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Abstract In this paper some of the possibilities of applying double porosity and
permeability models to the problem of water infiltration in wood are explored.
It is shown that the double porosity model can capture a number of commonly
reported anomalies including two-stage infiltration/sorption and apparent
sample length dependent transfer parameters. Starting with the double porosity
model, several extensions are discussed and the type of principal behaviour
possible with the models is elaborated on. Finally, a set of highly anomalous
experimental results is fitted to within a reasonable accuracy by a double per-
meability model.

List of symbols

P Pressure, Pa
X Water content (dry porous material basis)
v Velocity, m s)1

K Absolute/relative permeability
D, D Diffusivity, m2 s)1 or kg m)1 s)1 Pa)1

M Molar mass, kg mol)1

R Ideal gas constant, J mol)1 K)1

T Temperature, K

Greek symbols

q Concentration/density, kg m)3

l Viscosity, kg m)1 s)1

/ Porosity
e Volume fraction
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Subscripts

w Water
f Free water
v Water vapour
g Gas—water vapour + dry air
b Bound water
c Capillary
s Solid skeleton
r Relative
FSP Fiber saturation point
surf External exchange surface

Mathematical symbols

� Averaging operator
r� Divergence operator
r Gradient operator

Introduction

The transport of water in wood is an important problem for a number of rea-
sons. Since wood is a material whose mechanical properties are strongly
dependent on its moisture content and moisture content history, it is important
to be able to assess the influence of the interaction of wooden structures with the
surrounding environment. Furthermore, green lumber must be dried before it is
used as structural timber, and since this process is both expensive as well as
critical for the quality of the end product it is useful to be able to predict the
temporal variations of moisture content and temperature during drying. An-
other problem in which the transport of water is important is in the treatment of
wood with artificial preservatives. Traditionally, the bulk of the theoretical and
numerical models have been concerned with the problem of drying, i.e. the
removal of water, whereas much less work has been done in relation to the
reverse problem of infiltration. This problem finds application in preservation
processing and in connection with environmental loads such as rain and snow as
well as for timber structures partially embedded in soil (Krabbenhoft et al. 2003).

The most complete transport models, such as those treated in Spolek et al.
(1985), Ouelhazi et al. (1992), Couture et al. (1996), and Perre and Turner
(1999), are based on the classical averaging theorems for porous media flow (see
e.g. Whitaker 1977) by which the transport of heat and mass are described by a
set of coupled partial differential equations, which make reference to a mac-
roscopic scale rather than the microscopic scale at which the flow through
tracheids, pits, and so on, could be considered. This approach is also widely
accepted and applied for the transport of heat and mass in a number of other
porous materials, most notably soils (see e.g. Lewis and Schrefler 2000).
In recent years, however, it has been realized that flow of water in soils is
significantly influenced by the presence of heterogeneities such as fractures,
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fissures, cracks and macropores (Mortensen 2001; Haria et al. 2003). The flow
patterns induced by these heterogeneities cannot be adequately described in the
framework of the classical averaging models. On the other hand, although in
principle possible, it is not practically feasible to consider the exact nature of the
porous medium and include all heterogeneities into the model. Therefore,
models have been developed which maintain the overall macroscopic view but
which make reference to two or more interacting zones with widely different
flow properties. If two zones, commonly referred to as fracture and matrix, are
considered the corresponding models are referred to as double porosity or
double permeability models depending on whether flow takes place in both
zones or only in one (Fig. 1). In Fig. 1a the conventional macroscopic single
continuum model is shown. Here no distinction is made between fracture and
matrix zones. However, the material parameters may vary throughout the
domain as indicated by the three different subdomains FM1–FM3. In the case
of wood, a board containing both heartwood and sapwood could possibly be
treated by the single continuum model, namely by using two different sets of
material parameters for the two different types of wood. In Fig. 1b the double
porosity model is shown which considers separately the fracture and matrix
zones. As illustrated, flow occurs only in the fracture zone whereas the matrix
acts as a reservoir which can only store and exchange water with the fracture
zone. As a generalization of this model, the double permeability model shown
in Fig. 1c considers flow in both the fracture as well as the matrix zone. Thus,
the double porosity model appears as a special case of the double permeability
model, whereas the single continuum model is contained as a special case in
both the double porosity and the double permeability model.

In the drying of wood, good agreement between theory and experiment has
generally been found (Spolek et al. 1985; Ouelhazi et al. 1992; Couture et al.
1996; Perre 1987; Pang 1998; Goyeneche et al. 2002); although, several issues,
including the description of the flow at low degrees of free water saturation
(Couture et al. 1996; Goyeneche et al. 2002), remain somewhat controversial. In
infiltration, however, agreement between theory and experiment seems to be
much more difficult to attain. Of course, the general set of governing equations

(a) (b) (c)

Fig. 1 Transport models: single continuum model (a), double-porosity model (b), and double-
permeability model (c). Adapted from Mortensen (2001)
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applied in the case of drying are, in principle, also valid in the case of infil-
tration. However, the rate of drying is often to a large degree governed by the
rate of evaporation at the exchange surface, which is relatively easy to quantify,
rather than by the internal transfer. In infiltration, on the other hand, the entire
process is governed solely by the internal transfer properties, which may be very
difficult to quantify in terms of the single continuum model. Indeed, Banks
(1981) goes as far as to speculate that [no tag]the precise prediction of liquid
penetration rate from steady state permeability data may be illusory’. An
example of some of the difficulties encountered is contained in a recent one
dimensional infiltration experiment on beech (Perre 1998). Here the theory
predicted a time scale in the order of minutes whereas the actual time scale
turned out to be in the order of days or weeks. Moreover, the moisture profiles
measured seemed to be in very poor agreement with what one would expect on
the basis of a single continuum model.

As was suggested in Perre (1998) the observed behaviour is probably due to
the structure of the wood. In Fig. 2 the cellular structure of a so-called diffuse
porous hardwood, to which category beech belongs, is shown. Looking at this
figure it is not hard to conceive that the transport of water of a one dimensional
longitudinal sample would be primarily by way of the large vessels with a
simultaneous, but much slower infiltration into the denser material surrounding
the vessels. This type of transfer corresponds quite closely to what can be
represented by the double porosity model illustrated in Fig. 1b. This model thus
seems to be a natural extension of the conventional macroscopic model.

This mode of transfer could also be important in other species of wood. In
ring porous hardwoods, Fig. 3a, the situation is the same, i.e. large vessels and
surrounding dense material. In softwoods, Fig. 3b, it is well-known (see e.g.
Siau 1984), that infiltration into dry wood is more rapid in the latewood than in
the earlywood, and that the ratio between the transfer rates is greater in the
sapwood than in the heartwood. This is perhaps somewhat contrary to what
should be expected since in the green state the thinwalled earlywood is much
more permeable than the latewood. However, during drying the pits which
connect the individual cells, and thus provide the principal pathways for water
flow, have a much higher tendency to blocking up in the earlywood than in the
latewood.

Fig. 2 Microscopic structure of a diffuse porous hardwood (sugar sample) (Structure of
Wood 2003)
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Whereas the applicability of the double porositymodel seems very plausible for
infiltration in the longitudinal direction, there seems to be less justification for
using the approach to flow in the other two directions. However, in the radial
direction, the presence of ray cells (Fig. 2) constitutes a possible rapid route for
water transport, again with a simultaneous infiltration into the denser material
surrounding the rays cells. In the tangential direction, the flow of water must
necessarily be exclusively by way of the pits connecting the cells. In this direction
no macropores are thus present. It seems, therefore, that for general three
dimensional conditions, the double porosity model does not suffice. That is, the
flow in the [no tag]matrix’, especially in the tangential direction, is too significant
to be ignored, and for this reason the double permeability model rather than the
double porositymodel should be considered in the general three dimensional case.

As for other porous materials the applicability of double porosity/perme-
ability model could also be expected. In cement paste, for example, the prob-
lems with applying single continuum models for the infiltration of water is well
documented (see e.g. Martys and Ferraris 1997; Krus et al. 1997). Similarly, in
cellular concrete very poor agreement between theory and experiment has been
reported (Nielsen 1974; Hansen 1993). Recently, a number of different porous
materials, including fired-clay brick and sandstone, were all shown to exhibit a
behaviour during infiltration which does not comply with the common theory
(Kuntz and Lavallee 2001). The application of double porosity/permeability
models to these materials could be justified on the basis of the pore size dis-
tribution, i.e. with water being transferred quite rapidly in the larger pores with
a simultaneous infiltration into the smaller pores, similar to what is the case in

Fig. 3 Microscopic structure of ring-porous hardwood (white oak) (a), and softwood (Douglas
fir) (b) (Structure of Wood 2003)
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soils. Although there may well be other mechanisms involved, the double
porosity/permeability models seem to be worth considering, at least because of
their very clear physical interpretation.

In the following the conventional macroscopic single continuum model is
briefly discussed after which several double porosity and permeability models
are presented. Throughout, numerical examples demonstrating the differences
between the single continuum and the double porosity/permeability model are
given. Finally, the numerical solution of the various models by the finite ele-
ment method is discussed.

Single continuum model

The single continuum model considers the conservation of the three water
phases as well as dry atmospheric air and enthalpy. For reasons of simplicity we
will assume isothermal and atmospheric conditions throughout. The relevant
conservation equations are then

Free water: @
@t ewqwð Þ þr � qwvwð Þ ¼ � _mwv � _mwb

Bound water: @
@t esqbð Þ þr � qbvbð Þ ¼ � _mbv � _mwb

Water vapour: @
@t egqv

� �
þr � qvvvð Þ ¼ _mwv þ _mbv

ð1Þ

where ew, es, eg are the volume fractions of free water, solid skeleton and gas
(vapour and air) phases, and qw, qb and qw are the corresponding concentrations
of free water, bound water and water vapour. The mass average velocities of the
different water phases are given by vw, vb and vv. These equations are quite
general and also include the transition of one phase to another, i.e. _mwv describes
the rate of conversion of free water to bound water, _mbv the conversion of bound
water to water vapour, and _mwb accounts for the conversion of bound water to
free water and vice versa. Recently, it has been shown (Krabbenhoft and
Damkilde 2003) that the non-equilibrium between water vapour and bound
water is a key ingredient in accurately describing moisture transfer in the
hygroscopic range. In this way the flow phenomena often referred to as [no
tag]non-Fickian’ (Wadsö 1994) can be accurately described. Nevertheless, in the
interest of simplicity and because the primary focus is on the conditions above
the fiber saturation point, we will assume equilibrium between all water phases
as is usually done. The three conservation equations of Eqs. 1 can then be
reduced to one describing the conservation of the total water

Total water :
@h
@t
þr � ðqwvw þ qbvb þ qvvvÞ ¼ 0 ð2Þ

where h is the total water content (kg m)3). Since wood is a highly hygroscopic
material it is necessary to separate this total moisture content into bound water
and free water

h ¼ hf þ hb ð3Þ

where the bound water content is defined as

hb ¼ minðh; q0MFSPÞ ð4Þ

with MFSP being the dry base moisture content at the fiber saturation point and
q0 the dry density. Next, the conservation Eq. 2 must be supplemented with

646



appropriate constitutive relations. For the free water phase Darcy’s law is
applied

qwvw ¼ �qw

KKr

lw

rðpw þ qwgzÞ ð5Þ

where K is the absolute permeability, Kr the relative permeability which depends
on fluid saturation, lw the dynamic viscosity of water, and pw the water pres-
sure which under partially saturated and atmospheric conditions is equivalent
to the capillary pressure pc. Gravity is defined as acting opposite to the
z-coordinate.

The bound water flux is described by a gradient law with the bound water
moisture content as driving force (Siau 1984)

qbvb ¼ Dbrhb ð6Þ

For the vapour flux convective transfer is ignored and Fick’s law used to de-
scribe the diffusive flux. Under isothermal conditions this can be written as

qvvv ¼
Mw

RT
Dvrpv ð7Þ

where Dv is the effective water vapour diffusivity.
Thus, the full equation describing the transfer of water vapour, bound water

and free water is given by

@h
@t
¼ r � qw

KKr

lw

rðpw þ qwgzÞ þDbrhb þ
Mw

RT
Dvrpv

� �
ð8Þ

The total water conservation Eq. 8 requires a significant number of material
parameters which in principle can be determined in a number of independent
experiments. In infiltration the far largest contribution to the total water flux is
that of free water. To describe the transfer of this component the absolute and
relative permeabilities as well as the capillary pressure-saturation curve must be
determined. Such relations are available for green wood, although they are
subject to a large degree of uncertainty and must generally be used with some
caution (Couture et al. 1996; Goyeneche et al. 2002). For wood which has been
dried, however, we do not know of any complete set of relations. Therefore, in
the following, we will use a transport equation which does not explicitly involve
these relations. If we assume partially saturated conditions and neglect gravity
then Eq. 8 can be written in terms of h only as

@h
@t
¼ r � ðDhrhÞ ð9Þ

where the effective total water diffusivity is given by

Dh ¼ qw

KKr

lw

@pc
@h

� �
þDb

@hb
@h

� �
þMw

RT
Dv

@pv
@h

� �
ð10Þ

Thus, instead of measuring each of the components in Eq. 10 in a number of
independent experiments, there is also the possibility of measuring the effective
diffusivity Dh directly in a single experiment. This approach has been taken to
wood in Tremblay et al. (2000) and Signe Kamp (2003), and in Pel (1995) to a
number of other porous building materials. Thus, in the following we will make
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reference to Eq. 9 rather than to Eq. 8 and assume the effective diffusivity given
as function of the total water content.

It should be borne in mind that this approach is far from ideal. First of all,
gravity is neglected, which in many applications may be quite erroneous.
Furthermore, there is no real possibility of taking externally applied water
pressures greater than the maximum capillary pressure into account. As a first
approximation, however, the approach is acceptable although in the future the
consistent Darcian model in Eq. 8 should be preferred.

Properties of the infiltration equation and reported anomalies

The governing equation (Eq. 9) belongs to the class of nonlinear diffusion
problems which are treated extensively, e.g. in Crank (1967). Although usually
very hard to solve analytically, quite a lot of information about the principal
behaviour of the these equations can be extracted. Since the effective diffusivity
is usually a very strong function of the moisture content, often increasing over
several decades from the dry to the fully saturated state, a shock-like behaviour
is often seen when tracking the moisture content profiles in time. This is shown
in Fig. 4a, where a one dimensional infiltration in the longitudinal direction of a
5-cm softwood sample has been simulated using standard material parameters
(Perré and Turner 1999). For such experiments the fractional weight increase as
a function the square root of time is often plotted and a curve similar to the one
shown in Fig. 4b should then result. That is, the curve should be linear up the
point where the front reaches the dry end of the sample. One of the most cited
anomalies is deviations from this curve, and these are often of the form of a
two-stage infiltration as reported by Martys and Ferraris (1997), Nielsen (1974),
and Hansen (1993). That is, the fractional weight increase curve indicates a
rapid initial sorption of a certain amount of water, followed by a much slower
sorption which proceeds until full saturation.

In Fig. 5a the moisture content profiles resulting from infiltration into a
sample of beech are shown. As can be seen the moisture content increases
rapidly near the wet end, whereas the subsequent infiltration is very slow. This
is clearly seen from the fractional weight increase curve in Fig. 5b which is not
at all as should be expected. The explanation given in Perre (1998) for this
behaviour is that a portion of the water is carried very rapidly in the vessels with
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Fig. 4 One dimensional single continuum model infiltration
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a simultaneous, but much slower, infiltration into the denser material sur-
rounding the vessel. Another example of an anomalous infiltration in wood is
shown in Fig. 6 where the material is fir sapwood. These moisture content
profiles are particularly interesting in that they clearly reveal both the propa-
gation of a front as well as a simultaneous slow absorption.

Clearly, the behaviour encountered in these two experiments cannot be
simulated using the standard single continuum model. As previously men-
tioned, similar anomalies have been reported for a number of other porous
materials. Recently, Kuntz and Lavallee (2001) proposed that instead of using
the standard diffusion Eq. 9 the moisture flux should be taken as

j ¼ �DðhÞ @h
@z

� �n

ð11Þ

such that the governing equation would be

@h
@t
¼ @

@z
DðhÞ @h

@z

� �n� �
ð12Þ

0 10 20 30 40
0

200

400

600

Distance (mm)

M
oi

st
ur

e 
co

nt
en

t i
nc

re
as

e 
(k

g/
m

3 )

8 min

1 hour

8 hours

3 days

Direction of flow 

0 20 40 60
0

50

100

150

200

250

300

Time½ (min½)

A
ve

ra
ge

 m
c 

in
cr

ea
se

 (
kg

/m
3 )(a) (b)

Fig. 5 Infiltration in beech (Perre 1998)
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where n is not necessarily equal to unity. This gives fractional weight increase
curves which are linear when plotted as a function of t1/(n+1). Although such an
expression for the flux cannot be ruled out, the underlying physics of the
modified gradient law is somewhat unclear. Nevertheless, a number of infil-
tration experiments involving non-organic porous materials were fitted quite
well.

Another recent proposition involves a time dependent diffusion coefficient.
Thus, Lockington and Parlange (2003) argue that in cement based materials
where there is the possibility of some chemo-mechanical interaction, a gov-
erning equation of the type

@h
@t
¼ @

@z
cðtÞdðhÞ @h

@z

� �
ð13Þ

should be considered. For wood, such a time dependent diffusion coefficient
could be argued since in wood there is a swelling and a subsequent relaxation
upon exposure to moisture. Moreover, the validity of using such a time
dependent diffusion coefficient can easily be proved or disproved by initiating
the experiment from conditions closer or further from the fiber saturation point,
below which all moisture–mechanical interaction takes place.

In the following, an alternative explanation for the anomalies encountered is
sought in terms of the double porosity/permeability models. We focus on the
different principal behaviours which can be simulated using these models.
Furthermore, an attempt to explain a set of experimental results in terms of the
models is made.

Since no analytic solutions are available for the coupled nonlinear diffusion
equations which define the models, all computations are done numerically by
the finite element method as described in Appendix.

Double porosity and permeability models

In the following, the double porosity and permeability models are presented
and some of their properties described.

The total moisture content is separated into two contributions a and b with
the parameter g describing the volume fraction of the a-zone. Thus, the total
moisture content is given by a weighted sum as

h ¼ gha þ ð1� gÞhb ¼ gaha þ gbhb ð14Þ

The double porosity model then describes the transport of moisture by two
coupled equations which, in the one dimensional case, are given by

ga
@ha
@t ¼ @

@z gaDa
@ha
@z

� �
� _m

gb
@hb

@t ¼ @
@z gbDb

@hb

@z

� �
þ _m

ð15Þ

where _m describes the exchange of water between the two zones.
This leads to the double permeability model and follows as a natural

extension of the double porosity model, namely, by also considering the flow
water in the b-zone
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ga
@ha
@t ¼ @

@z gaDa
@ha
@z

� �
� _m

gb
@hb

@t ¼ @
@z gbDb

@hb

@z

� �
þ _m

ð16Þ

Clearly, these models both reduce to the single continuum model when ga=1,
i.e. when the volume fraction of the b-zone is equal to zero.

Besides determining the diffusivities in the two zones, the major problem
consists of formulating appropriate mass exchange terms _m: Basically, this term
must be determined experimentally. In the following, however, we assume it to
be of the type

_m ¼ x
ha

hmax
a
� hb

hmax
b

 !

ð17Þ

where hmax
a and hmax

b are the maximum attainable moisture contents in the two
zones and x is a parameter which governs the rate of mass transfer. This
parameter should probably depend on the moisture content in the two zones in
a way similar to what is the case with the effective diffusivity. However, for the
time being we will assumed it to be constant.

An alternative formulation of the mass exchange term uses the capillary
pressures in the two zones, such that

_m ¼ xc pa
cðSaÞ � pb

c ðSbÞ
	 


ð18Þ

where pc
a and pc

b are the capillary pressures, and Sa and Sb are the saturations,
or effective saturations, in the two zones. Since fluid flow is driven by differences
in pressure rather in than saturation or moisture content, this form of the mass
transfer term could be argued as being physically more correct. It does, how-
ever, require knowledge of the capillary pressure-saturation curves in the two
zones, which naturally increases the complexity of the model. In fact, the
departure from the consistent Darcian model of Eq. 8 was motivated by the
difficulties involved with the determination of these values. In the following,
therefore, we will only consider the moisture content driven mass exchange term
(Eq. 17).

For moisture transfer below the fiber saturation point a similar mass ex-
change term is necessary in order to account for the exchange of water between
the vapour found in the lumens and the bound water present in the cell walls. In
Krabbenhoft and Damkilde (2003) and Krabbenhoft (2003) it is shown that this
should depend on two quantities: the absolute bound water moisture content
and some measure of the proximity to equilibrium, such that inter-phase mass
exchange decreases dramatically as equilibrium is approached, i.e. much more
than can be captured by a first-order expression with constant coefficients such
as (Eq. 17). In the case of free water exchange between different zones a similar
dependence thus seems worth considering.

Multiple porosity and permeability models

The double porosity and permeability models presented in the previous section
are readily extended to include multiple zones. For example, in the case where
three zones are present a relevant model could be
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ga
@ha
@t ¼ @

@z g1Da
@ha
@z

� �
� _mab

gb
@hb

@t ¼ @
@z g2Db

@hb

@z

� �
þ _mab � _mbc

gc
@hc

@t ¼ @
@z g3Dc

@hc

@z

� �
þ _mbc

ð19Þ

where

ga þ gb þ gc ¼ 1 ð20Þ

In this model exchange of water is assumed to take place between the a and b
zones and between the b and c zones, whereas no exchange takes place between
the a and c zones. Although the complexity of such models increases since more
material parameters are required, they may be necessary. Thus, if the results
shown in Fig. 5 are to be explained in terms of these models, more than two
interacting zones may be required. Here the fractional weight increase curve
indicates not only the presence of two, but several different zones.

Examples

In the following, some applications of the models described above are consid-
ered. First a set of experimental results is fitted by the double permeability
model, after which several different properties of this model are described.

All examples are solved numerically by the finite element method described in
the Appendix.

Example 1: Comparison with experimental results

The first example concerns the one dimensional infiltration experiment of fir
sapwood (K.K. Hansen and J.B. Jensen, unpublished data) described in Sect. 2
and shown in Fig. 6.

Here the double permeability model was applied with the parameters shown
in Table 1. The results in terms of predicted and measured moisture content
profiles are shown in Fig. 7, where a dry wood density of 500 kg m)3 has been
assumed. Even though the fits are not perfect, the results are quite encouraging.
The general trend of a rapidly moving fraction with a simultaneous slow
absorption is clearly picked up, and a more refined choice of diffusivities could
surely lead to a better correspondence between computed and experimental
results. The average moisture content as a function of the square root of time is
shown in Fig. 8. Again the predicted moisture contents compare quite well to
the experimental results.

Table 1 Parameters used in Example 1

Initial moisture content h0a ¼ h0b ¼ 55:0 kg/m3

Maximum moisture content hmax
a ¼ hmax

b ¼ 500:0 kg/m3

Zone fractions ga=0.45, gb=0.55

Diffusivities Da=39.2· 10)9 exp(0.011ha) [m
2/s]

Db = 0.0005Da
Mass exchange parameter x=55.0· 10)6 s)1
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Example 2: Double permeability versus double porosity

Since the double porosity model is significantly simpler than the double per-
meability model in that only one diffusivity is required, it is of interest to
compare the results produced by the two models. This is done in Fig. 9a–c.
Except for the b-diffusivity all material parameters are identical to the ones used
in the previous example.

In Fig. 9a the double permeability model used in the previous example is
compared to the double porosity model and, as can be seen, there is a rather
good agreement; only very close to the wet end do the models produce signifi-
cantly different results. In Fig. 9b the b-diffusivity has been increased by a factor
of ten and the results deviate slightly more. Finally in Fig. 9, where yet another
factor of ten increase is applied, the two models produce quite different results.

Example 3: Sample length dependence

An often reported anomaly is an apparent sample length dependence of the
transfer parameters (see e.g. Dinwoodie 1981; Siau 1984; Banks 1981). This
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phenomenon is usually attributed to the fact that between the cells, there is a
probability of connectivity less than one. This may result in the measured
permeabilities being significantly higher for smaller samples than for larger
ones. However, the double permeability model results in a manifestation of the
opposite phenomenon, namely, that the apparent diffusivity increases with
increasing sample dimensions. This is due to non-equilibrium between the water
in the two zones as expressed by the mass exchange term _m; and in this sense the
situation is identical to what is experienced in moisture transfer below the fiber
saturation point (Krabbenhoft and Damkilde 2003). Thus, it can be expected
that there are two opposing mechanisms, which naturally complicates matters
further.

From classical diffusion theory (see e.g. Crank 1967), it is well known that
when the fractional weight increase is plotted as a square root of time divided
by the sample length, then the resulting curves should be superimposed on one
another. Furthermore, an apparent diffusivity may be computed as

Dapp ¼
pa2

4

dE

d
ffiffi
t
p

� �2

ð21Þ

where E is the fractional weight increase and a is the sample length (sample
half-length if the experiment is conducted with infiltration from both ends),
and the slope dE=d

ffiffi
t
p

refers to the initial slope of the E�
ffiffi
t
p

curve. However,
as discussed previously, in true single continuum diffusion with diffusivity
increasing with moisture content the E�

ffiffi
t
p

curve is linear up to around
E.0.8, and the slope may then be taken in any point between E=0 and
E.0.8.

In Fig. 10a, fractional weight increase curves as a function of
ffiffi
t
p
=a are shown

for samples of different length for the data set in Table 1. These curves are seen
to be far from superimposed on one another. The greatest anomaly occurs for
the shorter samples where the a-diffusion quickly comes to an end, and mass
exchange between the two zones then takes over and accounts for the larger
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Fig. 8 Average moisture content as a function of square root of time. Example 1
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part of the remaining uptake of water. The two-stage sorption which results
from this becomes less apparent as the length is increased since diffusion then
becomes the limiting mechanism.
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Fig. 9 Dual porosity and permeability models in one dimensional infiltration. Profiles shown
after 2, 4, 8, 16, and 32 days. Example 2
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In Fig. 10b the apparent diffusivities corresponding to the fractional weight
increase curves are shown. These are shown as a function of the fractional
weight increase, where at each point the slopes of the E�

ffiffi
t
p

curves have been
used. As can be seen, it is only for very large sample lengths, in the order of
several meters, that the E�

ffiffi
t
p

curve is perfectly linear and thus gives constant
diffusivities up to a point around E=0.8 where Eq. 21 is no longer valid. This
illustrates the fact that even though the fractional weight increase curve for a
sample of a=20 cm appears to comply rather well with standard diffusion, the
resulting computed diffusivity does not.

Conclusions

In this paper some of the possibilities of applying double porosity and per-
meability models to the problem of water infiltration into wood have been
discussed. Whereas it seems that there is some justification of such models, the
problem of determining the necessary material parameters still remains. For
this purpose it would seem that determination of moisture profiles would be
necessary, or in any case, a great help. Thus, the common total weight in-
crease experiments have been shown to be somewhat problematic in that
results which appear to comply rather well with the single continuum diffusion
model may in fact be highly anomalous. However, the total weight
increase experiment may be useful as a preliminary examination of the
qualitative nature of the process, especially if conducted for several samples of
different lengths. In this work the total diffusion model which is applicable
only for partially saturated conditions and which neglects the effects of gravity
has been used. Clearly, this model is not satisfactory, and the consistent
Darcian model with water pressure as the driving force should generally be
preferred.
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Appendix

Numerical solution procedure

The numerical solution procedure is described with reference to the double
permeability model

ga
@ha
@t ¼ @

@z gaDa
@ha
@z

� �
� x ha=h

max
a � hb=h

max
b

� �

gb
@hb

@t ¼ @
@z gbDb

@hb

@z

� �
þ x ha=h

max
a � hb=h

max
b

� � ð22Þ

The moisture content variables are approximated in terms of finite element
functions as

haðz; tÞ � NðzÞhaðtÞ
hbðz; tÞ � NðzÞhbðtÞ

ð23Þ

Similarly, the diffusivities are approximated in terms of their nodal values

Da ¼ ADa

Db ¼ ADb
ð24Þ

where the vectors Da=Da (ha) and Db=Db (hb) contain the nodal diffusivities
and A is a vector which weights these in an appropriate way as being repre-
sentative for the element. In all the examples presented A ¼ 1

2 ;
1
2

	 

: Alternative

upstream weighting schemes are discussed in Forsyth and Kropinski (1997).
Applying the standard Galerkin scheme (see e.g. Zienkiewicz and Taylor

2000) to Eq. 22 yields two coupled nonlinear ordinary differential equations

ra ¼ gaM
dha
dt þ Kha þ ~xaMha � ~xbMhb ¼ 0

rb ¼ gbM
dhb

dt þ Khb þ ~xaMha þ ~xbMhb ¼ 0
ð25Þ

where ~xa ¼ x=hmax
a and ~xb ¼ x=hmax

b : Assuming A is constant, the matrices M,
Ka and Kb are given by

M ¼
Z

X

NTNdX ð26Þ

Ka ¼ ~KADa; Kb ¼ ~KADb ð27Þ

where

~K ¼
Z

X

@N

@z

� �T@N

@z
dX ð28Þ

It should be noted that in practice M is replaced with a lumped equivalent in
order to reduce the risk of non-physical oscillations (see e.g. Segerlind 1984).

The backward Euler scheme is now applied whereby the fully discretized
equations can be written as

657



ra ¼ ga þ ~xaDtð ÞMþ DtKa;nþ1
	 


ha;nþ1 � ~xbDtMhb;nþ1 � gaMha;n ¼ 0

rb ¼ gb þ ~xbDt
� �

Mþ DtKb;nþ1
	 


hb;nþ1 � ~xaDtMha;nþ1 � gbMhb;n ¼ 0
ð29Þ

where subscript n refers to the current state and n+1 to the new unknown state.
Due to the nonlinearity contained in Ka and Kb an iterative procedure is ap-
plied. If the standard Newton-Raphson scheme is applied, increments Dha and
Dhb are computed by solution of the following linear system of equations

Jaa Jab

Jba Jbb

� �j

nþ1

Dha

Dhb

� �j

nþ1
¼ � ra

rb

� �j

nþ1
ð30Þ

after which the current state is updated as

ha

hb

� �jþ1

nþ1

ha

hb

� �j

nþ1
þ Dha

Dhb

� �j

nþ1
ð31Þ

where the initial point is taken as the last converged, i.e.

ha

hb

� �0

nþ1
¼ ha

hb

� �

n
ð32Þ

The Jacobians in Eq. 30 are given by

Jaa ¼ ga þ ~xaDtð ÞMþ DtðKa þ Kg
aÞ

Jbb ¼ gb þ ~xbDt
� �

Mþ DtðKb þ K
g
bÞ

Jab ¼ � ~xbDtM
Jba ¼ � ~xaDtM

ð33Þ

where

Kg
a ¼ ~KhaA

@Da

@ha

� �
; K

g
b ¼ ~KhbA

@Db

@hb

� �
ð34Þ

These matrices are unsymmetric and are, for this reason, often left out. Al-
though this does influence the convergence rate in a negative way, it may lead to
smaller total cpu times as compared to the full Newton scheme (see Paniconi
and Putti 1994).
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