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ARTICLETYPE

Poromechanical modeling of moisture induced swelling anisotropy in
cellular tissues of softwoods

Ahmad Rafsanjani,*“" Dominique Derome,” and Jan Carmeliet’*
Date: November 27, 2014

Experimental studies reveal that softwoods exhibit different swelling patterns at the cellular scale depending on the position of
the tracheid cells within the growth ring. Thin-walled earlywood cells show anisotropic swelling behavior while the swelling
of thick-walled bulky latewood cells is generally isotropic. A poromechanical model is developed to explore the anisotropic
swelling behavior of softwoods at the cellular scale. The general description for the macroscopically observable free swelling
strain of cellular tissues is derived by upscaling the constitutive equations of a double porosity medium which is found to be
dependent on stiffness, Biot coefficient, Biot modulus and the geometry of the cells. The effective poroelastic constants of
earlywood and latewood cells are computed from a periodic honeycomb unit cell by means of an efficient finite-element-based
computational upscaling scheme. The estimated swelling coefficients compare well with experimental measurements. It is found
that the anisotropy in swelling behavior of wood cells can be related to the anisotropy of elastic properties at the cell wall level and
the geometry of the cells. The proposed poromechanical model provides a physically relevant description of swelling behavior

which originates from the coupled interaction of water and solid phases within the porous cell walls of softwoods.

Introduction

Many biological tissues are essentially porous with a cellu-
lar microstructure which provides them with low density and
high strength!. Despite the considerable efforts devoted to
the study of the mechanical behavior of cellular solids?, little
is known about how they behave in different environmental
conditions. Softwood (wood of coniferous trees, e.g. cedars,
Douglas firs, pines, spruces, and yews) is a natural hierarchi-
cal cellular material that undergoes anisotropic deformations
when the humidity of the environment changes. It swells dur-
ing wetting and shrinks upon drying>*. Hence, it is an inter-
esting model material for studying the interaction of cellular
materials with moisture. In temperate climate regions, tree
growth occurs in the warm season, resulting in a mesoscale
feature called growth ring (Fig. 1a) in which the thin-walled
earlywood cells (grown in spring) with large lumens gradu-
ally change to bulky thick-walled latewood cells (grown in
summer) with small lumens (Fig. 1b). Experimental results
show that, in the plane transverse to the cells, earlywood cells
swell anisotropically while the swelling behavior of latewood
is almost isotropic>©.

The moisture induced deformation in wood originates from
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the sub-cellular scale and is substantially influenced by the hi-
erarchical structure of the material”. In softwoods, two main
groups of porosities can be distinguished (Fig. 1c¢). Lumens
are large pores of typical diameter of a few to hundred mi-
crons. Within the lumens, water is present in liquid or va-
por phase and it is known that it does not participate in the
moisture induced deformation in wood*. The second group
of pores in wood are cell wall porosities which range in size
from Snm down to the level of single water molecules bound
to hydrophilic sites of the wood polymers®. Thus, within the
hygroscopic range, sorption of water occurs only at the cell
wall level where the polar water molecules bind with hydro-
gen bonds to the hydroxyl sites of the polar molecules of wood
polymers. Except for crystalline cellulose, all wood poly-
mers demonstrate, to different extent, an affinity for water.
In the dry state, the cell wall has a low porosity where wa-
ter molecules can nevertheless find available sorption sites.
For further sorption to take place, i.e. above 2-3% mois-
ture content, the creation of new porosity by the displacement
of molecules is required. Consequently, sorption of water
molecules in between the hydrophilic molecules pushes the
constituents apart which implies that within the hygroscopic
range, the cell walls can be considered to be constantly filled
with water”®.

In literature, moisture induced swelling of wood is usually
modeled by thermal expansion analogy in the framework of
hygroelasticity '%!".  Based on this approach, swelling and
stiffness of the material are treated as two uncoupled proper-
ties neglecting that the swelling behavior originates from the
interaction of moisture and solid phases at the lower scales
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Fig. 1 (a) Cross section of a Norway spruce softwood sample and the indication of a growth ring. (b) The underlying latewood and earlywood
cellular tissues of Norway spruce acquired by phase contrast synchrotron X-ray micro-computed tomography where R, T and L correspond to
the anatomical directions of wood. (c) Double porosity honeycomb unit cell model used in the proposed poromechanical model where
porosity manifests itself at two scales, i.e. lumens and cell wall porosity and (d) a quarter of a periodic honeycomb unit cell is discretized for

finite element simulations.

and is coupled to moisture dependent mechanical proper-
ties. In contrast, poromechanics proposes a fully coupled ap-
proach for exploring the fluid and solid interaction in the ma-
terial'>!3. Using analytical homogenization schemes, Bader
et al.'* developed a multiscale model to predict the poroe-
lastic properties of softwoods at different hierarchical levels.
Looking at the swelling behavior, Lemarchand et al. 1 inves-
tigated the expansive reactions in chemoelastic concrete based
on an analytical micro-poromechanics model by bridging the
scale from the local chemo-mechanical mechanisms to the
macroscopically observable stress-free expansion. Carmeliet
et al.'® proposed a nonlinear poroelastic constitutive model
for wood, an unsaturated porous material, based on a higher
order formulation of free energy including mechanical and
moisture contributions and the coupling between moisture
and mechanics. The nonlinear poroelastic material properties
were determined from mechanical testing at different mois-
ture content and free swelling/sorption tests. Rey and Van-
damme 7 studied the shrinkage and stiffening behavior of cel-
lulose sponge upon drying using a double porosity porome-
chanical model where the large pores are filled by air and the
small pores are saturated with water.

Here we develop a multiscale poromechanical model for
the swelling behavior of softwood at cellular scale. While
the actual microstructure of wood cells is far more complex,
our model is intended to measure the respective role of struc-
tural and mechanical features of the cellular tissues of soft-
woods using a simplified poromechanical model in order to
elucidate what is responsible for the swelling behavior of soft-
woods at higher hierarchical levels. In particular, we show
how the swelling anisotropy can emerge at cellular scale from
moisture-solid interactions at the cell wall level based on a

double-porosity poromechanical description of the underly-
ing physical phenomena. Based on the simulation results,
we aim to explain why, despite the moisture dependence of
the stiffness properties of softwood, the swelling varies lin-
early with moisture content within the hygroscopic range.
The proposed approach allows bridging the scales from the
anisotropic poroelastic behavior of porous cell walls to the
macroscopic free swelling of softwood at cellular scale.

Poromechanical model for softwood tissues

Constitutive equations

The cellular tissue of softwood can be considered as a double
porosity material where the porosity manifests itself at two
scales, i.e. lumens (denoted with /) and cell wall porosity (de-
noted with w). The porosity of the lumens ¢ which are large
pores at the cellular scale is defined as the ratio of the volume
of the lumens to that of the cells whereas the cell wall porosity
¢, is defined as the volume of the small pores within the cell
wall to the cell wall volume. The poroelastic state equations
for a double porosity material read '8:

0;j = Cijuga — b};pw — bi;pi (1
0 _ . Pw Pi

¢W B ¢W o blv}}g” * Nww + Nwl (2)
0_ 41 Pw | DI

— @0 = bl + L LU 3)
¢ (Pl iyt Nwl Nll

where 0;; is the stress tensor, €;; is the strain tensor, p,, is the
pressure of the fluid prevailing in the cell walls with porosity
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¢,. The pressure of the fluid inside lumens is p; and the poros-
ity of the lumens is ¢;. The fourth-order stiffness tensor of the
cellular tissue is C;j;. The second-order Biot coefficient ten-
sors corresponding to cell wall porosities and lumens are b};

and bf s respectively and N,,,,, N,,; and Nj; are the Biot moduli
of the system.

We note that all poroelastic properties are in general depen-
dent on the independent variables strain and liquid pressures
in wall and lumen. In this paper, as explained further in more
detail, we will assume that stiffness, Biot coefficients and Biot
moduli are dependent on moisture content. All the variables
are Lagrangian variables which are defined with respect to the
reference state at atmospheric pressure. In the following we
limit our study to wood exposed to the changes in moisture
content in the hygroscopic range. This means we assume the
liquid in the cell wall is water, which is saturating the pore
space, while the pore space in the lumen is not filled with lig-
uid water, but by air at atmospheric pressure.

The water-filled cell wall porosity (denoted with ¢,,) with
respect to the cell wall volume Q,, is expressed in terms of
cell wall and lumen porosities as @, = ¢,,/(1 — ¢;) and can
be directly linked to mass of water by my = pr@,£2,. In
wood science, moisture content m is defined as the ratio of the
mass of water m,, in the wood sample to the oven-dried mass
mg = ps(1— @9)QY, of the sample as m = my/my where @0 is
the initial porosity of the cell wall and, ps and p; are densities
of liquid water and the solid skeleton of the cell walls, respec-
tively. Within the hygroscopic range, the pressure inside lu-
mens is assumed to be equal to atmospheric pressure. There-
fore, in the absence of external stresses (0;; = 0), the state
equations (1-2) can be rewritten to express the free swelling
strain 8101 in terms of poroelastic properties:

S?j = S:f{jkle}Nww(q)W - ¢W0) (4)

where S}, = Cl?’jk]_l is the undrained compliance tensor and
Cl'-‘jkl = Ciju +Nwwb}§bgl is the undrained stiffness tensor of
the porous material. The free swelling strain defined by equa-
tion (4) can be related to the change of moisture content Am

resulting in the following relation:

&) = PijAm (5)

where the equivalent second-order swelling coefficient tensor
Bij is defined as:

Bij = SibiiNuw (1= 0) (1 — 0})ps /Py (6)

The above equation shows that swelling coefficient is a
function of stiffness, Biot coefficient and Biot modulus. In
order to calculate the effective swelling coefficients of the cel-
lular tissues of the softwood according to Eq. (6), as follows
in the next subsections, we first need to find the poroelastic

properties of the cell walls as a function of the independent
variables. Since this paper focuses on the determination of
the swelling caused by a change in moisture content, we then
determine the poroelastic properties as a function of moisture
content using a finite-element based computational upscaling
framework.

Poroelastic constants of cell wall

The poroelastic constants for an anisotropic porous material
are usually expressed based on two fundamental assumptions
of micro-homogeneity and micro-isotropy of the solid ma-
trix '°. The micro-homogeneity assumes that the solid matrix
of the porous material is homogeneous at the pore scale while
the material can be heterogeneous at the macroscopic scale.
The micro-isotropy assumes that the solid constituent of the
porous medium is isotropic at the pore level and the material
anisotropy is of structural origin, mainly resulting from pore
shape and orientation. By adopting these simplifications, and
assuming that water is incompressible, the poroelastic con-
stants of the cell wall can be defined as follows:

i o
. Jkk
by = 8ij— 3K, @)
R T ®)
Ny K, 9K,

where the tilde symbol indicates that the poroelastic properties
are measured at cell wall level. Above, §; ; 1s the Kronecker
delta, C;jkl is the stiffness tensor of the porous cell wall and K;
is the bulk modulus of the solid matrix of the porous cell wall.

Upscaling from cell wall to cellular tissue

A finite-element-based computational upscaling scheme is
used to compute the poroelastic constants of the double poros-
ity model Cjjy, bj; and Ny, from the poroelastic properties of
the anisotropic porous cell wall, i.e. ~};k1’ INJZ and N,,. Fol-
lowing the micromechanics of solids, the macroscopic behav-
ior of cellular tissues are described by the behavior of an en-
ergetically equivalent homogenized continuum based on the
Hill condition?°. Honeycomb unit cells with periodic bound-
ary conditions are utilized. Due to the symmetry of the unit
cells, the analysis of the original domain reduces to one quar-
ter?!. As shown in Fig. 1d, the deformation of the unit cell
is controlled with three master nodes 1, 2 and 3. The pe-
riodic boundary conditions are imposed on the reduced unit
cells through the constrained relation X(—3§,) 4+ X(+5,) = 2X,
(for g = 1,2,3) where §, denotes a local coordinate system
centered on a master node and X, is the position vector of this
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node. The displacement vectors of the master nodes are re-
lated to the macroscopic strain with uf = ¢ jx?. The applica-
tion of the averaging theorem on o;; over £ and the transfor-
mation from volume integrals to surface integrals for a peri-
odic unit cell can be elaborated as follows:

1
0ij =g Y i (C))

q=123

where f? is the reaction external force acting on the master
node g. The stiffness tensor of honeycombs C;j; are com-
puted with a computational upscaling procedure as described
in detail by Rafsanjani ef al. 2. The poroelastic constants of
the double porosity model b} and Ny, can be calculated com-
putationally for a honeycomb unit cell where its macroscopic
strain is constrained, i.e. &; = 0, and the unit cell is subjected
to a small change of pore pressure Ap,,. The cell wall Biot
coefficient tensor le] is obtained by probing the change of the
macroscopic stress in the unit cell from Eq. (9) through the
poroelastic constitutive Eq. (1) as:

v _Ady
Y Apy

(10)

8,']':0
The Biot modulus N, can also be computed in the same

experiment from Eq. (2):

Ap,
Ny = Agv:

(11)

E,'j:()

with A¢,, = é Jo, (@ — @) dQ which is determined from
finite element simulations. The above constants are used in
Eq. (6) to determine the swelling coefficient tensor of the cel-
lular tissues of the softwood.

Results and Discussion

The proposed poromechanical model has been implemented
in the scripting environment of the finite element package
ABAQUS (Rising Sun Mills, Providence, RI, USA) and used
to predict the swelling behavior of softwood at the cellular
scale. The longitudinal dimensions of the wood cells are very
large in comparison to radial and tangential directions and we
confine the analysis to the cross-section of the material which
is in a state of generalized plane strain. In these analyses,
the cell wall was discretized using plane strain elements with
pore pressure (CPE8P). The moisture dependency of the elas-
tic properties of the wood cell wall is adopted from the micro-
mechanical model developed by Qing and Mishnaevsky '°.
The transverse elastic Young’s moduli (E{" and E;” ) and the
in-plane shear modulus (GY,) are shown in Fig. 2.

10

©
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o
|

elastic moduli (GPa)
EN

N
)

0 T : :
0 0.05 0.1 0.15 0.2
moisture content, m

Fig. 2 Moisture dependent relationship of the transverse elastic
Young’s (E | and Eg" ) and shear (G’l"2) moduli of the wood cell wall
adopted from Qing and Mishnaevsky ' and used as input in the
proposed model. The symbols show the transverse elastic properties

which are adopted from the micromechanical model by Persson 23.

In the following, first, the overall validity of the work is
established by comparing the results of the proposed porome-
chanical model with experimental data. Then, the poroelas-
tic properties and swelling coefficients of earlywood and late-
wood cells are predicted and the influence of shape angle of
the honeycomb unit cell on the effective swelling behavior is
obtained. The key findings are finally discussed.

Comparison with experimental measurements

We compare the results of the proposed poromechanical
model with experimental measurements. The experimental
data consist of two sets (called A and B) of isolated earlywood
(EW) and latewood (LW) tissues of Norway spruce softwood
originating from two different wood sources. The moisture
induced deformation of softwood tissues exposed to differ-
ent relative humidity conditions are measured by high resolu-
tion phase contrast synchrotron X-ray tomography (TOMCAT
beamline, Swiss Light Source, Paul Scherrer Institute, Villi-
gen, Switzerland). The free swelling and shrinkage strains are
determined by affine registration method>. The moisture con-
tent of the samples are measured by means of a dynamic vapor
sorption (DVS) apparatus. Since a quasi linear relation be-
tween swelling and moisture content variation was found, the
effective swelling coefficients of the samples are determined
in radial and tangential directions from the slope of the strain
curve plotted versus moisture content®.

The dimensions of the honeycomb unit cell (/, &, ¢t and
0) are determined by correlating the lumens porosity ¢; and
radial (Dg = 2lcos6 —t) and tangential (D7 = h+ 2lsin6 —
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Fig. 3 Comparison of experimental measurements® and simulation results of swelling coefficients of Norway spruce softwood tissues in (a)
radial and (b) tangential directions and (c) the tangential to radial (T/R) swelling anisotropy ratio at different lumen porosity ¢; and moisture
content m = 0.12. The simulations correspond to different elastic Young’s moduli of the cell wall, £}" and EY’, as defined in Tab. 2.

Table 1 Geometrical parameters of the cellular tissues of softwood
as defined in Fig. 1c (lumen porosity ¢, unit cell dimensions % and [,
cell wall thickness ¢ and shape angle 8) adopted from experimental
data>® and used as inputs in the poromechanical model.

Table 2 Elastic properties of wood cell wall at moisture content

m = 0.12 adopted from Persson 23 Tn this table, directions 1, 2 and
3 are respectively referring to parallel (||), perpendicular (L) and
longitudinal (L) directions with respect to the cell wall as defined in
Fig. lc.

wood tissue (] h (Um) [ (um) ¢t (Um) 0
EW, 0.78 35 21 4.7 6° Young’s moduli (GPa) Poisson’s ratio Shear moduli (GPa)
EWp 0.64 35 18 7.6 10° sim 1 2 3 4
Lwp 0.50 30 16 9.9 14 Ev= 7 8 9 10 V% =0.65 Gy, =1.1
LWy 0.45 30 15 10.8 16° Eﬁ“ = 4 3 2 1 V5 =0.11 G‘f3 =45
EY = 33 vy; =0.02 Gy, =2.3

tsecO) diameters of unit cells to those of real wood cells as
explained in Rafsanjani et al. ?*. The geometrical properties
of four cellular tissues corresponding to experimental data are
summarized in Tab. 1. The elastic properties of the cell wall
material are adopted from Persson>* and presented in Tab. 2.
In this table, directions 1, 2 and 3 are respectively equivalent
to parallel (]|), perpendicular (L) and longitudinal (L) direc-
tions with respect to the cell wall as defined in Fig. 1c. Fig. 3a
and b show the comparison between the experimental data and
simulation results for effective swelling coefficients in radial
and tangential directions. The two experimental datasets used
a different source for the sample, thus it can be expected that
the elastic properties of the cell walls for these two datasets
are different. Therefore, the comparison is performed for a
range of elastic Young’s moduli in transverse plane by vary-
ing the anisotropy ratio £}’ /E} from 1.75 to 10 while keeping
all other elastic properties constant (referred to as sim (1), (2),
(3) and (4) on Tab. 2 and Fig. 2). The density of the dry cell
wall and water are p; = 1500 kg/m® and py = 1000 kg/m?,
respectively.

Simulations show that the swelling coefficients in tangen-
tial direction are almost constant for earlywood (high poros-
ity) and latewood (low porosity) tissues of both datasets while,

in radial direction, the swelling coefficient of earlywood is
smaller than latewood. The swelling coefficients in both radial
and tangential direction decrease by increasing the anisotropy
ratio E{V /E;” . The corresponding swelling anisotropy ratio
Br/Br is shown in Fig. 3c. The swelling anisotropy increases
with the increase of porosity ¢;. This behavior has been suc-
cessfully captured with the proposed poromechanical model.
We also observed an increase of swelling anisotropy with
the increase of lumen porosity and the Young’s moduli ratio
E}/EY in the plane of the cell wall.

Swelling coefficients of earlywood and latewood cells

In this section, we use the proposed model to explore the
swelling behavior of earlywood and latewood tissues. For this
purpose, we consider the geometrical parameters of EWp and
LWsp in the rest of this article for parametric studies.

The Biot coefficients in radial (by = bY}) and tangential
(b} = b,) directions, are computed as a function of moisture
content m using Eq. (10) and the results are shown in Fig. 4a.
The moisture dependency of elastic properties of the cell wall
has a little influence on the Biot coefficients of cellular tissue
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Fig. 4 Simulation results for moisture dependency of poroelastic properties of earlywood (¢; = 0.64) and latewood (¢; = 0.45) cells: (a) Biot
coefficients by and b, (b) the inverse of Biot modulus Ny;wl, and (c) elastic Young’s moduli Er and ET.

and both by and by are almost constant. In earlywood by > by,
while in latewood by ~ by. The Biot coefficients at low lu-
men porosity (latewood) are larger than ones at high lumen
porosity (earlywood). The Biot coefficient can be interpreted
by the following experiment. Imagine the conditions where
the external deformation of the wood cells is constrained and
the cell walls are pressurized by the water they contain, then
the Biot coefficient measures the transmitted pressure to the
boundaries of the medium, also referred to as swelling pres-
sure. The large Biot coefficient in latewood compared to ear-
lywood means that the swelling pressure in latewood is larger
than in earlywood which could be due to the thicker walls of
latewood cells. In earlywood, the results show that the pres-
sure that is transmitted from the water within the cell walls
onto the radial boundaries of a constrained sample is larger
than the one onto the tangential ones. In comparison to other
porous materials, such as sandstones and rocks (b ~ 0.7), the
Biot coefficients predicted for softwood cells are much smaller
due to presence of large empty lumens.

The Biot moduli (V,,,) of earlywood and latewood cells are
computed as a function of m using Eq. (11) and the inverse of
the Biot moduli (N;,!) are illustrated in Fig. 4b. The moisture
dependency of the Biot modulus is similar to that of the elas-
tic properties of the cell wall. The inverse of the Biot modulus
can be interpreted as the moisture capacity of the material >>.
Softening of the material, or decrease of stiffness, results in
swelling of the cell wall, leading to a higher porosity to accom-
modate more water molecules. This results in a higher mois-
ture capacity at higher moisture contents. As expected, the
inverse of the Biot modulus of latewood is larger than the one
of earlywood which indicates that latewood cells have larger
moisture capacity as confirmed by experiments®.

The elastic Young’s moduli of earlywood and latewood
cells in radial and tangential directions respectively defined
as Eg = 1/S1111 and Er = 1/S227, are plotted as a function

of moisture content in Fig. 4c. In both earlywood and late-
wood cells, Eg > Er. The transverse elastic properties of ear-
lywood are strongly anisotropic. In latewood cells the degree
of anisotropy is small and the elastic Young’s moduli in radial
and tangential directions are close to each other. The elas-
tic properties of thick walled latewood cells are notably larger
than the ones of thin-walled earlywood cells. As anticipated,
the moisture dependency of the elastic properties of the cellu-
lar tissues follows the same behavior as that of cell wall stift-
ness.

The above set of poroelastic properties complement the pre-
diction of effective swelling coefficients of cellular tissues of
softwood based on the poromechanical model as formulated

0.8
0.6+ r
i} EW
5 W
2 LW
)
&GE) 047%«@—@—%%*
8 W
> EW
£
q;) 0.21 earlywood latewood | |
@ - fr - fr
- /'3[{ *ﬂR
0 ; : !
0 0.05 0.1 0.15 0.2

moisture content, m

Fig. 5 Swelling coefficients of earlywood (¢; = 0.64) and latewood
(¢; = 0.45) cells in radial Bg and tangential B directions as a
function of moisture content m obtained from Eq. (6) based on
poroelastic material properties presented in Fig. 4.
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by Eq. (6). Fig. 5 shows the effective swelling coefficients 0-6
of earlywood and latewood cells as a function of moisture Y
content in radial (Bg = B11) and tangential (By = B,2) direc- 0.51 > g
tions. It is found that the swelling coefficients in tangential EW
direction are bigger than in radial direction and the degree of fj 0.43=Y -
swelling anisotropy in earlywood is larger than in latewood. & R
The swelling anisotropy ratio By /Bg is almost constant for £ 03] EW
the whole range of moisture content m where, in earlywood, §
the ratio is about 1.6 and, in latewood, approximately equals (o1 L
to 1.2. The experimental values for earlywood and latewood S
cells of dataset B are Br/Bgr = 1.7 and 1.1, respectively®. z earlywood  latewood
The swelling coefficients are found to be not strongly depen- -1 = br +br 7

© Br ~-Pr

dent on moisture content while the elastic and Biot moduli .

are highly moisture dependent (Figs. 4b and c). In a typical
experimental swelling curve, one can see a straight-line re-
lationship between moisture content and swelling from zero
moisture content nearly up to fiber-saturation point thus indi-
cating constant swelling coefficients 2®. This results can be ex-
plained considering the moisture dependent behavior of com-
pliance and of Biot modulus. Based on the results of the pro-
posed poromechanical model, the compliance (stiffness) in-
creases (decreases) and the Biot modulus decreases with the
increase of moisture content. Consequently, they both com-
pensate the influence of each other on the swelling coefficient
as per Eq. (6). Overall, the swelling strain exhibits a linear
relationship with moisture content change.

Role of cell geometry on swelling anisotropy of tissues

The swelling properties of cellular tissues are dependent not
only on the poroelastic properties of the cell walls, but also on
the geometry of the cells. A parametric study is carried out to
investigate the influence of the shape angle of the honeycomb
unit cells on the effective swelling coefficients of earlywood
and latewood tissues. Fig. 6 shows the swelling coefficients
(Br and Br) of EWg and LWp at a moisture content m = 0.12
as a function of shape angle 6. It is found that the anisotropy
in swelling coefficients is more pronounced at smaller shape
angles. By increasing the shape angle, the radial and tangen-
tial poroelastic properties approach each other (not shown here
for brevity reasons) and for this specific set of geometrical pa-
rameters, they exhibit a cross-over behavior. The tangential
swelling coefficient By decreases with the increase of shape
angle 0 and is generally larger than Bg.

Conclusions

Motivated by experimental studies on the anisotropic swelling
behavior of softwoods at the cellular scale, a double poros-
ity poromechanical model is developed to explore the free
swelling behavior of earlywood and latewood cells. The pro-
posed method is implemented in a finite-element-based up-

0 5 10 15 20 25 30
shape angle, 6(°)

Fig. 6 Influence of shape angle of corresponding earlywood and
latewood honeycomb unit cells on swelling coefficients Bz and Br
for m =0.12.

scaling scheme in which the cellular tissues are simulated as
periodic honeycomb unit cells. The obtained results compare
well with experimental measurements. The swelling behavior
results from the poroelastic interactions within the cell walls
without necessity to introduce the swelling coefficients of the
cell wall as inputs into the model. The proposed porome-
chanical model can predict several coupled physical phenom-
ena which have been widely confirmed with experimental evi-
dences as summarized in the following. The swelling of wood
cells in tangential direction is larger than in radial direction,
i.e. Br > Pg, specifically for earlywood tissues. Consequently,
in the RT cross-section, the degree of swelling anisotropy in
earlywood is larger than one in latewood tissue. Despite the
moisture dependency of the stiffness and the Biot modulus of
wood cells, their cumulative interaction results in an approx-
imately linear relationship between swelling strain and mois-
ture content. This linear swelling behavior is also often ob-
served by experiments. The moisture capacity of latewood
cells is larger than earlywood ones. In addition to poroelas-
tic properties, the effective swelling properties of wood cells
are influenced by geometrical parameters e.g. shape angles,
cell dimensions and porosity. In conclusion, the proposed
model predicts the general trends accurately and gives a phys-
ical understanding of the swelling phenomenon which micro-
scopically originates from the moisture and solid interactions
within the anisotropic porous cell walls and, at cellular level,
is influenced by the geometry of underlying tissues.
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