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Anhui fir is a common building material in southeast China. As the basement of the research for shrinkage
cracks and durability of timber structures in natural environment, this paper investigates the moisture
content distribution and moisture transfer process in transverse cross-section of timber members made of
Anhui fir. Now, the mostly used equations for calculating diffusion coefficient and surface emission are
based on Norway spruce, which is actually not suitable for Anhui fir due to their different kinds of trees.
Firstly, based on Fick’s second law, the diffusion parameters and boundary conditions in humidity field and
temperature field were analogized. Then, experiment in constant temperature and relative humidity was
done. Experimental result showed the polynomial moisture content distribution in transverse direction, and
exponential change with time, which was used for deriving new formulas for calculating diffusion
coefficient and surface emission coefficient of Anhui fir. Finally, the Abaqus heat transfer analysis was used
to simulate the moisture transfer process by substituting corresponding parameters successfully, and the

results agreed well with experiment.

1 INTRODUCTION

Anhui fir is a common wood material used in
Chinese timber structures, especially in southeast
China. As an important building material, the
physical and mechanical properties of wood are
highly affected by its own moisture content (MC),
including shrinkage/swelling, deformation, elastic
modulus, and strength (Toratti, 1994, Ranta-
Maunus, 2003, Hoyle Jr et al., 2007). Besides, wood
is a hygroscopic material which absorbs or desorbs
moisture to maintain equilibrium moisture content
(EMC) corresponding to relative humidity (RH) and
temperature in ambient environment (OBE, 2002).
Compared to RH, the effect of temperature on MC is
much weaker (Mirianon et al., 2008, Dietsch et al.,
2015a), so the influence of temperature is neglected
in this study.

The moisture transfer process will induce MC
gradient in the wood sections when the outside RH
and temperature are variable or its corresponding
EMC is different from the initial MC of timber
members. Moreover, the anisotropy of swelling and
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shrinkage ratio and the existence of MC gradient in
wood sections may result in cracks, especially in the
transverse directions (Dietsch et al., 2015b, Bonarski
et al., 2015). Thus, the study of the MC distribution
and change of MC in transverse cross-section with
time is essential, which is the basis for the
subsequent study of the moisture-induced stress and
shrinkage cracks.

Because moisture transport in wood is an
unsteady-state process, a diffusion model based on
Fick’s second law has been developed to describe it
(Skaar, 1958). In this model, diffusion coefficient D
describes the internal moisture transfer rate in the
materials and surface emission coefficient S
characterizes the resistance when the water
molecules are moving through the material surface.
And this model has been accepted by many scholars
(Time, 2002, Kadem et al., 2011, Zitek et al., 2015).
D and S are influenced by wood type, MC and
temperature (Jia and Afzal, 2007). And D in radial
direction and tangential direction are assumed to be
equal in the following discussion (Fortino et al.,
2009). Now, many scholars (Fragiacomo et al.,

143

In The Second International Conference on Materials Chemistry and Environmental Protection (MEEP 2018), pages 143-150

ISBN: 978-989-758-360-5

Copyright © 2019 by SCITEPRESS — Science and Technology Publications, Lda. All rights reserved



MEEP 2018 - The Second International Conference on Materials Chemistry and Environmental Protection

2011, Qiu, 2015) use the same formulas to calculate
D in radial and tangential directions, and S.
However, the equation for D is obtained by fitting
the experimental results presented in Jonsson’s
thesis (Jénsson, 2005), and equation for S is from
Hoffmeyer’s research (Hoffmeyer and Davidson,
1989). Both of above experiments were conducted
on Norway spruce. Therefore, it is not accurate to
use these formulas directly for different kind wood.

To research the moisture transport in different
climate conditions and further mechanical analysis,
considering wood is nonlinear material, it is
essential to use numerical simulations by the finite
element method (FEM). Many authors (Younsi et
al., 2007, Fortino et al., 2009, Konopka et al., 2017)
used numerical method to analyze moisture transport
in wood samples, and DC2D4, a four-node linear
heat transfer quadrilateral has been proved to be
possible to analyze the process. What’s more, the
influence of climate on the mechanical properties
should also be taken into account for further
mechanical analysis, such as crack propagation and
capacity of timber member.

The purpose of this study is to evaluate the
diffusion coefficient and surface emission
coefficient of Anhui fir and use Abaqus heat transfer
analysis to simulate the moisture transfer process. In
section 2, the analogy between humidity field and
temperature field is done to realize the substitution
of related parameters, and deriving equations of D
and S. In section 3, specific data and phenomenon
are acquired by experiment, and specific formulas
of D and S will be proposed. In section 4, finite
element model is established to realize the moisture
transfer process in Abaqus and will be proved valid
by comparing the results with experiment.

2 THEORY

2.1 Analogy between Humidity Field
and Temperature Field

Wood is assumed to follow Fick’s second law for

moisture transfer and heat transfer. The moisture
transfer in one dimension is modelled as:

ou_ o0(~du
203 ®

where u [%] is the MC of wood, and D [m?/s] is the
coefficient of moisture diffusion.
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The differential equation of heat transfer in one
dimension can be described as:

a_ofadw "
ot  ox\cp Ox

here T [K] is the temperature, ¢ [J/Kkg/K] is the
specific heat, p [kg/m®] is the wood density and 4
[W/m/K] is the thermal conductivity.

The boundary condition of moisture transfer is
moisture flux across the surface I, which is
expressed as:

qn |1— = pS (uair _usurf ) (3)

where qn [kg/m?/s] is the moisture flux across the
surface, p [kg/m®] is the wood density in absolute
dry condition, S [m/s] is the surface emission
coefficient, usut [%] is the MC of wood surface, and
Uair [%] is the EMC corresponding to the air RH,
defined as equation (4) (Hoffmeyer and Davidson,
1989).

u, =0.01x

(T+273.15)°™

—(T +273.15)In(1-RH) 0@

0.13[1—(T +273.15)/647.1] **

For temperature field, the boundary condition is
expressed as:

qT|r = h(Tair _Tsurf ) (5)
in which gr [W/m?] is the heat flux across the
surface, h [W/m?K] is the film coefficient, Tsur [K]
is the temperature of wood surface, and T, [K] is
the temperature of around air.

When setting density p and specific heat ¢ to 1,
D and u can replace A and T respectively by
compared formula (1) with (2). Similarly, S can
replace h by comparing formula (3) and (5). The
analogy of parameters are shown in Table 1.

Table 1: The analogy between parameters of humidity
field and temperature field.

Humidity field Temperature field
u T
D A
S h
Uair Tair
Usurf Tsurt
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2.2 Analysis of Diffusion Coefficient
and Surface Emission Coefficient

According to experimental results (referred to
experiment section), at certain time t0, the
polynomial distribution of MC around the cross-
section is obvious, which can be expressed as:

u(ty,r)=m(t,)+n(t,)r (6)

here m and n are constant when t = to, and r [mm] is
the distance from pith. This distribution result agrees
with Jia’s conclusion (Jia and Afzal, 2007).

MC changes with time exponentially at certain
distance ro, which is expressed as:

u(t, 1) = A(r) exp(B(r)t) +U,, ()

where A and B are constant when r = ro, t [h] is time.

The specimens used are with circular cross-
section, based on two-dimension Fick’s second law,
equation (1) can be described as:

ou o°u  au
— =D —+—
ot (arz rarj ®)

From equation (6) and (7), there are

M) o, )r ©)
Fullo) i (10)

or
REL) _ Atk B exp(Br)) (11)

Substituting equation (9), (10) and (11) to
equation (8), there is

_A(r,)B(,) exp(B(r,)t,)
- 4n(t,)

D

(12)

Equation (3) can also change to:

ou

jArzpo(SAr)[——

or rj

ou
=p.S| —
qn pO ( ar

ou
=0 D| —
Po ( ar

r

)

Therefore, the boundary condition of moisture
transfer can also be described as:

(13)

= _(uair — Ugy ) (14)

Substituting equation (9) to equation (14), there
is

2n(t,)r|

S
N~ N 15
D (uair —Ugyt )Lo ( )

And surface emission coefficient at certain time
to can be expressed as:

_ FA(NB(r) exp(B(Nt, )|
B 2(uair - usurf )L

(16)

3 EXPERIMENT

3.1 Materials and Methods

Three specimens [100 (Diameter) x 800 (Length)
mm] made of Anhui fir, a kind of Cunninghamia
lanceolate were used in this experiment, named
CA1, CA2, and CAS3 respectively. Wood materials
were selected from the same batch, trunks with
similar features (size, ring width and so on), and free
from decay and insects. All specimens were surface
polished and their pith should be in the middle of the
cross section. Both longitudinal ends of each
specimen were sealed with PE plastic film, ensuring
that moisture only exchanged with the outside from
transverse directions.

The chamber’s temperature was set constant at
40 °C to accelerate the procedure during the whole
experiment. And RH was set 30% for 10 days. MC
distribution of each specimen was measured at Oh,
24h, 48h, 96h, 144h, 192h, and 240h. Before each
measurement, the end of each specimen was cut by
10mm with a reciprocating saw to eliminate end
interference and then cut off a 20 mm-thick disk in
longitudinal direction. After that, remaining part of

145



MEEP 2018 - The Second International Conference on Materials Chemistry and Environmental Protection

the specimens were sealed with plastic film again
and returned into the chamber. The cutting process is
shown in Figure 1.

Figure 1: Disk cutting.

Then six small pieces [10 (R) x 10 (T) x 20 (L)
mm] were cut symmetrically along the radial
direction (as shown in Figure 2). The small pieces
were numbered as first circle [small piece 1, 6],
second circle [small piece 2, 5], third circle [small
piece 3, 4] from outside to inside. Actually, during
the experiment, shrinkage cracks occurred and in
order to eliminate the influence from cracks, the
choice of small pieces were away from cracks.

Small pieces

A4
20
s

10X 1020

Unit: mm

Figure 2: Diagram of cutting small pieces.

MC is calculated by equation (17) (Siau, 1995).

u= M =M,y x100% (17)
mO

where m; [g] is the weight tested immediately after
cutting and mo [g] is the weight in absolute dry
condition, dried in oven at 103x2°C.

3.2 Results of Experiment

Figure 3, 4, and 5 show MC distribution versus
distance of CAl, CA2, CA3 respectively. It is
apparent the MC distribution in transverse cross-
section follows the polynomial distribution at any
time. Figure 6, 7, and 8 show MC in each circle
reduces exponentially versus time.
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Figure 3: MC distribution of CA1 versus the distance from
pith in Oh, 24h, 48h, 96h, 144h, 192h, 240h, dots with
letter E are experimental results and lines with letter F are
fitting curves based on the results.
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Figure 4: MC distribution of CA2 versus the distance from
pith in Oh, 24h, 48h, 96h, 144h, 192h, 240h.
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Figure 5: MC distribution of CA3 versus the distance from
pith in Oh, 24h, 48h, 96h, 144h, 192h, 240h.
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Figure 6: Difference value between MC of each circle in
CALl and EMC corresponding around air versus time (First
Circle (r = 40 mm), Second Circle (r = 30 mm) and Third
Circle (r =20 mm)).
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Figure 7: Difference value between MC of each circle in
CA2 and EMC corresponding around air versus time.
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Table 2: Values of m and n from fitting curves of each

specimen
. . Parameter
Specimen | Time/h m WX1E3

0 26.40 -1.36

24 26.25 -1.94

48 26.46 -3.32

CAl 96 23.02 -4.13
144 19.25 -3.08

192 18.02 -3.11

240 16.41 -2.71

0 29.93 -3.92

24 29.67 -4.55

48 29.01 -4.94

CA2 96 23.67 -3.70
144 19.83 -2.80

192 15.80 -1.23

240 14.15 -2.35

0 26.70 -1.70

24 26.46 -1.95

48 24.90 -2.20

CA3 96 22.57 -3.33
144 19.22 -3.09

192 15.61 -2.18

240 10.75 -0.52

Table 3: Values of A and B from fitting curves of each

specimen.
. . Parameter
Specimen | Circle A B/X1E-3
18t 18.62 -5.01
CAl 28 20.37 -4.15
3rd 20.81 -3.26
15t 18.29 -4.68
CA2 2nd 21.80 -4.51
3rd 24.06 -4.54
15t 19.30 -5.73
CA3 2nd 20.52 -5.03
3rd 21.78 -4.64

Moisture Content (%)
-
N
T

100 150 200 250
Time (h)

0 50
Figure 8: Difference value between MC of each circle in
CA3 and EMC corresponding around air versus time.

Table 2 and Table 3 show the fitting results of m,
n, A, B for each specimen.

Figure 9, 10 and 11 show MC changing speed of
outside and inner circle of CAl, CA2 and CA3. It is
apparent that MC changing speed in every circle is
decreasing with time.

In CAl and CA3, the changing speed of MC in
outside circle is quicker than the speed in inner
circle at the early period and then becoming slower.
The surface of timber member exchanges moisture
with ambient air directly, which induces the MC in
outside circle changes immediately. Then the
moisture in inner circle changed influenced by the
existence of MC gradient in different circles, but the
response of inner circle is late, which can be defined
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as lag. During early period, due to the high MC
gradient, the MC changing speed is quick. With time
going, MC in outside circle is gradually close to
EMC of air, which reduces MC gradient in outside
circle and so the MC changing speed becomes much
slower at that position, while MC in inner circle
keeps changing quickly due to the high overall MC
gradient. This indicates that MC gradient has a great
influence in MC changing speed, the bigger the MC
gradient is, the quicker the speed will be.

But in CA2, the changing rate of MC in inner
circle keeps higher than that in outside circle. It can
be found from Figure 4 that the initial overall MC
gradient of CA2 is much larger than others, so the
MC in inner circle changes quicker than the outside
at the beginning. Apart from that, although the ring
width in each specimens are similar, the ring width
of CA2 is a little bit narrower than the others, which
means that the density of CA2 should also be larger.
With high density, it can be easier for CA2 to
translate moisture in inner circle, which is perhaps
the reason of such different speed happened in CA2.
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Figure 9: Comparing MC changing speed of inner and
outside circle in CAL
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Figure 10: Comparing MC changing speed of inner and
outside circle in CA2.
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Figure 11: Comparing MC changing speed of inner and
outside circle in CA3.

Based on Table 2 and Table 3, D and S can be
calculated by equation (12), (16). And the fitting
curve of D versus MC is shown in Figure 12. The
relationship between diffusion coefficient and MC at
40 °Ccan be expresses as below:

Dy (u) = D (u) = 2.56x€** (mm?* / h) (18)

where DR is diffusion coefficient in radial direction
and DT is diffusion coefficient in tangential
direction.

The value of S/D is approximately constant at
0.05/mm during the whole drying stage, so surface
emission coefficient of CA can be expressed as:

S =0.128xe*® (mm/h) (19)

8 ~ ‘ = Difussion Coefficient-E ‘
= Diffusion Coefficient-F
NE -
E | ]
= 6
c
2
2
5
S4r
c
2
a8
§2|.|.|.|.|.|.
o 8 12 16 20 24 28

Moisture Content (%)

Figure 12: Diffusion coefficient data and fitting curve
versus MC.



Study of Moisture Transfer in Transverse Directions of Timber Members of Anhui Fir

4 NUMERICAL ANALYSIS

4.1 Finite Element Model (FEM)

According to the corresponding relationship shown
in table 1, DC2D4 (a 4 node-linear heat transfer
quadrilateral) was used in Abaqus to allow the
calculation of moisture transfer. All the geometric
and humidity field parameters set in FEM were the
same as experiment.

4.2 Results and Discussion

Figure 13, 14, and 15 compare MC of different
circles between experimental results and FEM
results, and plot MC in pith and surface calculated
by Abaqus as well. There is a good agreement
between experimental results and FEM results, and
the average relative error is less than 5%, which
proves the validity of this FEM and the correctness
of equation (18) and (19).

The FEM results show that the MC gradient
between surface and first circle increases during
early period, and then decreases, which is the same
trend as experiment shows. Additionally, the biggest
MC gradient occurs in out circle as well. This
explains the initial occurrence of shrinkage crack in
out circle of timber members, and the quick response
of outer circle to the environment.

Moisture Content (%)
N
o
T

100 150 200 250
Time (h)

Figure 13: Experimental results versus numerical FEM
calculations of CAL.
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Figure 14: Experimental results versus numerical FEM
calculations of CA2.
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Figure 15: Experimental results versus numerical FEM
calculations of CA3.
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5 CONCLUSIONS

This paper describes a study of moisture transfer
perpendicular to grain in timber members made of
Anhui fir. Three cylindrical specimens were used to
test the essential parameters for calculating diffusion
coefficient and surface emission coefficient. Then a
Finite model method was used to analyse the
moisture transfer process. And the FEM results
agree well with the experiment. Fick’s second law of
moisture transfer in wood was used in all theoretical
derivation and numerical simulations. The primary
investigated results are listed below:

(1) The type of wood cannot be ignored when
calculating diffusion coefficient and surface
emission coefficient. It is not accurate to calculate
two coefficient by formula from other wood. And
authors analysed the D and S suitable for Anhui fir.
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(2) MC in transverse cross-section of Anhui fir
shows polynomial distribution at any time, and
changes exponentially with time in drying
environment.

(3) MC gradient has a great influence in MC
changing speed, the larger the MC gradient is, the
quicker the speed will be.

(4) The method of substituting corresponding
variables in heat transfer in Abaqus to simulate
moisture transfer is valid.

Further research related to moisture transfer of
timber members in changing climate is still required.
Different initial MC distribution should also be
taken into consideration. Moreover, moisture-
induced stress and shrinkage cracks of timber
members are also essential research aspects for
timber buildings.
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