuga menziesii) from North America, and 20-year-
old hemlock (Tsuga heterophylla) from North America. 
The logs were cut into cross-sections with thickness of 
1 cm. In hinoki, the entire diameter was 20 cm, and the 
diameter of the heartwood was 14 cm. The entire diam-
eter of the Douglas fir was 32  cm, and the diameter of 
the heartwood was 20  cm. In the hemlock, the entire 
diameter was 29 cm, and the diameter of the heartwood 
was 20 cm. From the cross-sectional discs, 10 cylindrical 
specimen (30 mm diameter × 10 mm thickness) of heart-
wood, intermediate wood, and sapwood were cut. Inter-
mediate wood samples were distinguished by interfacing 
with approximately 50% of the area of the heartwood 
and sapwood. The cylindrical specimens were dried at 
40  °C using a dryer for 1  week and controlled within a 
10% moisture content (MC) to exclude the influence of 
MC between heartwood and sapwood to focus on pore 
structure.

To measure the true density of the wood substance, 
internal voids must be ignored. Wood samples from the 
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sapwood and the heartwood were pulverized into fine 
wood powder [34, 37, 38].

Scanning electron microscope (SEM) imaging 
for cross‑sections of specimens
To observe the pore morphology of a specimen, its 
cross-sections were cut into dimension of approximately 
5  mm (radial) × 5  mm (tangential) × 4  mm (longitudi-
nal), and the surfaces were smoothed using a microtome 
(model: HM400S, Microm GmbH, Germany). Further, 
specimens were coated with gold ions by an ion sputter-
coater (model: SCM, Emcrafts, Korea) and observed at 
an acceleration voltage of 13 kV and 400× magnification 
using scanning electron microscopy (SEM; model: Gen-
esis-1000, Emcrafts, Korea).

Measurement of bulk density and true density
Bulk density of the cylindrical specimens was measured 
by the dimension method. True density of cylindrical 
specimens and sawdust was measured by gas pycnometer 
(model: PYC-100A-1, Porous Material Inc., USA) [5, 37, 
38]. Before measuring the specimen, the gas pycnom-
eter was calibrated to a standard stainless-steel cylindri-
cal sample from the manufacturer, the volume and mass 
of which were 15.4346  cm3 and 41.1767  g, respectively. 
The volumes of the reference chamber and sample cham-
ber were 35.5310 cm3 and 33.5224 cm3, respectively. For 

convenience, the true density of sawdust intermediate 
wood was calculated as the average of heartwood and 
sapwood.

Measurement of gas permeability
Gas permeability was measured using a capillary flow 
porometer (model: CFP-1200AEL, Porous Materials, 
Inc., USA). To prevent air leakage from edge of a cylin-
drical specimen, the side surface was sealed with a silicon 
O-ring. Increasing pressure slowly, air flow through the 
pore was measured, and the Darcy permeability constant 
was calculated from Eq. (1) shown below:

where C is the Darcy permeability constant; F is the flow; 
T is the sample thickness; V is the viscosity of air; D is the 
sample diameter; and P is the pressure.

Measurement of pore diameter
Pore diameter of specimens was measured using a cap-
illary flow porometer (model: CFP-1200AEL, Porous 
Material Inc, USA). The ASTM F316-03 [39] method 
was used to selectively measure the constricted part of 
a through pore related with permeability and is widely 
used for analysis of pore structure of various porous 
materials [40]. It is also a possible way to selectively 

(1)C = 8FTV/πD2
(

P2
− 1

)

,

Fig. 1 Preparation of three species of softwood specimens (left: hinoki, middle: Douglas fir, right: hemlock)
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measure only through pores in line with permeability of 
wood [36, 37]. As shown in Fig. 2, in the process of gas 
permeability estimation by flow rate under pressure, the 
graph of flow rate versus pressure is called a ‘dry curve’. 
Next, the specimens were wetted in Galwick solution 
that has an extremely low surface tension (surface ten-
sion: 0.159  mN/m) and non-volatility to penetrate well 
into the cavity. Pressure was measured sequentially from 
the moment when the flow rate of the gas was detected 
with solution extrusion, and the pressure at the time of 
initial flow increase is called the ‘bubble point’. In the 
wet state, the graph of flow rate versus pressure is called 
a ‘wet curve’. Here, an imaginary curve having a slope of 
1/2 of that of the ‘dry curve’ can be drawn and is called a 
‘half-dry curve’. The point where the ‘wet curve’ and ‘half-
dry curve’ meet is called ‘mean flow pore pressure’, and 
the pore size is determined by Eq. (2) as below:

where D is the limiting diameter, τ is the surface tension, 
p is the pressure, and C is the constant of 2860 when p is 
in Pa, 2.15 when p is in cmHg, and 0.415 when p is in psi 
units.

Porosity of through pore, blind pore, and closed pore types
Following IUPAC [41], pore types of solid porous mate-
rials can be classified as through pores, blind pores, and 
closed pores (Fig. 3). Hence, this study measured the con-
tent of each type of pores in the three species of wood 
as in previous studies [5, 37]. Specifically, content was 

(2)D =
Cτ

p
,

measured for through pore porosity (φthrough), blind pore 
porosity (φblind), and closed pore porosity (φclosed) of the 
cylindrical specimens using the following method.

Total porosity φtotal (%) was calculated from Eq.  (3) 
measuring true volume (Vtrue) of the sawdust by gas pyc-
nometry and bulk volume (Vbulk) of the cylindrical speci-
mens by the dimensional method:

Pore volume of the cylindrical specimen by gas pyc-
nometer was obtained as the sum of through pore vol-
ume (Vthrough) and blind pore volume (Vblind). Thus, the 
sum of through pore porosity (φthrough) and blind pore 
porosity (φblind) was calculated as in Eq. (4):

Finally, from the results of Eqs. (3) and (4), closed pore 
porosity (φclosed) was obtained with Eq. (5):

To distinguish through pore porosity (φthrough) from 
blind pore porosity (φblind), this study wetted cylindri-
cal specimens in Galwick solution (surface tension: 
0.159 mN/m) and intruded the liquid into the pores uti-
lizing a vacuum pump. After that, the specimens were 
placed in a chamber of which both sides were sealed with 
O-rings, and the air pressure was increased in the lon-
gitudinal direction so that only Galwick in the through 

(3)φtotal(%) =

(

1−
Vtrue

Vbulk

)

× 100.

(4)φthrough + φblind =
Vthrough + Vblind

Vbulk
× 100.

(5)φclosed = φtotal −
(

φthrough + φblind
)

.

Fig. 2 The schematic illustration of three types of pore in solid porous materials based on IUPAC
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pores could be extruded since blind pores were blocked 
at one end.

We obtained the mass of Galwick solution in blind 
pores by measuring the difference between specimen 
mass after extrusion (Mafter extrusion) and dried specimen 
mass (Mdried). Also, the volume of blind pore (Vblind) 
was calculated as the difference between specimen mass 
(Mafter extrusion − Mdried) and specific gravity of Galwick 
solution (ρGalwick) using Eqs. (6, 7, and 8):

Statistical analyses
This study applied a statistical approach to corroborate 
reliability of the experimental results.

Physical properties (pore type, pore size, and density) 
of wood can affect gas permeability. Among the three 
types of pores for solid porous materials defined by 
IUPAC, only through pores can permit fluid inflow. Thus, 
through pore porosity may have a significant effect on gas 
permeability [5, 37]. Moreover, as pore size increases, the 
flow of fluid generally increases; as density increases, the 

(6)Vblind =
Mafter extrusion −Mdried

ρGalwick
,

(7)φblind =
Vblind

Vbulk
× 100,

(8)φthrough =
(

φthrough + φblind
)

− φblind.

flow of fluid generally decreases. In short, pore size, bulk 
density, and through pore porosity are significant factors 
affecting gas permeability. Thus, this study statistically 
investigated the effects of through pore porosity, mean 
pore size, and bulk density on gas permeability.

Specifically, this study compared the average gas per-
meability, pore size, and porosity of three parts of heart-
wood, intermediate wood, and sapwood using analysis of 
variance (ANOVA).

In addition, this study analyzed statistical correlation 
by Pearson correlation analysis to understand univari-
ate associations among the variables. Furthermore, this 
study utilized multivariate regression to analyze effects of 
physical factors on gas permeability to enable investiga-
tion of factor-specific effects on dependent variables after 
controlling the other factors. Multivariate regression has 
another advantage in that it provides the simultaneous 
effects of several variables on the dependent variable.

The multivariate regression model was used to display 
the effects of through pore porosity, mean pore size, and 
bulk density on gas permeability as displayed in the equa-
tion below:

where Y is the gas permeability; X1 is the through pore 
porosity; X2 is the mean pore size; X3 is the bulk den-
sity; D1 is the wood dummy variable (1: if the wood is 
hinoki, otherwise 0); D2 is the wood dummy variable (1 

(9)
Y = α0 + β1X1 + β2X2 + β3X3 + β4D1 + β5D2 + ε,

bubble point

wet curve
dry curve

mean flow pore pressure

1/2 dry curve

0

5

10

15

20

25

30

35

40

45

0 0.2 0.4 0.6 0.8 1 1.2

A
ir

 fl
ow

 (c
c/

m
in

)

Pressure (bar)
Fig. 3 Principle of capillary flow porometry



Page 6 of 12Jang et al. J Wood Sci           (2020) 66:78 

if the wood is Douglas fir, otherwise 0); α0 is the constant 
(intercept term); and ε is the residuals (error term).

This study uses Eq.  (9) as an ordinary least square 
(OLS) regression model that formulates a linear function. 
Thus, α0 in Eq. (9) represents a constant (intercept term) 
of the linear function model, while ε indicates residuals 
(error term) of the regression model. Basically, regression 
analysis such as Eq.  (9) assumes that the expected value 
of the error term is zero [E(εi) = 0], resulting in an esti-
mated value of 0 (zero) for ε.

If estimated coefficients of β1, β2 and β3 in Eq.  (9) are 
significant, the three physical properties (X1, X2, and X3) 
substantially affect gas permeability. Wood dummy vari-
ables (D1 and D2) were included in Eq. (9) to control the 
effect of wood species. Specifically, D1 has a value of 1 
if the wood is hinoki and 0 (zero) if the woods are other 
species. Likewise, D2 has a value of 1 if the wood is Doug-
las fir and 0 (zero) if the woods are other species. There-
fore, hemlock has a value of 0 (zero) for both D1 and D2, 
and those two dummy variables (D1 and D2) control the 
effect of the difference among the three species of wood. 
Further, this study analyzes VIF (variance inflation fac-
tor) values of all independent variables in Eq. (9) to assess 
the multi-collinearity among the independent variables. 
Multi-collinearity is not serious if the estimated VIF 
value does not exceed 10.

All sample data were analyzed using both Pearson cor-
relation analysis and regression analysis (n = 90). Also, 
measured values of all variables were winsorized at 2% of 
both sides to minimize the effect of extreme values.

All statistical analyses were performed using IBM SPSS 
statistics v25 software (IBM Corp., Armonk, NY, USA).

Results and discussion
SEM observation
The cross-sectional surface of each specimen is presented 
in Fig. 4. Earlywood and latewood were observed in every 
specimen. However, it was difficult to distinguish charac-
teristics of heartwood and sapwood in SEM images.

Results of bulk density and true density
The average bulk densities of hinoki were 0.47  g/cm3 
(standard deviation, SD = 0.01) of heartwood, 0.45  g/
cm3 (SD = 0.01) of intermediate wood, and 0.44  g/cm3 
(SD = 0.01) of sapwood. The average bulk densities of 
Douglas fir were 0.42  g/cm3 (SD = 0.02) of heartwood, 
0.42 g/cm3 (SD = 0.02) of intermediate wood, and 0.46 g/
cm3 (SD = 0.02) of sapwood. The average bulk densities 
of hemlock were 0.46  g/cm3 (SD = 0.03) of heartwood, 
0.40 g/cm3 (SD = 0.02) of intermediate wood, and 0.41 g/
cm3 (SD = 0.02) of sapwood.

The average true densities of hinoki sawdust were 
1.53  g/cm3 of heartwood and 1.43  g/cm3 of sapwood; 

those of the cylindrical specimens were 1.35  g/cm3 
(SD = 0.03) of heartwood, 1.35  g/cm3 (SD = 0.02) of 
intermediate wood, and 1.39 g/cm3 (SD = 0.03) of sap-
wood. The average true densities of Douglas fir saw-
dust were 1.42  g/cm3 of heartwood and 1.53  g/cm3 
of sapwood, while those of the cylindrical specimen 
were 1.08  g/cm3 (SD = 0.01) for heartwood, 1.26  g/
cm3 (SD = 0.05) for intermediate wood, and 1.48 g/cm3 
(SD = 0.23) for sapwood. The average true densities of 
hemlock sawdust were 1.52  g/cm3 for heartwood and 
1.40  g/cm3 for sapwood, while those of the cylindrical 
specimen were 1.26  g/cm3 (SD = 0.10) for heartwood, 
1.25  g/cm3 (SD = 0.01) for intermediate wood, and 
1.28 g/cm3 (SD = 0.04) for sapwood.

It seems that the difference of true density between 
heartwood and sapwood in sawdust is caused by differ-
ence in extractive content. Further, true density tends 
to decrease when moving away from heartwood toward 
sapwood mainly due to the decrease in closed pore 
porosity.

Results of gas permeability
As shown in Fig.  5, the average Darcy permeabil-
ity constants for hinoki were 0.547 (SD = 0.071) for 
heartwood, 0.718 (SD = 0.091) for intermediate wood, 
and 0.768 (SD = 0.101) for sapwood. The permeability 
of sapwood was 1.4 times higher than that of heart-
wood [p < 0.05 by Tukey’s test (ANOVA)]. The aver-
age Darcy permeability constants of Douglas fir were 
0.039 (SD = 0.010) for heartwood, 0.321 (SD = 0.154) 
for intermediate wood, and 0.542 (SD = 0.174) for sap-
wood. The permeability for sapwood was 13.9 times 
greater than that of heartwood [p < 0.01 by Tukey’s test 
(ANOVA)]. The average Darcy permeability constants 
of hemlock were 0.175 (SD = 0.027) for heartwood, 
1.021 (SD = 0.506) for intermediate wood, and 1.307 
(SD = 0.270) for sapwood. The permeability of sapwood 
is 7.5 times greater than that of heartwood [p < 0.01 by 
Tukey’s test (ANOVA)]. The difference in permeability 
between heartwood and sapwood in the Douglas fir is 
due to their large diameter and old age compared to 
those of the other woods.

In all three softwoods, the permeability of sapwood was 
greater than that of heartwood, in agreement with prior 
studies [2, 20, 22]. The morphological pore characteris-
tics of heartwood and sapwood were not significantly 
different, while the variance of gas permeability was 
high. SEM could observe only the cross-sectional sur-
face of tracheid and could not observe the internal path-
way. Hence, it is not feasible to predict the permeability 
of wood in the longitudinal direction by morphological 
observation of a cross-sectional surface of wood by SEM.
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Fig. 4 SEM images of cross‑sections in three species of softwood
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Results of through pore diameter
The pore size measured by the capillary flow porometer 
consists of the constricted part of the through pore. In a 
cross-section of softwood, the through pore is tracheid, 
and the constricted part is margo pit membrane.

As shown in Fig. 6, maximum pore sizes of hinoki were 
0.58  μm (SD = 0.06) for heartwood, 1.05 (SD = 0.27) for 

intermediate wood, and 2.47 (SD = 1.27) of sapwood, for 
which the size was about 4.3 times greater than that of 
heartwood [p < 0.01 by Tukey’s test (ANOVA)]. Mean 
flow pore sizes for heartwood was 0.14  μm (SD = 0.02), 
0.16 (SD = 0.04) for intermediate wood and 0.18 
(SD = 0.03) for sapwood, which was about 1.3 times 
larger than that of heartwood [p < 0.01 by Tukey’s test 
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(ANOVA)]. Maximum pore sizes of Douglas fir were 
0.55  μm (SD = 0.06) of heartwood, 2.64 (SD = 0.18) of 
intermediate wood, and 2.32 (SD = 0.26) for sapwood, 
which was about 4.2 times larger than that of heart-
wood [p < 0.01 by Tukey’s test (ANOVA)]. Mean flow 
pore sizes for heartwood were 0.17  μm (SD = 0.02) for 
heartwood, 0.43 (SD = 0.06) for intermediate wood, 
and 0.46 (SD = 0.04) for sapwood, which was about 2.7 
times greater than that of heartwood [p < 0.01 by Tukey’s 
test (ANOVA)]. Maximum pore sizes of hemlock were 
0.54  μm (SD = 0.05) for heartwood, 1.47 (SD = 0.40) for 
intermediate wood, and 1.31 (SD = 0.10) for sapwood, 
which was about 2.4 times larger than that of heartwood 
[p < 0.01 by Tukey’s test (ANOVA)]. Mean flow pore 
sizes for heartwood were 0.19  μm (SD = 0.02), 0.32 for 
intermediate wood, and 0.29 (SD = 0.05) for sapwood, 
which was about 2.3 times larger than that of heartwood 
[p < 0.01 by Tukey’s test (ANOVA)]. Thus, pore sizes 
of sapwood were greater than those of heartwood in all 
three softwoods.

The pore size results in this study are similar to the 
range of softwood in previous studies [42–44].

Porosity analysis (through pore, blind pore, and closed 
pore)
As shown in Fig. 7, through pore porosity of hinoki were 
46.58% (SD = 1.66) for heartwood, 46.34 (SD = 2.95) for 
intermediate wood, and 46.59 (SD = 1.79) for sapwood. 
Through pore porosity of heartwood was lower than 
that of the sapwood [p < 0.05 by Tukey’s test (ANOVA)]. 
Through pore porosities of Douglas fir were 15.62% 
(SD = 1.63) for heartwood, 34.25 (SD = 5.32) for interme-
diate wood, and 44.94 (SD = 2.10) for sapwood. Through 
pore porosity of sapwood was 2.9 times higher than 
that of heartwood [p < 0.01 by Tukey’s test (ANOVA)]. 
Through pore porosities of hemlock were 30.15% 
(SD = 3.12) for heartwood, 39.46 (SD = 2.96) for interme-
diate wood, and 42.30 (SD = 2.04) for sapwood. Through 
porosity of sapwood was 1.4 times higher than that of 
heartwood [p < 0.01 by Tukey’s test (ANOVA)]. In soft-
woods hinoki, Douglas fir, and hemlock, through pore 
porosity of heartwood was reduced.

Pit aspirations of tracheid in the heartwood are in the 
form of blind pore or closed pore, resulting in lower 
through pore porosity in heartwood than sapwood.

Correlation and regression results
Table 1 presents the results of Pearson correlation anal-
ysis among the variables. Gas permeability showed a 
highly positive relationship with through pore porosity. 
(0.709) at a 1% level of significance and a negative trend 
with bulk density (− 0.258) at a 5% level of significance. 
These results indicate that, as through pore porosity 

increases, gas permeability also increases. However, as 
bulk density increases, gas permeability decreases. No 
significant relation was found between mean pore size 
and gas permeability. Table  1 shows that the multi-col-
linearity problem in regression analysis was not signifi-
cant because the correlations among the independent 
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Fig. 7 Results of porosity analysis of heartwood, intermediate wood 
and sapwood in three species of softwood (error bar; standard 
deviation)
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variables (porosity, pore size, and density) were statisti-
cally weak or not significant.

Table 2 shows the regression results with Eq. (9). Panels 
A, B, and C present estimated results of Eq. (9) with each 
independent variables, and Panel D shows estimated 
results of regression with all independent variables. All 
estimated coefficients of porosity (β1) and pore size (β2) 
were positively significant at a 1% level in Panels A, B, 
and D. In addition, estimated coefficients of density (β3) 
were negatively significant at a 1% level in Panels C and 
D. These results suggest that an increase of through pore 
porosity and mean pore size as well as a decrease of bulk 
density substantially increase gas permeability. All F-val-
ues of Panels A, B, C, and D were significant at a 1% level, 
indicating goodness-of-fit for the estimated regression 
results. Most adj. R2s were above 60%, especially that of 
78.40% in Panel D. Hence, the explanatory power of the 
regression model was also acceptable. All VIFs (variance 
inflation factor) in Panel D were less than 10, which sug-
gests multi-collinearity was not significant.

The results of Table  2 represent the three species 
(hinoki, Douglas fir, and hemlock) of softwood and 
should not be applied to other softwood species. They 
can be developed into a forecasting model after including 
and analyzing more species of softwood.

Conclusions
Summary of the results of the experiments on perme-
ability and pore structure of heartwood and sapwood is 
as follows:

1. SEM was used to observe the cross-section of the 
wood and confirmed that the pore was slightly 
smaller in heartwood compared to sapwood. How-
ever, the difference was not significant, so we could 
not analyze detailed pore structure from heartwood 
to sapwood.

2. The gas permeability of hinoki, Douglas fir, and hem-
lock increased from heartwood to sapwood.

3. The pore structures of softwood was classified into 
through pore, blind pore, and closed pore following 
IUPAC definitions and observed using capillary flow 
porometer and gas pycnometer. Through pore poros-
ity tended to increase from heartwood to sapwood.

4. Capillary flow porometry was used to evaluate pore 
size on the cross-sectional surface of the wood and 
showed that maximum pore size and mean flow pore 
size of sapwood were greater than those of heart-
wood.

5. Through pore porosity, mean pore size, and bulk 
density were the main factors affecting gas perme-
ability in multivariate regression analysis.

Type of pore is related to permeability of the wood, and 
the quantity of pores affect drying, processing, and modi-
fying of woods.

Abbreviations
φtotal: Total porosity; φthrough: Through pore porosity; φblind: Blind pore porosity; 
φclosed: Closed pore porosity; Vtrue: True volume; Vbulk: Bulk volume; Vthrough: 
Through pore volume; Vblind: Blind pore volume; Mafter extrusion: Difference in 
specimen mass after extrusion; Mdried: Dried specimen mass; ρbulk: Bulk density; 
ρGalwick: Specific gravity of Galwick solution; α0: Constant (intercept term); ε: 

Table 1 Results of Pearson correlation analysis (n = 90)

*  and ** represent significance at 5 and 1 percent levels, respectively. 
Denotations of variables are as follows:

Y gas permeability, X1 through pore porosity, X2 mean pore size, X3 bulk density

Y X1 X2 X3

Y – 0.709** 0.178 − 0.258*

X1 – 0.113 0.252*

X2 – − 0.188

X3 –

Table 2 Results of regression (n = 90)

*  Represents significance at 1 percent level. Denotations of variables are the same as in Table 1

Y = α0 + β1X1 + β2X2 + β3X3 + β4D1 + β5D2 + ε

Variables Panel A Panel B Panel C Panel D

Coef. t‑stat. Coef. t‑stat. Coef. t‑stat. Coef. t‑stat. VIF

Intercept − 0.449* − 3.688 0.186* 2.931 2.510* 5.016 1.568* 5.232

X1 3.000* 9.582 – – – – 2.251* 5.856 4.082

X2 – – 1.955* 9.135 – – 0.736* 2.869 4.017

X3 – – – – − 4.316* − 3.692 − 4.505* − 6.527 1.265

D1, D2 Included Included Included Included

adj.R2 64.10% 63.60% 35.90% 78.40%

F‑value 53.966 50.076 17.632 65.543

p‑value < 0.001 < 0.001 < 0.001 < 0.001
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Residuals (error term); ANOVA: Analysis of variance; IUPAC: International Union 
of Pure and Applied Chemistry; MC: Moisture content; SD: Standard deviation; 
Y: Gas permeability; X1: Through pore porosity; X2: Mean pore size; X3: Bulk den‑
sity; D1: Wood dummy variable (1: if the wood is hinoki, otherwise 0); D2: Wood 
dummy variable (1 if the wood is Douglas fir, otherwise 0); OLS: Ordinary least 
square; VIF: Variance inflation factor.
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