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Abstract: Wood is a common porous material used in building interiors. It is therefore expected to adjust water vapor levels
in indoor spaces. To examine humidity adjustment by wood, it is necessary to measure its moisture permeability, and to
quantify humidity adjustment by wood, the accurate measurement of moisture properties is critical. This paper focuses on the
measurement of the moisture permeability (A”) of wood (Cryptomeria japonica). First, the measurement theory of the cup
method and the error estimation method are described. Then, the moisture-permeability measurement results for the wood are
presented. In the cup method, removal of the permeation resistance of the cup (R’,,) was important to estimate the A’ of the
materials. In particular, in the material with low moisture-permeation resistance (e.g. wood shaving), the effect of adding the
R’y was significant. The relationship between average relative humidity(H) and the moisture permeability was experimented.
The results of the linear approximation are: Moisture permeability of board: A’yeurq = 107%-¢*”**" [kg/(ms-Pa)], Moisture
permeability of the wood shavings: A’yood shavings = 9.88-10°H+1.20-10* [kg/(m-s-Pa)]. The moisture permeability of wood
shavings of cedar was about 10 times that of the cedar board. It is therefore confirmed that moisture permeability can be
increased by changing the shape of a wooden material.
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necessary to measure its moisture permeability and capacity,
and to quantify humidity adjustment by wood, the accurate
measurement of moisture properties is critical.

Moisture permeability affects the amount of water vapor
movement. The moisture flux is obtained by multiplying the
moisture permeability rate and the water-vapor pressure
gradient. To estimate the moisture permeability rate, the cup
method has been widely adopted [7-14]. The amount of
moving water vapor cannot be directly measured. Therefore,
the amount of transferred water vapor adsorbed by a
saturated salt solution, a desiccant, water, or similar is

1. Introduction

Wood is a common porous material used in building
interiors. It is therefore expected to adjust water vapor levels
in indoor spaces [1-3]. However, since the moisture
permeability of the board is small, only the surface
contributes to the humidity adjustment with respect to the
daily fluctuation of the water vapor in the room. It is
expected that if the wood is processed into wood shaving, the
moisture permeability will be high and the humidity
adjustment ability of the wall will be improved. Fukuta [4, 5]

developed a method for manufacturing mats from a mixture
of wood shavings and kenaf fibers and reported their
mechanical, sound absorption, and fireproofing properties.
Nakaya [6] measured thermal properties of planar waste mats,
and found thermal conductivity and specific heat. However,
the moisture property of the wood shaving mat is not
measured. To examine humidity adjustment by wood, it is

measured. The moisture permeability is thus indirectly
estimated by measuring the weight of the adsorbent.
However, measurement of the moisture permeability rate by
the cup method has been reported to have large measurement
errors [15]. Vololonirina [14] was examined on the cup
method by the theory of water vapor movement. The
estimation of the moisture permeability by the cup method
showed that the inside and outside boundaries of the cup
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influenced the moisture permeable resistance of the material.
Richter [16] examined the vapor tightness and materials of a
moisture - permeable cup. As a result, it showed that it
influences the estimated value of the moisture permeability.
Osawa [15] reported that the measured value determined by
the cup method is the moisture-permeation resistance, which
is the sum of the moisture-permeation resistance of the
specimen and the moisture-permeation resistance of the
moisture-permeable cup itself. The moisture-permeation
resistance of the cup is influenced by multiple factors such as
the change in the concentration of the salt solution in addition
to the moisture-transmission resistance of the surface of the
specimen. Fiber materials, such as wood shavings, have low
moisture permeability resistances. Therefore, estimation of
the moisture-permeation resistance of the cup in cup-method
measurements is important for improving the measurement
accuracy of the moisture permeability.

This report details a study of the measurement of the
moisture permeability of cedar wood. First, the measurement
theory of the cup method and the error estimation method are
described. Then, the moisture-permeability measurement
results for the wood are presented, and finally, a short
summary of the study is given.

2. Method
2.1. Definition of Moisture Permeability

Moisture permeability is a physical property that describes
moisture transfer in a porous material [17]. The amount of
moving water vapor is proportional to area A, time At, and
moisture flux q' as follows:

AW=AAt¢=AAtX§ (1)
’_ AW
N = (aarst) 2)

Moisture permeability A’ is an index representing the amount
of moisture moving per unit area, unit time, and unit
water-vapor pressure gradient. By rearranging these two
expressions, the units of moisture permeability can be obtained:

kg kg

= )

m-s-Pa’

Pa
m2-s—2
m

The unit of the moisture permeability is therefore
kg/(m-s-Pa) [9].

2.2. Estimating Moisture Permeability

2.2.1. Cup Method

In the cup method, a water vapor pressure gradient is
applied to the specimen allow the absorption of water vapor by
a saturated salt solution inside the cup. If the moisture flux is
in a steady state, the moisture flux from outside the cup is
equal to the moisture flux through the specimen. Because the
increased amount in the cup is equal to the amount of water
vapor that has moved, the entire moisture-permeation

resistance of the cup can be estimated.

However, the moisture-permeation resistance estimated by
the cup method includes the moisture-permeation resistance of
the cup in addition to that of the material. By estimating the
moisture-permeation resistance of the cup and subtracting it
from the value of the moisture-permeation resistance measured
by the cup method, the moisture-permeation resistance of the
material can be estimated. The experimental apparatus is
shown in Figure 1. In the experiment, desiccators were placed
in a thermostatic chamber and the temperature was controlled
at 23°C. The experimental apparatus, consisting of a
moisture-permeable cup, a saturated salt solution for moisture
release, and a stirring fan, was placed inside a desiccator.
Figure 2 shows a moisture-permeable cup.

Saturated salt solution

Figure 2. Specimens.

The moisture-permeable cup was shaped into a box from
an acrylic plate (thickness 3 mm). The specimens is cedar
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(Cryptomeria japonica); two samples were prepared and
experimented, both a board and shavings of the wood.
Because the core-sheath fiber material is known to absorb
less water, it was neglected from the examination. The
average density of the air-dried board was 0.368 g/cmB; and
its size is 100 mm x 100 mm % 10 mm. The side of the board
was humidified with aluminum tape. The average density of
the air-dried shavings was 0.053 g/cm’. The shavings were
made to fill a moisture-permeable cup. The size of the
specimen for the shavings was adjusted to 100 mm x 100
mm x 25 mm.

In order to investigate the influence of the humidity range,
an arbitrary water-vapor pressure difference was used for the
experiment, given by the saturated salt solution method
rather than the dry (JIS) or wet (ISO) methods. The use of
these latter two methods can avoid the problem of
measurement error due to a saturated salt solution as
described later; however, it is doubtful whether experiments
with extremely high water-vapor pressure differences on both
sides of the specimen can reproduce actual humidity
environments. The moisture permeability differs depending
on the humidity range to which the specimen is exposed. It is
important to make measurements at each humidity when
considering water-vapor regulation in the mid-humidity
range and suppression of dew condensation in the
high-humidity range.

Six salts were adopted [17]: LiCl (11%), MgCl, (33%),
Mg(NOs), (53%), NaCl (75%), KCl (82%), and K,SO,
(97%). The salt was selected such that the moisture flux
direction moved from the desiccator to  the
moisture-permeable  cup. The  outside of the
moisture-permeable cup was set at a high humidity and the
inside of the moisture-permeable cup was set at a low
humidity, and water vapor was absorbed by a saturated salt
solution inside the moisture-permeable cup.

2.2.2. Moisture-Transfer Resistance

Water-vapor transfer via the cup method is shown in
Figure 3. The moving potential is the water-vapor pressure.
Water vapor passes through the specimen from outside the
moisture-permeable cup. Then, it is absorbed by the saturated
salt solution inside the moisture-permeable cup.

The movement of water vapor in steady state conditions is
shown by equations (4)—(9):

qu=ay(fo—f)) = Ri-qy =6 —f “4)
G=2-f) = Ro-a=f-f (5
qz = ay(f; —f3) = Ry-qy =, — 13 (6)
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Figure 3. Water vapor movement in each part of the cup.

q7 is the moisture flux at the outer-surface boundary of
the breathable cup, and R} is the outer-surface
moisture-transfer resistance. qg is the moisture flux diffusing
inside the specimen, and Rj is the moisture-permeation
resistance of the specimen. q, is the moisture flux at the
surface  boundary of the specimen inside the
moisture-permeable cup, and R’ is the surface-moisture
transmission resistance of the specimen inside the
moisture-permeable cup. qj5 is the moisture flux in the inner
space of the moisture-permeable cup, and R; is the
moisture-permeation resistance of the air in the inner space.
gy is the moisture flux at the surface boundary of the
saturated salt solution inside the moisture-permeable cup, and

% is the surface-moisture transmission resistance of the
saturated salt solution inside the moisture-permeable cup. qg
is the moisture flux from the surface of the saturated salt
solution of the moisture-permeable cup to the center of the
saturated salt solution, and Ry is the moisture-permeation
resistance including various factors on the surface of the
saturated salt solution.

At steady state, each moisture flux in equations (4)—(9) is
identical, i.e. q1 =q; =q3 =q3 =q4 = qs = q'. Because
the moisture flux q’ of equations (4)—(9) are identical, f; to
fa may be eliminated and equation (10) is obtained:

(Ri+Rs+Ry+R3+R,+R)q = (fo—fe) (10)

The steady-state moisture flux may then be obtained by
transforming equation (1) into equation (11):
1 AW

AW=A'At'q’ = q’=; i

(11)

The moisture flux q' is obtained by dividing the change
in weight in the cup by the time duration of the change, and
the surface area of the specimen. The sum of the
moisture-permeation resistances of the cup and of the
specimen was taken to be the total moisture-permeation
resistance Ry;.

an'q = Uo—fs)

o =(A—%V)-A (fo— f5) (12)

At

In addition to the moisture-permeation resistance of the
specimen R;, the total moisture permeation resistance
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includes the moisture-permeation resistance of the cup Reyp.
Riyp = Ri + Ry + R3 + Ry + Rg

tlzll = Réup +R; = Rg = Réll - Réup (13)

That is, when estimating the moisture-permeation
resistance of a sample from the weight change of the
moisture-permeable cup, the moisture-permeation resistance
of the device is included. Therefore, the apparent
moisture-permeation resistance of the specimen is larger than
the actual value, and the moisture permeability is erroneously
estimated with a small value.

In JIS, it is recommended to increase the wind speed on
the outside air [7] of the moisture-permeable cup, and the
intention is to reduce Rj(=1/aj) by increasing a; .
However, it is  impossible to  alleviate  the
moisture-permeation resistance (R,+Rj5 + Rj + R:) inside
the breathable cup. In particular, the moisture-permeation
resistance Ry related to the saturated salt solution changes
the solution concentration on the surface of the saturated salt
solution due to absorption of water vapor. The saturated
water-vapor pressure on the surface of the saturated salt
solution approaches the water-vapor pressure of water.
Therefore, the saturated salt solution interface (fy) inside the

moisture-permeable cup and the internal water-vapor
pressure (f,) of the moisture-permeable cup are higher than
the saturated water-vapor pressure of the salt.

Osawa [9] proposed a method for removing the
moisture-permeation resistance of the cup. A conceptual
illustration of the removal method is shown (Figure 4). A
material with low moisture-permeation resistance such as
paper is attached to a moisture-permeable cup. For each
moisture-permeable cup in which one sheet of Kent paper
and two sheets are inserted, the change in the weight of the
cup is measured. The water-vapor balance expression for
each cup in the steady state is shown as equations (14) and

(15):

A

(Réup + Rifpaper) = W (fO - fS) (14)

At

(Réup + ZRé_paper) = (sz_pfm(fo —fs)

At

(15)

AWx_p aper,(t)

where is the change in weight when x sheets of

paper are inserted into the cup.
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Figure 4. Method for removing the moisture-permeation resistance of the cup.

AW can be measured by changing the area and weight
time, f; is the water-vapor pressure of the saturated salt
solution outside the moisture-permeable cup, and f; is the
water-vapor pressure of the saturated salt solution inside the
moisture-permeable cup. By subtracting equation (14) from
equation (15), the moisture-permeation resistance of the
moisture-permeable cup Reyp, can be estimated as

R(’:up = (Awliaper> - (AWZ;aper> A(fo - fS) (16)

At At

In this study, the regression method was used to improve
the estimation accuracy of R, by increasing the number of
specimens of the cup. In the regression method, 1 to x
sheets of paper are installed in a moisture-permeable cup, and
each Ry pqper is obtained. Linear regression is then
performed on the number of paper sheets and the
moisture-permeation resistance, and the value corresponding

to zero sheets is obtained as the estimation of Reyp.

2.2.3. Moisture Permeation

The moisture-permeation resistance (R;) of the spcimens is
estimated from equation (17) by subtracting Rz, (equation
(16)) from R}, (equation (12)).

1
Rs = Roy — R(’:up = WA(]CO —fs) — R(’:up

(55¢")

R; = (AWlall) - (AWliaP€r> - (AWz;aper> A (fo—f5) (I7)

At At At

A" is then obtained by dividing the thickness of the
specimen (A) by R!:

(18)
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3. Results

3.1. Moisture-Permeation Resistance of the Cup

Riyp was estimated for the moisture-permeable cup in this
experiment. For each relative humidity, four types of
moisture-permeable cups were prepared, using from 1 to 4
sheets of paper in the cup. Figure 5 shows an example of the
result (average relative humidity 64%). The number of paper
sheets and the moisture-permeation resistance were linearly
proportional to each other. Ry, for each average relative

humidity is shown (Figure 6); these values range from 66.2
to 104.0 (m*-s-Pa)/kg.

800
700

D

=

(=]
T

R'=56.12x+264.72

[(m?2-s-Pa)/kg]
W A W
o O O
o O O

— N

=]

(=]
T

Moisture-permeation resistance of the cup(R'.,,)

Moisture permeation resistance, R'

0 1 2 3 4

paper, x [Number of sheets]

(=

Figure 5. Relationship between paper and moisture permeation resistance.
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Figure 6. Relationship between paper and moisture permeation resistance of
the cup.

3.2. Moisture Permeation Resistance of the Specimens

R, was calculated from the sample area and the weight
change of the moisture-permeable cup. The total moisture
permeation resistance was decomposed into Ry, and Rj.
Figure 7 shows the moisture-permeation resistance of the
board; R; of the board decreased as the average relative
humidity increased. The moisture-permeation resistance was
2862 (m*s-Pa)/kg at an average relative humidity of 22%,
and 185185 (m*s-Pa)/kg at 91%. The moisture-permeation
resistance in the high-humidity region decreased to about
1/10 of that in the low-humidity region. If Ry, is not
removed from the total moisture-permeation resistance, since

212

R; is added to Rgy,, in the measurement, an erroneously
large estimation is made. When R; of the board was set to
100%, the moisture-permeation resistance was estimated to
be 103% in the low-humidity range (22%) when Ry, was
not removed from the total moisture-permeation resistance
value. This value increased to 111% in the mid-humidity
region (64%) and 156% in the high-humidity region (91%);
for the board, because R; decreases at high humidity, the
relative effect of adding R¢y,, is increased.

12000
, (Board)
& 10000 |
Q
E
s L
; . 8000 Moisture-permeation resistance
o8 of the cup (R',,,)
L
g5 s Moisture-permeation
é ;E 4000 r resistance of specimens(R')
3=
£ 2000 l
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k 0 H =
43 64 80 91

Average relative humidity, H[%]

Figure 7. Relationship between average relative humidity and moisture
permeation resistance in board.
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Figure 8. Relationship between paper and moisture permeation resistance in
wood shavings.

Figure 8 shows the moisture permeation resistance of the
wood shavings. The average relative humidity and the
moisture-permeation resistance were uncorrelated, and the
moisture permeation resistance ranged from 35 to 52
(m*s-Pa)/kg. When R, of the wood shaving was set to
100%, the moisture-permeation resistance was estimated to
be 248% in the low-humidity range (22%) unless Ry, was
removed; the moisture permeation resistance was 280% in
the mid-humidity region (64%) and 300% in the
high-humidity region (91%). Fiber-based materials such as
scraps have low moisture-permeation resistance, and hence,
the measured values of this quantity for the shavings were
strongly influenced by Ry, such that the estimate is
significantly higher than the real value of R; for the
specimen. Therefore, removal of Ry, in high-humidity
conditions or for the measurements of fibrous materials is an
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important experimental procedure for reducing errors.
3.3. Moisture Permeability

The moisture permeability was calculated by diding the
thickness of the specimen by the moisture-permeation resistance.
To examine the influence of Reyyp, the moisture permeability
estimated without removing Ry, from Ry, as well as the
moisture permeability after removal of Rgy,, , were both
calculated. Figure 9 shows the board, and Figure 10 shows the
moisture permeability per average relative humidity of the
shavings.

The average relative humidity and the moisture permeability in
the board can be approximated by a negative exponential function.

Moisture permeability of board (moisture-permeation resistance
of the cup removed)

boara = 10760398 (R*=0.99)

Total moisture permeability of board (moisture permeation
resistance of the cup not removed)

’(mp+board) =2. 10—660.0345H(R2:O'99)

0.00003
(Board)

=
2
23 Moisture permeability of specimen
g ‘:: 0.00002 - = 10-060.0398
SE
% 2 Total moisture permeability .
72 Ji= 2+10-060-0345H
§ 0.00001 F i

0.00000

0 20 40 60 80 100
Average relative humidity, H [%]

Figure 9. Relationship between average relative humidity and moisture
permeability in board.
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Figure 10. Relationship between paper and moisture permeability in wood
shavings.

When the moisture-permeation resistance of the
moisture-permeable cup is removed, an erroneously low

value for the moisture permeability rate was predicted,
especially in the mid- and high-humidity ranges.

The relationship between the average relative humidity
and the moisture permeability was uncorrelated for the wood
shaving; the results of the linear approximation in these
samples are:

Moisture  permeability of the wood
(moisture-permeation resistance of the cup removed)

shavings

'vood shaving = 9-88 + 1078H + 1.20 - 107#(R* = 0.02)

Total moisture permeability of the wood shavings
(moisture permeation resistance of the cup not removed)

,(cup+wood shaving) = 4.66-107°H + 4.15 - 10_5(R2 =0.05)

When the moisture-permeation resistance of the
moisture-permeable cup was not removed, the resulting
moisture permeability rate of the material in the entire
average relative humidity range was less than half of the
actual value. The moisture permeability performance is
erroneously estimated at less than the real performance of the
specimen. For fibrous materials with low
moisture-permeation resistances, this work to remove the
moisture-permeation resistance of the moisture-permeable
cup is important. The moisture permeability of wood
shavings of cedar was about 10 times that of the cedar board.
It is therefore confirmed that moisture permeability can be
increased by changing the shape of a wooden material.

4. Conclusion

Moisture  permeability was examined for wood
(Cryptomeria japonica). The experiment method was the cup
method, and the influences of material shape and humidity
range were examined. From the water-vapor movement
theory of the cup method, the effect of the
moisture-permeation resistance of the moisture-permeable
cup and a procedure for its removal were summarized. The
following findings were obtained.

The moisture-permeation resistance of the
moisture-permeable cup was added to that of the material in the
experimental measurement of the total moisture-permeation
resistance. This caused the estimation of erroneously high
moisture-permeation resistances for the specimen. In particular,
in a material with low moisture-permeation resistance, the effect
of adding the moisture-permeation resistance of the cup was
significant. Estimating the moisture-permeation resistance of the
moisture-permeable cup for cup-method measurements is very
important to avoid error in the estimation of the
moisture-permeation  resistance  of  specimens.  The
moisture-permeation resistance of the material was affected by
material shape and humidity range. The moisture-permeation
resistance of the board was influenced by relative humidity; it
was large at low humidity and small at high humidity. By
contrast, the moisture-permeation resistance of the wood
shavings was very little affected by relative humidity. An
expression relating the moisture permeability and average
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humidity was obtained for each of the shapes of the cedar
specimen.

Board: Aj,,q = 1076e%0398H

Wood shavings: Ayood shaving = 9-88 - 107°H + 1.20 - 107*

214

Water vapor diffusion inside wood is determined by the
relationship between moisture permeability and moisture
capacity. In the next study, equilibrium moisture content will
be measured and moisture capacity calculated, and the depth
of penetration of indoor water-vapor fluctuations will then be

(H: Relative humidity [%]) examined.

Symbol

A\ Weight [g]
A Area [m?]
q' Moisture flux [kg/(m*s)]
t Time [s]

f Water vapor pressure [Pa]
H Relative humidity [%]
X Thickness of the specimen [m]
X; Thickness of the surface adsorption layer in the saturated salt solution [m]
Xg Thickness of the air layer [m]

" Total moisture permeation resistance [(mz's~Pa)/kg]
Reup Moisture-permeation resistance of the cup [(mz'S'Pa)/kg]
R; Moisture-permeation resistance of the specimen [(m*s-Pa)/kg]
Rpyaper Moisture-permeation resistance of the paper [(m? -s-Pa)/kg]
Ay Moisture permeability of the specimen [kg/( m*s-Pa)]

7 Moisture permeability near solution surface [kg/( m*s-Pa)]
Ay Moisture permeability of the air layer [kg/(m*s-Pa)]

[9] ISO 12572 (2016) Hygrothermal performance of building
materials and products -- Determination of water vapor
References transmission properties - Cup method.

(1]

[3]

[4]

[5]

[6]

[7]

(8]

A. Korjenic, H. Teblick, T. Bednar (2015) Increasing the
indoor humidity levels in buildings with ventilation systems:
Simulation aided design in case of passive houses, Building
Simulation, Vol. 3, pp. 295-310.

A. Shea, M. Lawrence, P, Walker (2012) Hygrothermal
performance of an experimental hemp-lime building,
Construction and Building Materials, Vol. 36, pp. 270-275.

J. Simonson, M. Salonvaara, T, Ojanen (2004) Heat and Mass
Transfer between Indoor Air and a Permeable and
Hygroscopic Building Envelope: Part I — Field Measurements,
Journal of Building Physics, 28(1), pp. 63-101.

S. Fukuta, M. Nishizawa, Y. Ohta, Y. Takasu, T. Mori, M.
Yamasaki, and Y. Sasaki (2010) Development of Low-Density
Wooden Molding Mat Using Bicomponent Fibers. Forest
Products Journal 60(7/8): 575-581.

S. Fukuta, M. Nishizawa, Y. Takasu, Y. Ohta, T. Mori, M.
Yamasaki, and Y. Sasaki (2012) Sound absorption and retention
of newly developed heat-insulation/acoustic material, European
Journal of Wood and Wood Products 70(5), pp. 697-704.

Nakaya, T., M. Yamasaki, and Y. Sasaki (2016) Thermal
conductivity and volumetric specific heat of low-density
wooden mats, Forest Products Journal, 66(5/6), pp. 300-307.

JIS (1995) Measuring method of water vapor permeance for
building materials, JIS A 1324.

JIS (1976) Testing Methods for Determination of the Water
Vapour TransmissionRate of Moisture—Proof Packaging
Materials (Dish Method), JIS Z 0208.

[10]

[12]

[13]

[14]

[15]

[16]

[17]

I. Cetiner, A. D. Shea (2018) Wood waste as an alternative
thermal insulation for buildings, Energy and Buildings, 168,
pp. 374-384.

O. Vololonirina, M. Coutand, B. Perrin (2014)
Characterization of hygrothermal properties of wood-based
products — Impact of moisture content and temperature,
Construction and Building Materials, 63, pp. 223-233.

P. L. Hurtado, A. Rouilly, V. Vandenbossche, C. Raynaud
(2016) A review on the properties of cellulose fibre insulation,
Building and Environment, 96, pp. 170-177.

0. Gezici-Koc, S. Erich, H. Huinink, L. van der Ven, O. Adan
(2018) Understanding the influence of wood as a substrate on
the permeability of coatings by NMR imaging and wet-cup,
Progress in Organic Coatings, Vol. 114, pp, 135-144.

O. Vololonirina, B. Perrin (2016) Inquiries into the
measurement of vapour permeability of permeable materials,
Construction and Building Materials, 102, pp. 338-348.

T. Osawa, A. Mizutani, A. Miyano (1986) On Test Method of
Water Vapor Permeance for Building Materials Through A
New Measuring Device of Water Vapor Pressure, J. Archit.
Plann., AlJ, No.364, pp. 20-30.

J. Richter, K. Stanek (2016) Measurements of water vapour
permeability — tightness of fibreglass cups and different
sealants and comparison of p-value of gypsum plaster boards,
Procedia Engineering, 151, pp. 277-283.

AlJ (2006) Academic Standards for measurement of moisture
properties, AIJES-H001-2006.



