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Mechanical property and durability of timber members is significantly affected by their surface moisture
emissivity which determines the rate they exchange the moisture with the surrounding air. The surface
moisture emissivity depends on various parameters including the air flow rate, the temperature and the
surface treatment. However, there currently lacks a suitable method for measuring it in the actual work-
ing environment of the timber structures. This paper proposes such a method which can identify the sur-
face moisture emissivity factor for timber members with different kinds of surface treatment in their
unsteady moisture transfer process. The method is based on Bayesian updating of the numerical model
of moisture transfer process of the wood based on the overall weight change. The numerical model con-
siders coupled transfer of the vapour and the bound water. Influences of the sorption hysteresis were also
included. Using the method, moisture emissivity factor of different kinds of timber surfaces can be mea-
sured by weighting their small-sized samples exposed to ambient climate. Steady moisture transfer pro-
cess, controlled temperature and RH environment, or the information of the moisture gradient in the
samples are not required. Using the method, surface moisture emissivity factor of a pine wood was deter-
mined without and with different kinds of surface paint. The measured factor was validated by additional
experimental data.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Engineering timber products including cross-laminated timber
(CLT) and glulam are being increasingly used in the modern build-
ing industry. Durability and mechanical property of these timber
products are significantly affected by their moisture content.
Dimension, stiffness and strength of wood distinctly varies at dif-
ferent moisture content levels, which can introduce eigenstresses
and cracks [1–4]. Mechano-Sorptive creep is expected for wood
sustaining long-term load with repeated moisture content varia-
tions [5]. This kind of creep often dominates the long-term deflec-
tion of timber structures [6]. Moreover, wood with a moisture
content larger than 20% is vulnerable to fungi, which leads to sev-
ere deterioration of its mechanical performances [7–9]. As a hygro-
scopic material, wood absorbs and desorbs the moisture from the
surrounding air. When exposed to a constant relative humidity
(RH) and temperature, timber structures eventually reach a con-
stant moisture content known as the equilibrium moisture con-
tent. In the working environment of timber structures, on the
other hand, the equilibrium is seldom reached. The wood keeps
constantly taking and giving away moisture and heat due to the
varying RH level and temperature. Gradient and variations of the
moisture content and temperature therefore exist in timber struc-
tures. Depending on the maximum RH a timber member is
exposed, its maximum moisture content and their duration, Euro-
code 5 [6] divides the working environment of timber structure to
3 service classes. The design strength and long-term stiffness of a
timber members are influenced significantly by its service class [6].
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Influenced by the climate, average RH and temperature of the
working environment of wood varies significantly in different
months of the year [1,10–14]. They also tend to vary daily with
the highest RH and lowest temperature often observed in the eve-
ning, while the lowest RH and highest temperature observed with
the daylight. The surface moisture emissivity of the timber struc-
ture is an important property which controls the rate of moisture
exchange of the timber member with the surrounding air. Together
with dimension of the member, frequency of the RH variation and
the conductivity of the moisture in wood, the property determines
the moisture variation and gradient in different part of the wood
[15,16]. Fragiacomo et al. [17] found that when surface coating is
used which increases the surface resistance, eigenstress of the
wood in different climates typically reduces. Fortino et al. [18],
Gereke and Niemz [15] and Angst and Malo [19] made similar
observation. The surface moisture flux is also crucial in crack con-
trol in the drying of the green wood [20,21].

The research community has long recognized influences of the
surface moisture flux and the corresponding emissivity factor on
performance of timber structures. Various research investigations
were made. [17,22,23] Siau and Avramidis [24] investigates the
surface emissivity factor of wood and concluded that the factor is
related both the internal and external moisture resistance and is
the affected by fluid characteristics of air and surface condition
of the wood. Value of the emissivity factor was calculated based
on sorption tests and theoretical solution of their governing differ-
ential equation. Liu and Simpson [25], Koc and Houška [26] used
inverse identification method to calculate the surface emissivity
factor based on optimization of the numerical model of its mois-
ture transfer, which allows to derive the emissivity factor for pro-
cesses with nonlinear diffusivity factors. Yeo and Smith [27] used
the boundary layer theory of the air flow for calculating the surface
emissivity factor and validated the results by experimental data
regarding drying and sorption of different species of wood. These
research investigations, however, assumed a single Fickian process
for the moisture transfer and relate the surface flux with total
moisture content. The assumption makes no distinction between
the bound water and vapour concentration which is unreasonable
as the surface moisture flux mainly takes the form of vapour trans-
fer. [28] The calculated factor was therefore often found to be
affected by the sorption rate and frequency of the environmental
RH variations. [29] For the multi-Fickian models which are physi-
cally more accurate, the surface emissivity factors in terms of the
vapour flux and vapour concentration (or partial pressure) cur-
rently used by researchers are typically estimated and lack exper-
imental validation [13,17,30]. This is complicated by the fact that
the moisture emissivity factor is related with complicated param-
eters associated with individual test such as the air flow rate, sur-
face condition of the timber as well as penetration and quality of
the surface painting [24,25,27].

There has been significant advancement in recent years in
numerical model of the moisture transfer process in the wood.
Krabbenhøft [28], Krabbenhøft and Damkilde [31] proposes to
model moisture transfer in wood as two Fickian processes with
individual vapour and bound water transfer. Coupling these two
processes is a sorption term representing transfer between vapour
and the bound water. Frandsen et al. [32] proposes method to con-
sider the hysteresis effect in the sorption curve and equations to
calculate explicitly the sorption rate with consideration of the dif-
ferences between adsorption and desorption at different bound
water concentrations. Eitelberger et al. [33] considers microstruc-
ture of the wood and uses a method for evaporation rate of the
bound water based on local equilibrium of the cell wall and lumen.
These models can simulate the unsteady state moisture transfer
process with good accuracy. Additional heat transfer process which
governs the sorption balance and rate was considered in the model
2

proposed by Fortino et al. [13], Fortino et al. [18] and Eitelberger
et al. [33]. However, calculating the surface emissivity can still be
difficult even with these models. This is partially due to the fact
that the moisture transfer involves significant nonlinearity [34].
Explicit solution for the governing differential equations is not
available, and the inverse problem is often ill-posed. In these cases,
the Bayesian method is a robust method [35,36].

This paper proposes a method for determining the surface emis-
sivity of timber members. The method uses the Bayesian method
to update of the finite element (FE) models from the overall weight
measurement of the samples. Controlled environment, sealed cup
or detailed measurement of the moisture content of the wood in
different layers are not required which makes the method very
suitable for field measurement of the surface moisture emissivity
of timber structure working in different conditions. Using the pro-
posed method, surface moisture emissivity was measured for neat
and different kinds of coated timber surfaces.
2. Methodology

Accurate evaluation of the moisture related mechanical prop-
erty of timber members requires accurate identification of the sur-
face emissivity factor at the working environment of the timber
structures. In these environments, the steady state moisture trans-
fer is seldom reached, and the only easily assessable data would be
the overall weight of the sample without advanced equipment
[37,38]. This paper investigates using the changes of overall weight
of the timber samples to calculate surface emissivity factor of the
wood with the Bayesian model updating technique.

2.1. Governing equations for moisture transfer in wood

Moisture content in timber member varies with RH and tem-
perature in surrounding air due to the porous and hydrophilic nat-
ure of wood. Modelling variation and gradient of the moisture
content in wood is therefore crucial in evaluating eigenstress and
mechano-sorptive behaviour of timber structures. Previously,
researchers often use a simple Fickian process to describe the
moisture transfer. The method, however, does not consider the
sorption process and often fails to describe the unsteady moisture
transfer. Researchers generally found that explicit consideration of
the individual transport of vapour and bound water are required to
accurately model the unsteady moisture transfer. [28] These trans-
port processes are coupled by a sorption term which represents
evaporation and condensation between bound water and vapour.
[32] Sometimes, the heat transfer process is also included in the
governing equations which is related with the temperature profile
in the wood and therefore related with the equilibrium between
bound water and vapour and the sorption rate. [13,18,33] A typical
governing equation for the moisture transfer is therefore written as
[33]:

@cv
@t

þ @

@x
Jv þ _c

f cwm

f lum
¼ 0

@cb
@t

þ @

@x
Jb � _c ¼ 0

@qh
@t

þ @

@x
f þ @

@x
Jbhbf cwm þ @

@x
Jvhv f lum þ _c hv � hbð Þf cwm ¼ 0 ð1Þ

In the equation, cv is the mass concentration of the water
vapour in lumen; cb is concentration of the bound water in cell
wall; T is the temperature; q is dry density of the wood; h is heat
capacity of the dry wood; t is the time; x is the spatial coordinate;
Jb is the effective bound water flux; Jv is the water vapour flux; f is
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the heat flux; hb and hv are the specific enthalpies of bound water
and water vapour; fcwm and flum are the volumetric fraction of the
lumens and the cell walls.

Water vapour main exists in lumens of the wood in conjunction
with air. Its transport in the wood involves complicated chemical
and physical processes. Diffusion due to concentration gradient
occurs in the lumen and through pores and pits across lumens fol-
lowing Fick’s law. On the other hand, vapour gradient in different
lumens causes localized condensation on one side of the cell wall
and evaporation on the other side. It was indicated that this kind
of transport process actually dominates the overall transport of
vapour in wood. [39] At higher temperature, there are also indica-
tions that convection process could be significant due to gas pres-
sure differences. However, at the normal temperature range, it was
generally agreed by researchers that the vapour transfer in wood
can be described by a differential equation shown in Eq. (2) by
the gradient law. [28] However, the effective diffusivity is highly
nonlinear and significantly varies in different directions in the
wood.

Jv ¼ �Dv
@cv
@X

ð2Þ

In the equation, Dv is the effective diffusivity matrix of the
vapour to different directions and Jb is the effective bound water
flux.Xis the spatial coordinate vector.

Transport of the bound water can also be expressed in the sim-
ilar form shown in Eq. (3) driven by concentration gradient. In the
equation, Db is the diffusivity matrix of the bound water. Particu-
larly, the bonding energy between bound water molecules and
the hydroxide group in cell walls varies with the bound water con-
tent. Nonlinearity is therefore also expected in the differential
equation.

Jb ¼ �Db
@cb
@X

ð3Þ

Coupling the vapour and bound water transfer are the sorption
term, _c, which represents rate of the phase change between the
bound water and water vapour. The sorption rate is related with
differences between the current bound water concentration and
the equilibrium bound water concentration. Different forms of
relations were assumed by different researchers. The most com-
monly used equation for calculating the sorption rate is probably
the model proposed by Frandsen et al. [32]. The method considers
explicitly the difference in adsorption and desorption as well as the
dramatic reduction of the sorption rate when moisture content
approaches the equilibrium value. Detailed parameters of the
model were calibrated by the sorption tests [40]. Eitelberger
et al. [33] assumes a local equilibrium in calculating the sorption
rate between inner surface of the lumen and the air in the lumen.
Therefore, the sorption rate is related with average size of the cell
walls of the wood and the bound water diffusivity in the micro-
scale. Essentially, an approximately linear relation was adopted
between the sorption rate and the equilibrium moisture content
differences.

The equilibrium bound water concentration, on the other hand,
relates with concentration of the water vapour by the sorption
curve. Significant hysteresis effect often exists in sorption curve
of wood which indicates that equilibrium moisture content of
the wood is not only with the current relative humidity but also
with the previous relative humidity history. Various models were
proposed by different researchers including the work conducted
by Frandsen et al. [32], Patera et al. [41], Peralta [42] and Pedersen
[43].

In addition to the transfer process in the wood, the exchanges of
the moisture and heat of the wood with the surrounding air con-
trols the moisture content in the wood as the boundary condition.
3

For timber structures in their typical using condition, the exchange
of moisture mainly takes the form of vapour flux while the
exchange of bound water is often assumed to be zero (that is,
assuming enough isolation is provided between the timber mem-
ber and the ground). At surface of the timber member, a boundary
layer exists which has often different vapour concentration with
the ambient air due to the vapour exchange. The airflow in the
boundary layer can therefore influence the surface emissivity of
the timber structure which can be in the laminar or turbulent form
depending on its velocity and the surface roughness. In addition,
the cutting method and coating often leads to closure of the micro-
pores in the wood which could also influence the vapour exchange
mechanism significantly. Instead of modelling these complicated
processes, researchers often use a simple surface emissivity factor
to characterize surface flux of the wood, as:

Jsv ¼ kvðcv air � cvÞ for flux of the water vapour

JsT ¼ kTðTair � TvÞ for flux of the heat ð4Þ
In which kT and kv are the surface emission factor for transfer of

the heat and moisture, respectively, and JsT and Jsv are the surface
flux of the heat and moisture, respectively.

Finite element discretization and numerical methods
The governing equations presented in Eq. (1) are often solved by

the finite element approach. Using Galerkin formulation and back-
ward Euler integration scheme, Eq. (1) can be expressed in the
weak form as:

1
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� �
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þ
Z
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dN
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dX

f lumdV ¼ 0 ð7Þ

In the equation, V is the arbitrary volume being considered. N is
the shape function. K the conductivity matrix. Numerical integra-
tion can therefore be used to derive the matrix form of the govern-
ing equations which can be consequently solved with iteration.

The effective diffusivity of the water vapour in different direc-
tions of the wood is often assumed to be proportional to the diffu-
sivity of the vapour in the air, Da, calculated as Eq. (8). [39] For this
study, we assumed the effective vapour diffusivity along longitudi-
nal, radial and tangential directions to be 98%, 5% and 8% of Da,
respectively.

Da ¼ 0:026593ðT=273:15Þ1:81
1013þ 4:615cvT

ð8Þ

Diffusivity of the bound water in the transverse direction is cal-
culate based on Eq. (9) similar to assumption of some other
researchers. [33,39] Detailed parameters associated the equation
is presented in Table 1. The heat transfer parameters were also
similar with commonly adopted values from literature.

DbT ¼ D0expð�Eb

RT
Þ ð9Þ

The Bayesian updating method used in this study involves large
numbers of calculation of the numerical model with randomly
assigned parameters with sometimes irregular values. The numer-
ical stability and iteration efficiency are crucial in effectiveness of



Table 1
Assumed material parameters for the finite element model.

Parameter Model Assumed value

q0, Dry density of wood 350 kg/m3

DbT , Diffusivity for bound water in wood in the transverse
direction(Frandsen [39])

DbT ¼ D0expð�Eb
RT Þ D0 ¼ 7:0� 10�6m=sEb ¼ 38500� 29000mm is moisture content of the

wood
DbL , Diffusivity for bound water in wood in the longitudinal

direction(Frandsen [39])
DbL ¼ 2:5DbT

EMC, Equilibrium moisture content EMC ¼ k1H
3 þ k2H

2 þ k3H k1 = 0.442;k2 = -0.5964;k3 = 0.3737; (first batch)k1 = 0.4346;k2 = -0.4724;
k3 = 0.3015; (second batch)

f lum , Volumetric fraction of lumen(Eitelberger et al. [33]) 0.4
f cwm , Volumetric fraction of cell wall f cwm ¼ 1� f lum 0.6
kT , Surface heat emissivity(Eitelberger et al. [33]) 0.3 W/m2K

Fig. 1. Comparisons of the calculated MC profile with the experimental results
presented in Wadso [46].
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the method. For efficiency of the model, a simplified equation was
used to calculate sorption rate from the differences between the
bound water concentration and the equilibrium value, which is
similar to the approach by Eitelberger et al. [33]. In their model,
they use the average radius of the cell walls to build the local mois-
ture equilibrium and calculate the sorption rate. The radius, how-
ever, often varies significantly from species to species and is
unavailable to the authors for the tested wood species. [44] Also,
the local equilibrium they assumed may not be reached depending
on surface moisture emissivity of the cell walls. Therefore, we sim-
ply assumed that the sorption rate is related with, Dcwm,trans diffu-
sivity of the bound water in the transverse direction of the wood
and the concentration differences of the bound water by b, a factor
to be determined. Afterward, we use the Bayesian inference
method to update bwhich contains information of the average size
of the cell walls and goodness of the assumption of the local equi-
librium. This equation, however, also produces a nearly linear rela-
tion and ignores differences between the rate in adsorption and
desorption.

_c ¼ bDcwm;transðcbl � cbÞ ð10Þ
We also used a simplified and monotonic sorption curve com-

pared with the state-of-the-art model presented in Frandsen
et al. [32]. The curve was a polynomial fit of the scanning curve
of the hysteresis model used by Patera et al. [41] starting from
the initial equilibrium state. This assumption is only solid when
RH variations of the samples exposed to the climate is less signif-
icant compared with the initial drying. Also, the classic equation
for equilibrium moisture content of the wood, as shown in Eq.
(11), relates the moisture content with the RH. For the moisture
transfer model, on the other hand, it is believed that a diffusion
process based on vapour concentration is more appealing. The
vapour concentration is related with RH of the air by Eq. (12)
and (13).

EMC ¼ k1H
3 þ k2H

2 þ k3H ð11Þ

H ¼ cvT
0:002166ps

ð12Þ

ps ¼ expð53:421� 6516:3
T

� 4:125lnðTÞÞ ð13Þ

Together with Eq. (11), 12 and 13, the proposed constitutive
relations were implemented in the Abaqus software (ABAQUS
6.14) with a user subroutine for the user defined element (UEL).
With the transfer process simplified as a 1D problem, only one
layer of 10 elements was used. The initial vapour concentration,
bound water and temperature assumed were listed in Table 1
together with some other modelling parameters. Together with
Eq. (11), 12 and 13, the proposed constitutive relations were
implemented in the Abaqus software [45] with a user subroutine
for the user defined element (UEL). The UEL subroutine passes
4

the software Jacobian matrix and residual vector of the element
defined by the users, which are afterward accumulated and solved
by the software. We developed the element based on Eq. (5), 6 and
7 for a three-dimensional 8-node brick element. The element has
24 degrees of freedoms with 3 variables at each node which are
the water vapour concentration, bound water concentration and
temperature. The moisture transfer process, however, was simpli-
fied to a 1-dimensional problem using the symmetricity. Only a
line of elements was used which composed of 10 elements. One
edge of the model was assumed to be isolated in terms of the ther-
mal and mass transfer. The other edge allows heat and vapour flux
calculated by Eq. (4). The surface heat and vapour flux were
applied to the end element of the model based on gradient of the
temperature and water vapour concentration, as shown in Eq. (14).

Using the proposed method and reported parameters in litera-
ture, moisture transfer processes were investigated regarding the
tests presented by Eitelberger et al. [33] and Wadso [46]. Fig. 1
and Fig. 2 summarize the reported and presented results. As shown
in the figure, the calculated results generally agree with the pre-
sented result. For the profile presented by Wadso [46] which the
moisture transfer was in the radial and tangential direction, good
agreement was found. For the moisture profile corresponding to
longitudinal direction presented by Eitelberger et al. [33], on the
other hand, larger error was found. The reason behind the error
may be that the moisture profile in the longitudinal direction
was mainly controlled by the sorption rate as vapour diffusivity
in the longitudinal direction is much higher. The presented model,
on the other hand, assumed linear sorption rate which causes
error, especially when the moisture content is close to the equilib-
rium value. Compared with results reported by other researchers



Fig. 2. Comparisons of the calculated MC profile with the experimental results presented in Eitelberger et al. [33]

Z. Zhang, Z. He, Zhao-Dong Xu et al. Construction and Building Materials 269 (2021) 121253
using similar assumption [33], accuracy of the proposed method is
believed to be acceptable.

Bayesian inference
Transport of the vapour concentration, bound water concentra-

tion and temperature in the unsteady moisture transfer process are
interdependent. In addition, diffusivity of both the vapour and the
bound water is strongly related with their concentration and the
temperature, which makes solving the surface emissivity factor
from observation of the moisture content of the wood an ill-
posed inverse problem. For this kind of problem, the Bayesian
inference is a robust method [36,47–49]. The Bayesian inference
is based on the Bayes’ theorem which can be written as:

p hjDð Þ ¼ p Djhð ÞpðhÞ
pðDÞ ¼ 1

c
p Djhð ÞpðhÞ ð14Þ
5

the equation, h is the uncertain parameters to be determined.
D is the relevant observation data corresponding to the random
variables. p hjDð Þ is called the posterior probability density func-
tion (PPDF), which contains information about the interested
parameter set h updated by the observation data D. p Djhð Þis
the likelihood function which expresses the probability of
obtaining dataset D based on parameter set h. pðhÞis the prior
probability density function (prior PDF) which contains the ini-
tial plausibility about distribution of h. pðDÞ ¼ c is a normalizing
constant guaranteeing the PPDF integrates to one and does not
need to be solved in the calculation . As the equation shows,
the posterior PDF of h is proportional to the product of the prob-
ability of obtaining the observation data D based on the param-
eters and prior PDF of h. With posterior PDF of h, these
parameters can be estimated either by its expectation or its
maximum likelihood value.



Fig. 4. Samples for measuring surface emissivity (a) photo showing surfaces of the
samples (b) drying of the samples to create initial condition.
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The posterior PDF often has a non-standard form in which an
explicit expression is unavailable. Also, the normalizing constant
c ¼ p Dð Þ is also often intractable except for special cases. Numeri-
cal simulations are therefore needed to explore the posterior state
space. The most widely adopted method is the Markov chain
Monte Carlo (MCMC) sampler which can generate samples from
any probability distribution. The idea of the sampler is to construct
a Markov chain which has a stationary distribution of the intended
probability distribution. Explicit expression of the distribution is
not necessary in using MCMC sampler. Instead, the distribution
should be evaluated up to a normalizing constant, which is the case
of the posterior PDF of h in the Bayesian inference. The most widely
used sampling algorithms associated with the MCMC method are
the Metropolis-Hastings Sampler (M�H) and Gibbs Sampler. In this
paper, M�H is used, which introduces the acceptance rate a and
constructs a new transition probability matrix Q .

Q ¼ a� P ð15Þ
Here, � means the multiplication of corresponding elements in

the matrices.
Because the constant c has no effect on the calculation of distri-

bution combined with MCMC, the posterior PDF is often expressed
as follows.

p hjDð Þ / p Djhð Þp hð Þ ð16Þ
The problem is transformed into calculating the right side of the

above equation.
The prior PDF p hð Þ has many forms of expression. Different prior

PDF can eventually converge to the target distribution, and the dif-
ference lies in the efficiency of the algorithm. In this paper, the
prior distribution is modelled as a uniform distribution model
which assumes no prior information about the prior distribution.

p hð Þ ¼
Y
i

p xið Þ ð17Þ

Where,
Fig. 3. Flowchart for the proposed approach.

6

p xið Þ ¼
1

bi�ai
ai� xi � bi

0 Otherwise

(

The likelihood function p Djhð Þ is a conditional probability den-
sity function and reflects the fitting degree between the unknown
model parameters and the actual observation data. The likelihood
information of the unknown random variables under all observa-
tion data is included in the likelihood function. Likelihood function
directly affects the efficiency of Bayesian method and also plays a
key role in the accuracy and stability of the results. It is closely
related to measurement error. The measurement error and the
observation data are generally considered to be independent of
each other. If the measurement noise is represented byxm, the sta-
tistical model can be expressed as follows:

D ¼ F hð Þ þxm ð18Þ
where, D denotes the data set, F is a solving operator of the positive
problem. Random noise is usually modelled as stationary white
noise with Gaussian distribution, so the likelihood function can be
expressed as

p Djhð Þ ¼ 1

2pð Þn=2mT n=2
exp � F hð Þ � Dð ÞT � F hð Þ � Dð Þ

2mT

 !
ð19Þ

where, mT is the variance. In addition, if the measurement data is
abnormal, Laplace distribution can be used. The Laplace distribution
can ensure the stability of the calculation process. When the mea-
surement error can be ignored, the likelihood function can also be
represented by the Dirac function.

Therefore, posterior PDF can be described as

p hjDð Þ / 1

2pð Þn=2mT n=2
exp � F hð Þ � Dð ÞT � F hð Þ � Dð Þ

2mT

 !
1

bi � ai
ð20Þ

It can be simplified as

p hjDð Þ / exp � F hð Þ � Dð ÞT � F hð Þ � Dð Þ
2mT

 !
ð21Þ

In this paper, the calculated bound water concentration was
subsequently integrated over length of the model and compared
with weight measurement of the sample. Therefore, the solving
operator F is related to the surface emissivity factor kv and b. Thus,
the posterior PDF p hjDð Þ can be calculated as



Fig. 5. (a) Variation of the ambient temperature and relative humidity for the first batch of test (b) variation of the weight of the longitudinal samples (c) variation of the
ambient temperature and relative humidity for the second batch of test (d) variation of the weight of the radial samples.
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p hjDð Þ / exp � F kv ; bð Þ � Dð ÞT � F kv ;bð Þ � Dð Þ
2r2

 !
ð22Þ

In which r is standard deviation of the weight measurement. A
metropolis-hasting algorithm was employed to explore the poste-
rior distribution of kv and b. Steps of the proposed method is sum-
marized in Fig. 3.

3. Results and discussions

Tests were performed to validate the proposed method. Small
cuboid timber samples were made from Pinus Armandii (Chinese
white pine) wood with a dimension of 50*50*60 mm. (Fig. 4) Apart
from two interested opposite square surfaces, all the other surfaces
of the sample were covered with a silicone coating with 500 g/m2

to prevent the moisture transfer. The coating was aimed to make
Fig. 7. Relation between the relative humidity and the equilibrium moisture
content.

Fig. 6. Wind speed recorded during the test.
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the transfer process a 1-dimension problem to improve the com-
putational efficiency. Samples were made separately to measure
the surfaces perpendicular to the longitudinal and radial direction
of the wood. Influences of different surface treatments were also
investigated including the neat wood surface, wood surface cov-
ered by a polyurethane coating with a weight of 200 g/m2, surface
with epoxy coating (200 g/m2), surface with an acrylic acid wood
painting [51] of 200 g/m2 and surface with an alkyd resin wood
painting of 200 g/m2. Altogether surface emissivity of 10 types of
wood surfaces were measured. The samples were exposed to the
ambient environment from an exposed corridor of an office build-
ing. The ambient RH and temperature were recorded by a small
data logger. (Fig. 5) For validation purpose, the airflow rate was
also recorded which were never higher than 0.3 m/s (Fig. 6). The



Fig. 8. Calculated distribution of kv and b for the longitudinal samples.
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weights of the samples were constantly measured by an electronic
balance with an accuracy of 0.001 g. Fig. 5 shows curves of mea-
sured RH, temperature and weight variation of the samples. Two
batches of samples were tested.
8

Prior to testing of the samples, they were stored in sealed box
with silica gel desiccant for 21 days for them to reach internal
moisture equilibrium. At beginning of the test, the first batch of
samples has a moisture content of 4.6% while the second batch



Fig. 9. Calculated distribution of kv and b for the radial samples.
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has a moisture content of 7.5%. Fig. 7 compares the sorption curves
used for these two batches of samples. Using these values as the
initial condition and the RH and temperature record as the bound-
9

ary condition, the moisture transfer process was calculated and
compared with record of the mass variations of the samples.
Parameters used for the tests are summarized in Table 1.



Fig. 10. Validation of the identified parameters.
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Table 2
Calculated vapor emissivity and permeance factor for samples with different surface treatment.

Longitudinal direction Radial direction

Neat PU Epoxy Acrylic Alkyd Neat PU Epoxy Acrylic Alkyd

Emissivity factor10�5m/s 35.4 3.8 0.7 14.8 21.5 4.3 3.1 0.9 3.3 3.9
Permeance*, total10�9 kg/m2sPa 25.4 2.8 0.5 10.8 15.6 3.2 2.3 0.6 2.4 2.8
Permeance, paint10�9 kg/m2sPa – 3.1 0.5 18.6 36.3 – 8.3 0.8 9.6 26.6

* calculated assuming a temperature of 278 K.

Table 3
Vapor permeance adopted by different researchers in literature.

Permeance, 10�9 kg/m2sPa

Bergeet al. [30] Häglund[50] Fragiacomo
et al. [17]

Neat surface 0.72 5
Alkyd oil paint 0.2–0.4 0.097–0.29 0.3
Acrylate oil paint 0.37–1.43 0.36–1.45 1
Weak paint(lime or silicate) 1–5 4
Epoxy paints 0.02–0.025
Polyurethane varnishes 0.02
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3.1. Calculated results

Using a MCMC of 8000 iterations, kv and b was identified for the
samples. Fig. 8 and Fig. 9 summarize the calculated distribution of
kv and b for the samples with different types of coating after stabil-
ity of the MCMC method. As the figure shows, these factors can be
identified with good accuracy. The coefficient of variation of the
calculated ratio was around 22% for kv and 15% for b. The moisture
emissivity with different types of surfaces significantly differs. For
the tested samples, the emissivity factor was around 3.5� 10�3m/s
for the neat surface perpendicular to the longitudinal direction
compared with 4.3 � 10�4m/s for that of the surface perpendicular
to the radial direction. The existence of the polyurethane and
epoxy coating significantly increased the surface moisture resis-
tance of the surfaces perpendicular to the longitudinal direction.
For the longitudinal samples with polyurethane coating, the sur-
face emissivity factor was around 3.8 � 10�4m/s compared with
the emissivity factor of 7.2 � 10�5m/s for the surface with epoxy
coating. The significant reduction is probably due to sealant of
the micro pores in surface of the wood, which deters exchange of
vapour and air between lumen of the samples with the surround-
ing air. For the acrylic acid and acrylic acid painting of the same
weight, on the other hand, reduction of the emissivity factor was
less with an estimated surface emissivity factor of 1.5 � 10�3m/s
for the surface with acrylic acid painting and 2.15 � 10�3m/s for
the alkyd resin painting. For the wood surfaces perpendicular to
the radial direction, reduction of the moisture emissivity factor
with surface coating was also less. For the surfaces with polyur-
ethane coating, the epoxy coating, the acrylic acid painting and
the alkyd resin painting, the estimated moisture emissivity factors
were 3.1 � 10�4m/s, 8.2 � 10�5m/s, 3.3 � 10�4m/s and
3.9� 10�4m/s, respectively. This is understandable, as vapour trav-
els in the radial direction of the wood much slower than that of the
longitudinal direction obstructed by the cell walls. An additional
layer of coating and sealant of surface pits may not be as signifi-
cant. The calculated b ranges from 7.2 � 106 to 4.3 � 107kg/m5.
At this range, variation of b were found to have limited influences
on weight variation of the models.

Table 2 summarizes the calculated vapor emissivity factor
based on the proposed method. Also, the permeance factors were
calculated which is another parameter commonly used by
researchers to qualify the surface flux based on the vapour emissiv-
ity factor assuming a temperature of 293.15 K. Permeability of the
neat timber surface and the coating was separated from the paint-
11
ing layer by the assumption that the total moisture resistance was
a sum of these two values. [13,17,30] Also, the assumed results by
different researchers were summarized in Table 3 for comparison.
As the table shows, the calculated results are significantly larger
than the literature value, indicating a larger surface vapour flux
and less resistance of the painting. The differences are probably
related with environment and setup of the test. Our test was per-
formed in open environment which introduces higher velocity in
surface of the samples. Also, spread of the painting was not as even
as the laboratory test and penetration was found between the
painting and the wood. As research [17,50] indicates that a larger
emissivity factor could lead to higher eigenstress and mechano-
sorptive creep strain. The results indicate that the existing conclu-
sions on durability of wood may need further validation for differ-
ent local working environments.

3.2. Validation of the calculated surface emissivity factor

Using the identified parameter with the maximum likelihood,
weight variations of the samples were subsequently calculated
based on the RH and temperature record and compared with the
latter portion of weight variation record. Fig. 10 compares the cal-
culated and experimental results. As the figure shows, the calcu-
lated weight variation curve approximates the experimental
results closely, both for the part of the curve used for training
(identifying the surface emissivity factor) and the latter part.
Slightly larger error was found at the initial part when the ambient
relative humidity significantly varies. This is probably due to that
the model assumed a constant sorption rate which has larger error
when moisture content of the wood was closer with the equilib-
rium [31]. Compared with the differences caused by the surface
coating in the moisture transfer process, however, these errors
are much smaller.

4. Conclusions

This paper proposes a method to calculate the surface emissiv-
ity factor of timber members based on Bayesian model updating.
The factor controls the moisture exchange of the wood with the
surrounding air and is critical in evaluating durability and struc-
tural performance of timber members. The method only requires
input of the overall weight of the samples and record of the ambi-
ent relative humidity and temperature, which makes it well suited
for field measurement of the factor in different working environ-
ments. Tests were performed for demonstration and validation of
the proposed method. The main conclusions of the paper are sum-
marized as the following:

1. With sophisticated numerical model considering the coupled
vapour and bound water transfer, the heat transfer and the
sorption hysteresis of the wood, surface emissivity factor can
be back-calculated from the variation of the overall weight of
wood. The proposed method which was based on Bayesian
model updating can identify the surface emissivity factor and
average sorption rate of the wood samples with good accuracy.
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2. Using the proposed method, moisture emissivity was measured
for timber members with different kinds of surface treatment.
The results show significant differences in the surface moisture
emissivity of wood surfaces perpendicular to the grain and
along the grain. For neat wood surface perpendicular to the lon-
gitudinal direction, the moisture emissivity factor was around
3.5 � 10�3m/s compared with 4.3 � 10�4m/s for the surface
perpendicular to the radial direction of the wood. When surface
painting and coating were applied, the emissivity factor can be
further reduced to around 7.2 � 10�5m/s. Moisture emissivity
factor were measured and presented for timber surfaces with
different kinds of commonly used painting and coatings.
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