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Abstract

This study investigates the dynamics of moisture transport in Scots pine (Pinus syl-
vestris L.) heartwood and sapwood, under alternating drying and wetting cycles,
incorporating interactions between bound water, free water, and water vapor using a
multi-phase model. Cylindrical specimens oriented longitudinally, radially, and tan-
gentially were subjected to controlled relative humidity (RH) steps of 33%, 94%,
and 64% at 23 °C. High-resolution X-ray computed tomography (CT) provided
detailed, time-resolved measurements of moisture distributions within the wood. A
multi-phase model was developed that couples Fickian diffusion (for bound water
and vapor) with Darcy’s law (for free water), supplemented by phase-conversion
terms that account for evaporation and sorption. Key parameters, including absolute
and relative permeabilities, direction-dependent vapor diffusivity reductions, ther-
mal conductivity tensors, and free water transport formulations, were determined by
matching predicted moisture profiles to the CT measurements. Among concentra-
tion and mixed concentration-pressure formulations for free water model, the mixed
approach produced the most accurate match. The CT images revealed a rapid deple-
tion of free water during the initial drying step, followed by distinct variations in
bound water content as the RH was raised and lowered. Numerical simulations
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closely replicated these trends, indicating that the calibrated model effectively repre-
sents moisture transport both above and below the fiber saturation point.

Introduction

Engineered wood products have emerged as a cornerstone of modern construction,
valued for sustainability, favourable strength-to-weight ratio, and design flexibility.
Wood, as a sustainable raw material, is extensively used in construction as timber
and engineered wood products, as well as in the form of wood fibers to reinforce var-
ious composites in the construction and automotive sectors (Sterley et al. 2021). The
use of wood as a construction material is particularly advantageous due to its low
environmental impact. Wood products can achieve high mechanical performance
also at the structural level, as demonstrated by recent efforts to design and construct
high timber buildings in Europe (Malo et al. 2016). However, the hygroscopic nature
of wood, characterized by its anisotropic, moisture-dependent properties along
the material directions, introduces substantial challenges in preserving long-term
structural integrity. The moisture content (MC) of wood significantly influences its
mechanical properties, including stiffness and strength, and its dimensional stabil-
ity. Fluctuations in MC leads to swelling (with increased MC) and shrinkage (with
decreased MC), often resulting in non-uniform dimensional changes that can induce
internal stresses and potentially compromise the structural integrity of wood (Thy-
bring et al. 2021). MC variations can induce stresses in wood components of build-
ings with consequent crack risk, and cupping deformations in large components
such as timber decks of bridges (Fortino et al. 2019), large-span timber structures
such as buildings (Dietsch and Winter 2018). Figure 1A schematically illustrates the
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Fig. 1 A Schematic representation of the three principal directions of wood with respect to grain direc-
tion and growth rings; B magnified view (um scale) showing the cellular structure of wood
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macroscopic structure of wood, showing the three principal directions: radial (R),
tangential (T), and longitudinal (L)-critical for understanding its anisotropic behav-
ior in moisture transport. Figure 1B presents a microscale view, revealing the porous
cellular structure in which moisture resides in different states.

Within the intricate cellular structure, moisture appears in three primary states:
bound water in the the cell walls, water vapor in the lumens (hollow cavities within
wood cells), and free water, which occupies the lumens when MC in wood exceeds
the fibre saturation point (FSP). These three phases of water that interact dynami-
cally, continuously seeking to achieve an equilibrium moisture content (EMC). The
EMC represents a state of balance between the MC in wood and the surrounding
RH and temperature. The total MC is typically defined as the combined mass of
bound and free water, measured against the oven-dry mass of the wood, with the
mass of water vapor being negligible because of its lower density (Konopka and
Kaliske 2018) i.e

mass of bound water + mass of free water

MC =
dry mass of wood

)]

The FSP is a critical threshold in the moisture behaviour of wood. Below the FSP,
moisture primarily exists as bound water within the cell walls. In certain conditions,
wood may come into direct contact with liquid water, leading to MC levels exceed-
ing the FSP (Glass et al. 2018). This can occur in scenarios like wood used as scaf-
fold material in concrete construction, exposure to rainfall during outdoor storage,
water leakage in buildings, or the construction process of timber-concrete compos-
ite floors. Above the FSP, the cell walls become fully saturated, and any additional
moisture is present as free water.

A. Wetting Cycle

AtFSP Above hygroscopic range

Below hygroscopic range

‘‘‘‘‘
Free water
Free water transport @ Bound water

Cell wall

B. Drying Cycle @ water vapor

Lumen @ Free water

Above hygroscopic range At FSP Below hygroscopic range

Fig.2 Moisture transport mechanisms during (A) wetting and (B) drying in wood, emphasizing the cou-
pling among bound water, free water, and water vapor
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Figure 2 illustrates how these three phases interact in wood during wetting and
drying. During the wetting (Fig. 2A), moisture is absorbed through a combination
of diffusion, capillary transport, and sorption. Vapor sorption involves the uptake
of vapor by the cell walls, driven by a coupling mechanism (¢,,) between bound
water and vapor. Simultaneously, free water, which forms via capillary condensation
in lumens, interacts with bound water (¢,,,) while moving into the cell walls. The
process is governed by water vapor diffusion through the lumens, cell wall water
diffusion, and capillary water transport, which are described separately but are typi-
cally coupled (Thybring et al. 2022). This interaction continues until equilibrium
is reached, where the MC stabilizes relative to the surrounding RH and tempera-
ture. In the drying cycle (Fig. 2B), moisture is released via evaporation, desorption,
and diffusion, with tightly coupled transport mechanisms dominating. Initially, free
water evaporates from the wood surface, assisted by coupling between free water
and vapor (¢,,,), while capillary water flow within the lumens is driven by pressure
gradients. Concurrently, bound water desorbs from the cell walls and transitions to
vapor phase (¢,,). Below the FSP, bound-water diffusion predominates, with vapor
diffusing through lumens as drying proceeds.

Modelling moisture transport in wood can be approached via single-phase or
multi-phase formulations. Single-phase models, combine the transport mechanisms
of bound water, free water, and vapor into a single governing equation to simplify
the mathematical formulation (Younsi et al. 2006). While computationally efficient,
single-phase models often fail to capture the distinct physical processes governing
moisture transport, particularly near and above the FSP. For example, below the
FSP, moisture transport is driven by bound-water diffusion and sorption, whereas
above the FSP, free-water flow is influenced by capillary pressure, gravity, and
evaporation. A single-phase model thus risks over-simplification, though it may suf-
fice for relatively thin sections where gradients are small. In contrast, multi-phase
models distinctly represent bound water, vapor, and free water, providing a more
accurate depiction of processes under diverse moisture conditions. Below the FSP,
these models account for bound water diffusion in the cell walls, sorption between
bound water and vapor, and potentially sorption hysteresis (e.g., ref (Frandsen 2007;
Eitelberger 2011; Fortino et al. 2013; Konopka and Kaliske 2018; Krabbenhoft and
Damkilde 2004)). Above the FSP, capillary flow, bound-free water exchange, and
evaporative or condensative interactions take place (Autengruber et al. 2020; Brand-
stétter et al. 2023), described by nonlinear coupled equations. Such detailed model
demands parameterization and better identification of the transport parameters (Aut-
engruber et al. 2020), making it non-trivial to measure all properties needed.

The multi-Fickian model, describes the simultaneous diffusion of bound water
and vapor in wood as a function of concentration gradients and diffusion coeffi-
cients. It is particularly applicable to thicker wood specimens and higher RH levels,
as typically encountered during the drying of wood. However, its applicability is
limited to MCs below the FSP, as it does not account for the presence of free water.
Frandsen et al. (Frandsen et al. 2007a) revised this model to describe non-Fickian
effects in wood, focusing on the sorption rate function and boundary conditions.
The model was further refined by Frandsen and Svensson (Frandsen et al. 2007b) to
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incorporate sorption hysteresis, a phenomenon where the EMC depends on the his-
tory of RH variations.

The need remains for the application of comprehensive model that spans the
full moisture range, including liquid water transport. Applications where wood is
in contact with liquid water or high-humidity environments-such as construction
sites or extended outdoor exposure-require tracking of these processes. Moreo-
ver, experimental data capturing spatio-temporal moisture distributions in wood
are scarce. To obtain such data, there are only a few suitable imaging techniques
available, namely neutron imaging (and tomography), nuclear magnetic reso-
nance (NMR) imaging and X-ray computed tomography (CT).

Neutrons are sensitive to water, but the small number of neutron imaging facil-
ities worldwide and high imaging costs for extensive measurement periods are
obvious limitations (Lehmann 2017). Sensitivity to water and good availability
of equipment have made NMR imaging a widely used method for studying mois-
ture distributions in wood (Almeida et al. 2007; MacMillan et al. 2011; Zlahti¢
Zupanc et al. 2019). Although the spatial resolution of NMR imaging is too low
(typically near 70 pm) to resolve the microstructure of wood, it is capable of
quantifying bound and free water through spin relaxation time analysis (Cai et al.
2020). However, the typical sample size of tens of millimetres, required for suf-
ficient NMR signal, leads to moisture transport experiments lasting up to several
months, if not a year (Dvinskikh et al. 2011; Gezici-Kog et al. 2017). Measuring
an extensive set of experiments may thus be impractical due to time constraints.

X-ray tomography produces high-resolution (down to 1 um) volume images of
samples and is thus an efficient tool for studying the microstructure of many het-
erogeneous materials (Landis and Keane 2010). Laboratory-scale microtomog-
raphy devices are relatively common in many research institutes and companies
nowadays. Although X-rays are not so sensitive to water compared to neutrons
and NMR, CT is still capable of monitoring the water transport in many materi-
als. However, for swelling materials (such as wood) non-standard calibration and
correction methods are needed to enable quantitative water content analysis (Har-
jupatana et al. 2015; Miettinen et al. 2016). As CT allows to use smaller samples
while still producing high-quality data, the sample size was decreased to a few
millimeters. This reduced the duration of a single moisture transport experiment
to a few weeks, which is convenient as an extensive set of wood samples can be
measured in a relatively short time.

In the present work, X-ray CT is used to track free and bound water distribu-
tions in Scots pine samples subjected to alternate drying and wetting cycles. The
resulting CT data is used to inform and calibrate multi-phase models, derived
from previous approaches for MC below-FSP (Fortino et al. 2019) and above-FSP
free-water flow (Autengruber et al. 2020). This allows for the explicit incorpora-
tion of both bound and free water transport mechanisms, with a time-dependent
evaporation rate that simulates the transition between free water and water vapor
during the drying process. The model accounts for the diffusion of bound water
within the cell walls, driven by concentration gradients, and the capillary flow of
free water through the lumens, influenced by pressure gradients. Additionally, the
model considers the evaporation of free water from the wood surface, a function
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of the surrounding environment’s RH and temperature. Transport parameters
(e.g., anisotropic permeabilities, vapor-diffusivity reduction factors, thermal con-
ductivity tensors) are fine-tuned to match the measured spatio-temporal moisture
distributions, enabling an accurate simulation of how water transitions from free
to bound phases, or from water to vapor. X-ray CT data also provides clear and
accurate data on separate phases of the moisture content in the wood including
the initial and boundary conditions.

The numerical approach presented here quantifies how free water rapidly exits
lumens in early drying, while bound-water desorption and reabsorption follow
slower kinetics, particularly when RH changes. Cylindrical samples oriented in L, R
and T-directions, highlight wood’s anisotropy and confirm the importance of accu-
rate flow and sorption modelling in each principal direction. Different formulations
for free-water transport (concentration-based vs. mixed concentration-pressure) are
tested to identify the most reliable approach. Ultimately, our aim is to present a more
comprehensive description of moisture transport across the FSP in Scots pine, dem-
onstrating how high-resolution CT provides the necessary data to fine-tune multi-
phase moisture transport models.

Materials and methods
Selection and cutting of the sample tree

A Scots pine tree from a naturally regenerated stand in Miakrd, Kerimiki, Finland (N
61°50°, E 29°23”) was harvested on 29 Nov 2022. The stand belongs to the EVOL-
TREE network of intensive study sites, ISS (http://www.evoltree.eu/index.php/inten
sive-study-sites/map). The selection of this tree was based on previous investigations
initiated in 2011 (unpublished data) and 2018 (Belt et al. 2021), which emphasized
stilbene and resin acid content in the outer heartwood. An average tree was chosen
among several candidates. The pine’s cross-measured diameter at 1.3 m height was
290 x 272 mm (excluding bark), with 54 annual rings. The heartwood diameter was
150 x 140 mm, comprising 21 annual rings. The butt log up to 3 m height was cut
into approximately 30 cm long blocks and stored at —20 °C until further processing.

Sample preparation

The wood samples were prepared from Scots pine because of its homogeneous
structure and widespread use in construction applications. To ensure uniformity and
minimize variability in the moisture transport properties, the samples were carefully
selected, ensuring consistent density, growth ring orientation, and the absence of
defects such as knots or cracks. Heartwood (HW) and sapwood (SW) samples were
initially prepared and tested in all directions; however, HW samples in the T and
R-directions and SW samples in the L-direction were chosen because they provided
optimal results during microCT scanning, avoiding issues such as imaging artifacts,
or processing errors.
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One 30 cm long block was selected for preparing the cylinders. First a rectangular
piece of approximately 10 x 80 x 150 mm® was sawn separately from SW and HW
sections of the block using a band saw. The pieces were dried at room temperature
for 3—4 weeks until their weight was stabilized. Cylindrical wood samples, measur-
ing 3 mm in diameter and 5 mm in length (see Fig. 3B), were carefully machined.
These dimensions were chosen to balance the need for sufficient resolution in the
X-ray CT scans with the requirement for a representative volume of wood tis-
sue. The samples were oriented to obtain three orthogonal directions: L-direction,
aligned with the grain direction; R-direction, perpendicular to the growth rings; and
T-direction, tangent to the growth rings (For visual representation, see Fig. 1B).
Special care was taken during the grinding process to ensure the accurate alignment
of the R and T-direction orientations, as these directions exhibit distinct anatomical
features and moisture transport properties.

Prior to the experiments, the lateral surfaces of the samples were sealed with
polyolefin heat shrink tubes and the top surfaces with poly(methyl methacrylate)
(PMMA) plugs (see Fig. 3A). This sealing ensured that the moisture transport was
effectively one-dimensional in the axial direction and the moisture was transported
only through the bottom surface. Such a simple and well-defined experimental
geometry enabled efficient utilisation of the results in modelling.

To establish a high initial MC exceeding the FSP, the samples were submerged in
distilled water for a period of 1-2 weeks. This extended submersion period guaran-
teed that the cell walls were fully saturated with bound water, and the lumens were
filled with free water. The use of distilled water minimized the potential for con-
tamination or chemical interactions that could influence the swelling and moisture
transport behaviour.

PMMA plug

S

S

n
Heat sink tube
Wood sample
Saturated salt (KNO5) o

solution 64%
33% NaNO,)

PET tube (MgCl,)

4 8
Time (days)

Fig. 3 a) Schematic figure of the experimental setup; b) dimensions of the wood sample under test; c)
RH profiles as a function of time obtained using different saturated salt solutions
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Moisture transport experiments

The prepared wood samples were carefully positioned in custom-designed sample
tubes, where the bottom ends of the samples were exposed to the specific RH, gener-
ated by a saturated salt solution in the tube placed below the sample. The samples
were kept inside the sample tubes during the whole experiments (also during CT
scans), except for temporary removal when the RH was changed by changing the
saturated salt solution. The experimental design incorporated three distinct RH steps
(see Fig. 3C), strategically chosen to simulate a range of drying and wetting condi-
tions and to comprehensively investigate the moisture transport behaviour within the
wood samples.

During each RH step, X-Ray CT imaging was performed at eight designated time
points: O h, 1.5 h, 3 h, 6 h, 12 h, 1 day, 2 days, 4 days, and extended further if nec-
essary to capture the complete moisture transport process. These time points were
selected to provide a detailed temporal resolution of the moisture distribution evolu-
tion within the samples. To obtain a well-defined reference state for the CT method,
each sample was also imaged in the dry state after the experiments (oven drying at
60 °C for 24 h).

Each wood sample was weighed five times: in the fully saturated state before the
experiment, at the end of each RH step (three times) and in the dry state after the
experiment. These measurements gave the mass of wood and water in the samples
and were used for accurate calibration of the X-Ray CT method.

X-ray computed tomography

A Jtomo X-ray microtomography scanner (in-house built at the University of
Jyviskyld) was employed to visualize and quantify the internal moisture distribution
within the wood samples at high spatial resolution of 7 um (Fig. 4). The X-ray tube
was operated at 40 kV and 200 pA, and no filter was used. For each scan, a total of
721 projections, with an exposure time of 2000 ms each, were acquired resulting in
a scan duration of 24 min. Such a scan time, shorter than typical, ensured that no

Fig.4 A Interior view of Jtomo microtomography scanner; B zoomed view of sample tube; and C 3D
visualization of wood sample
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significant motion artefacts appeared during the drying and wetting, while the image
quality was still good enough for the data analysis. The heating of the sample by
X-rays was estimated to be negligible (0.03 mW).

Each sample tube was securely positioned on the rotation stage of the CT scanner
to minimize movement during scanning. The scanner captured a series of 2D projec-
tion images while the sample was continuously rotated over 360 degrees. Before and
after each scan, reference X-ray images of three different thicknesses PMMA plates
(1 mm, 2 mm and 3 mm) were taken. These images were used to correct beam hard-
ening and its spatiotemporal variations from the projection images using a technique
by (Harjupatana et al. 2022). The corrected projections were then reconstructed into
3D volumes using a filtered back-projection algorithm. The CT method used in this
study is based on the work by (Harjupatana et al. 2015). It is assumed that voxel val-
ues of CT images obey a linear relationship

gx)=go+a,-p,X)+a,-p,(X) )

where p, and p,, are the partial densities of solid and water in a sample. Here the con-
stant g, was readily known (voxel value of air) and the coefficients a, and a,, were
determined by a calibration fit to the five data points (p,, g,,,§) obtained from the
weighings and CT images (the overlines denote the average values over the entire
sample). By using Eq. (2), the partial density distribution of solid was calculated in
the dry state (p,, = 0), which was chosen to be the reference state.

The deformation of the sample between the reference state and each deformed
state was measured using a phase correlation-based block-matching algorithm
(Miettinen et al. 2019). First, a three-dimensional rectangular grid of points with
spacing 50 px, covering the entire sample, was formed in the reference state. At
each grid point x, a three-dimensional rectangular block B, .(x) of radius 30 px
was extracted from the reference state image, and thereafter a block By;(x + uy) of
similar size was extracted from the deformed state image. The initial guess for the
displacement (u,) was obtained by measuring the shape of the sample in the refer-
ence and deformed states using an interface detection algorithm by (Turpeinen et al.
2015) and assuming affine deformation between the states. The phase-correlogram
was calculated as

R= Fl{f{Bref}* ' ‘F{Bdef}/<|f{Bref}* : ]:{Bdef}

)} 3)

where F and F! denote forward and inverse Fourier transforms, and the asterisks
(*) denote complex conjugates. Finally, the displacement at each grid point was cal-
culated as u = u, + arg max R(x), and subpixel accuracy was achieved by utilizing
a quadratic polynomial fitted to the peak in the phase-correlogram.

The obtained three-dimensional displacement fields u were used to calculate the
partial density distributions of solid in each deformed state as

ps(x) = px,ref(x)/(l + V- u(x)) (4)

The partial density distribution of water was calculated from Eq. (2) as
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p(X) = (g(x+u)— gy —a, - p,(x))/a, o)

The obtained partial density distributions were further used to calculate the MC dis-
tribution as MC®T = p_ /p.. To distinguish between bound and free water, it was
assumed that all the water below the FSP is bound and the excess water above the
FSP is free.

Dynamic vapor sorption (DVS) experiments

The sorption isotherms of pine SW and HW samples were determined in a DVS
Resolution system (Surface Measurement Systems, UK), using small wooden cubes
with approximate dimensions of 3 X 3 x 3 mm? and about 10 mg mass. The samples,
stored in water to prevent drying and maintain their green state, were placed in the
microbalance of the DVS apparatus. The RH was then stepwise decreased from 95%
to 0% at a constant temperature of 25°C. In each step, the RH was kept constant
until the change in mass of the sample over a 10 min period was lower than 0.002%.
Additionally, a 2 h stabilization period was applied before decreasing the RH to
the next step. The same procedure was applied for the full sorption cycle, which
included both desorption and absorption, and two sorption cycles were performed
for each sample. The samples were run in duplicate, and data from the second sorp-
tion cycle were used to fit the sorption models.

Mathematical model

In this work, the mathematical model for moisture transport in wood is adapted from
Fortino et al. (2019) for conditions below the FSP and Autengruber et al. (2010)
for conditions above the FSP (Fortino et al. 2019; Autengruber et al. 2020). Key
components of the model are summarized below, while Electronic Supplementary
Material (ESM) A presents the detailed equations and numerical constants. Minor
modifications to the formulations were introduced to ensure accurate simulation in
comparison with the CT measurements described in this study.

The model accounts for three water phases in wood: bound water within the cell
walls, water vapor in the lumens, and free water in lumens, along with the interac-
tions between these phases. Throughout this work, tensors are represented in bold
uppercase letters (e.g., A, D), vectors in bold lowercase letters (e.g., v, u), and sca-
lars in italic lowercase letters (e.g., X, y).

Fundamental assumptions validated by previous studies include local thermal
equilibrium in a representative volume element (RVE), implying that all water
phases share the same temperature (Stanish et al. 1986; Perré 2015). This assump-
tion is justified by the relatively slow rate of heat transfer in wood compared to
moisture transport. The gaseous mixture in wood lumens is treated as an ideal gas,
valid for the moderate temperature range considered in this study (Turner 1996).
Due to the high permeability of wood to gases, the influence of dry air on moisture
transport is considered negligible (Perré and Turner 1999). Convective transport of
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water vapor is assumed insignificant compared to diffusive transport below 323 K
(Pang 1998), and instantaneous saturation of water vapor occurs in the lumens when
free water is present. Additionally, the cell wall is considered rigid in this frame-
work, thereby neglecting any mechanical deformation or swelling.

Under these assumptions, the mass and energy conservation equations within
the RVE can be formulated as a coupled system of partial differential equations:
Conservation of bound water:

dcy, . .
E=_V'Jb+cbv+cwb (6)
Conservation of water vapor:
9(¢\frum,,)
Tg ==V Ufum,) = + 0y @)
Conservation of free water:
acW’ . .
7 =-V 'Jw_cwb_cwv (8)

Conservation of energy:

dph _
e V-V I R, -V I h -V-J, h
ot Jb b JV uflumgnls Jw w (9)

+ ¢, (h, — hy) + ¢, (h, — hy) + ¢, (h, —h,)

These equations describe the evolution of concentrations and energy within the
wood structure. These equations represent the fundamental principles governing
the transport of moisture and energy in wood. Equation (6) describes the change in
bound water concentration over time due to diffusion and sorption processes. Equa-
tion (7) describes the change in water vapor concentration due to diffusion, sorp-
tion, and the volume fraction of the lumen filled with gas. Equation (8) describes the
change in free water concentration due to capillary flow and sorption. Equation (9)
describes the change in total energy due to heat flux and the transport of moisture in
its various phases.
The terms in these equations have the following meanings:

e Jp,, J,, and J, represent the fluxes of bound water, water vapor, and free water,
respectively.

* ¢, c,, and c,, denote the concentrations of bound water, water vapor, and free
water, respectively.

® ¢, ¢, and ¢, represent the sorption rates between the different phases of
water.

e Ny, h, and h, denote the enthalpies of bound water, water vapor, and free
water, respectively.

° flumgas represents the volume fraction of the lumen filled with gas.

o f is the heat flux.
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e pis the density of the wood.

The interaction between different water phases are governed by sorption rates
¢pys Copr and ¢,,,, measured in kg/(m*- s). These rates describe the mass exchange
between different water phases and are formulated as:

Cpy = Hbv(cb,eq —¢p)
wy = va(cv,sat - Cv)fiumg€IS (10)

Cwb = Hwh(cb,eq - Cb)

where H,,, H,,,, and H,, are non-linear reaction functions that depend on relative
humidity and moisture content. The term c,,, represents the equilibrium bound
water concentration, and ¢, ,, is the saturated vapor concentration.

The transport mechanisms for each phase follow distinct physical principles.
Bound water transport through cell walls follows Fickian diffusion with thermal

gradient influence (Frandsen 2007):
Jp=-Dy - Ve, =Dy - VT (1m)

where Dy, is the bound water diffusion tensor and D,y represents the thermal diffu-
sion tensor.

The bound water diffusion tensor Dy exhibits temperature dependence given
by:

D, =D, exp RT (12)

where R = 8.314 J/(mol K)
Activation energy (E,) is given by:

E —(385 29.0 C”) 10°
= (385-200-2). (13)
Pa

where p, is the dry density of the wood obtained using experimental CT data and
R = 8.314 J/(mol K) The steady state diffusion coefficients are given in ESM A.
Water vapor flux is given by:

J,=-D, Vg, (14)

with D, incorporating a direction-dependent reduction factor & that reflects wood’s
cellular structure (Konopka and Kaliske 2018; Krabbenhoft and Damkilde 2004):

D, =¢ 2.31><10—5pa$<i)1’81 (15)
¥ patm+pvai, 273

where p,, is the atmospheric pressure and p,, is the vapor pressure. &-factor varies
with the wood’s anatomical direction, reflecting the anisotropic nature of the cellular
structure.
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Free water movement is handled by Darcy’s law:

K., - K,
Jyw=-puo—— VP, —P) (16)
Hy

where py ¢ is the density of water, K, and K, are the relative and absolute per-
meability tensors respectively, y,, is the dynamic viscosity of water, and P, —P,
represents the difference between gaseous and capillary pressures. For the liquid
permeability tensors, initial values from previous publications are used and further
calibrated to fit the CT data.

Initial conditions are established to reflect realistic moisture states in wood.
The initial free water concentration is determined through CT measurements, pro-
viding spatial distribution of moisture above FSP. The initial water vapor concen-
tration, ¢, ;,, is set to the saturated vapor concentration, ¢, , which is estimated
based on the initial RH conditions.The initial bound water concentration, Cpini> 18
chosen to be in equilibrium with c,;,;. The mathematical details of these equilib-
rium relationships and their temperature dependence are provided in ESM A.

In this model (based on the experimental setup), no free water at the bound-
ary surface is considered. In this case, the free water flux (¢,,) is zero, and only
the water vapor flux (¢,) needs to be considered. The water vapor flux is mod-
eled using a convective boundary condition More details on boundary conditions,
including the coupling terms and parameters, are detailed in ESM A.

Furthermore, sensitivity tests for the description of free water transport are
carried out to select the right approach. Two alternative formulations are ana-
lyzed namely concentration-based formulation and mixed formulation (Krab-
benhgft 2004; Celia et al. 1990). The first approach uses a concentration-based
formulation where the free water movement is described through a nonlinear dif-
fusion equation:

% _ v D)V
5 - - (D(c,)Vc,) 17

Here, D(c,,) represents the moisture-dependent diffusion tensor that accounts for
the varying transport properties with water content. This formulation directly tracks
the evolution of free water concentration and is particularly suitable for cases where
concentration gradients drive the moisture movement.

The second approach employs a mixed formulation that combines both con-
centration and pressure-based components:

% _ . (KVP) (18)
or ¢
with the capillary pressure P, related to the saturation degree S,, through an empiri-
cal relationship P, = 124008 0!,

The numerical solution employs the finite element method with hexahedral
elements and linear shape functions. The weak form of the governing equations
(Egs. (6)—(9)) leads to a coupled system of non-linear algebraic equations:
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In this Eq. (19), the coefficient matrix (left-hand side) represents the partial deriva-
tives of the residual functions F i‘;’ ,F ZV , FCOW, and F} with respect to the nodal values
c}?, R, ¢35, and T". The right-hand side contains the negative residuals, which drive
the iterative solution process. The vector r contains the corrections to the nodal val-
ues, and the system is solved iteratively using a modified Newton method. To ensure
accurate and stable numerical solutions, specific numerical techniques are employed.
Upstream weighting (used to stabilize the convective terms in the transport equa-
tions) (Diersch and Perrochet 1999) and mass lumping (diagonalizing mass matrix)
are used to address the non-linearity of the equations and ensure stability. These
techniques help to improve the convergence of the solution and improves computa-
tional efficiency.

The model is implemented using hexahedral elements with linear shape functions
via a UEL subroutine in the commercial finite element software Abaqus 2023. The
implementation is done using the modified Newton method which is a robust itera-
tive solver of Abaqus that can efficiently handle the non-linear system of equations
arising from the model. Each element has 8 nodes, and each node has 4 degrees of
freedom (DOFs): ¢, ¢,, c,,, and T. These DOFs are represented by the Abaqus node
labels NT11, NT12, NT13, and NT14, respectively. The field outputs are extracted
for further analysis. The model utilizes a mesh with 4200 nodes. Python scripts are
used to extract average node data and path data from the Abaqus output database
(ODB) files. The implementation procedure, including the UEL flowchart, solution
algorithm, and strategies for handling numerical challenges, is presented in ESM B.

Model calibration

The numerical model was initially checked against two previously published data-
sets focusing on moisture transport below and above the FSP. First, the NMR-based
data of Dvinskikh et al. (2011) served as a reference, demonstrating excellent agree-
ment in the bound-water regime. Next, the numerical model was compared to the
experiments of Gezici-Kog et al. (2017), which provided separate measurements of
bound and free water fractions. Parameters from Autengruber et al. (2020) were used
which resulted in reasonable agreement during the first 7 h of drying but showed dif-
ferent behaviour thereafter, as noted by Autengruber et al. (2020).

When these established parameter sets were applied to the present geometry,
sorption isotherms, initial conditions, and boundary conditions, the numerical pre-
dictions deviated substantially from the corresponding CT data especially above
the FSP. A targeted calibration was performed for the above-FSP regime, where
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capillary and pressure-driven mechanisms govern free-water movement. This cali-
bration included adjustments to the &-factor, K, and K, permeabilities, and the
choice of free-water flow formulation (concentration-based vs. mixed concentration-
pressure). the experiments were conducted at room temperature (23 °C), and no sig-
nificant temperature gradients were introduced. Consequently, calibrating thermal
conductivity did not yield additional information. Instead, Eq. A. 22 (see ESM A)
was used to specify the thermal conductivity tensors, adopting an anisotropy ratio of
2:1:1 for the L, R and T-directions, respectively. This assignment aligns with com-
monly reported literature values for softwood species (Turner 1996).

In our current model, below the FSP, the model retained diffusion coefficients
and reaction-kinetics parameters from Dvinskikh et al. (2011). Additional inputs,
including p, (dry density), initial and boundary values for free-water concentration,
and certain sorption-isotherm parameters, were derived from CT experiments. For
the calibration process, three different literature-based K, sets were used (Perré and
Turner 1999; Sandoval-Torres et al. 2019), with ¢ and K|, varied within each set.
Both the concentration-based (Eq. (17)) and the mixed concentration-pressure (Eq.
(18)) formulations were examined. Simulations were then compared to CT-derived
bound-water and free-water distributions over time.

Results and discussions
CT images at different cycles

The CT images of the SW wood sample taken along the L-direction (Fig. 5) illus-
trate the dynamic changes in MC within the wood sample during the drying process.
Initially (O h), the lumens are predominantly filled with free water, as evidenced by
the high-intensity regions in the CT images. This observation aligns with the sample
preparation, where the wood was submerged in water for 1-2 weeks to achieve full
saturation, ensuring cell walls were filled with bound water and lumens contained
free water, resulting in a high initial MC. The high intensity in the CT is due to the
high attenuation coefficient of water as compared to air in the lumens.

After a few hours of drying, a noticeable reduction in free water content within
the lumens is evident. The high-intensity regions representing free water become
smaller and less frequent, indicating that a significant amount of free water has
evaporated from the wood. This observation is consistent with the expected behav-
iour of wood during drying, where free water evaporates first due to its higher vapor
pressure compared to bound water. The sealed lateral surfaces with heat shrink tub-
ing, and top surfaces with PMMA plugs ensure that the moisture transport is occur-
ring in the L-direction.

Already after a day, the lumens appear to be almost entirely devoid of free water.
The CT images show a clear distinction between the cell walls, which retain some
bound water, and the lumens, which are now filled with air. This observation sug-
gests that the drying process has significantly progressed, and the wood sample is
approaching its EMC at 65% RH.
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Fig.5 X-ray CT images of the longitudinal wood sample during the drying process. The first image (top
left) shows the entire cross-section of a sample, and the other images show a zoomed area at different
time points. All the slices are from the centre of the sample (z = 2.5 mm). The image sequence indicates
a relatively rapid reduction of free water from the lumens

These observations highlight the effectiveness of the drying cycle facilitated
by saturated salt solutions at room temperature. The images at O h confirm the
initial conditions set for the model, where free water concentration c,, ;,; is non-
zero. The observed decrease in free water content over time supports the bound-
ary conditions and flux equations that account for the evaporation and transport
of moisture.

Numerical model calibration

Sorption isotherms for the numerical model were determined via DVS measure-
ments (ESM C), which provided separate adsorption and desorption boundary
curves to account for hysteresis within a state-based sorption model (see ESM
A.4.1). Table 1 presents the shape parameters for the adsorption and desorption
curves obtained at T = 25°C.

For calibration simulations, Scots pine SW properties in the L-direction were
selected, aligning with the primary X-ray CT measurements. The initial free water
MC was set to 94%, and the boundary conditions were applied to the bottom surface
of the cylindrical sample using Eq. (A. 39) of ESM A, with an external RH of 33%,
to simulate the drying process. Figure 6A and B illustrate the evolution of bound
water and free water contents, respectively, over four days of drying, comparing
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Table 1 Shape parameters for the adsorption and desorption curves obtained from DVS measurements at
T =25°C

Type Adsorption Desorption
J1a (=) J2a (5) S3a () Jia (=) Joa (5) S3a (5)
HW 2.1655 13.87781 —12.78066 1.92244 9.39717 —8.05390
SW 2.09884 13.02058 —11.88336 1.92297 8.55486 —7.24176
A B
Exp data @® Expdata
Concentration-A 100 1 — = Concentration-A
Concentration-B R - Concentration-B
Mixed-A \ = Mixed-B
_ Mixed-B 80 | S Mixed-C
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Fig.6 Comparison of experimental data with numerical model predictions. Average MC evolution dur-
ing drying: (A) bound water MC; (B) free water MC. The plots compare experimental data (black cir-
cles) with predictions from five different numerical models: Concentration-A, Concentration-B, Mixed-
A, Mixed-B, and Mixed-C

Table 2 Model parameters for liquid permeability and & factor in different directions

Model type Liquid permeability (m?) & factor (=)

L direction R direction T direction L direction R direction T direction
Concentration-A 1 x 1012 2% 1071 1x1071 0.9 0.1 0.2
Concentration-B 1 x 1012 2% 1071 1x10715 0.003 0.003 0.003
Mixed-A 5x 10716 6x 1071 5% 1071 0.9 0.1 0.1
Mixed-B 1x 10712 2x 1071 1x107 0.9 0.1 0.2
Mixed-C 1x10°12 2% 1071 1x1071 0.0003 0.0003 0.0003

Here K, was set to $8, 53 §3 in L, R and T-directions respectively

experimental CT data with five model variants labelled Concentration-A, Concen-
tration-B, Mixed-A, Mixed-B, and Mixed-C. Table 2 provides the permeability val-
ues and ¢ factor settings for the models.
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Figures 6A and 6B illustrate the evolution of bound water and free water contents,
respectively, over four days of drying, comparing experimental CT data with five
model variants: Concentration-A, Concentration-B, Mixed-A, Mixed-B, and Mixed-
C. In the bound-water plot (Fig. 6A), both Concentration-A and Mixed-B capture
the steep early drop in moisture content fairly well, but Concentration-A stabilizes
at a lower bound-water level compared to the experiment. Mixed-A and Mixed-C
remain higher than the experimental data beyond day one, indicating an underes-
timation of the bound-water desorption rate. Concentration-B falls somewhere in
between, also overshooting the data after the first day.

A similar pattern emerges in the free-water content plot (Fig. 6B), where Con-
centration-A and Mixed-B again reproduce the rapid initial decline reasonably
well, while Mixed-C and Concentration-B show a more gradual decrease. Notably,
Mixed-A lags behind the experimental data, suggesting an overly slow free-water
depletion. By contrast, Mixed-B aligns closely with the measurements throughout
the entire four-day period. This strong fit is attributed to Mixed-B’s ability to incor-
porate both concentration-driven and pressure-driven mechanisms at appropriate
levels, complimented by a carefully calibrated &-factor that accounts for anisotropic
vapor resistance. These features allow Mixed-B to replicate both the abrupt early-
stage evaporative losses and the subsequent slower moisture-release phase observed
in the CT data.

Overall, Mixed-B provides the best fit between capturing the rapid drop of free
water in the first half-day and the more moderate drying rate thereafter. Concentra-
tion-based models (A and B) overemphasize diffusion at higher moisture contents or
misrepresent capillary processes, leading to deviations from the measured free-water
curve. For HW simulations, the same Mixed-B parameters are used, except that the
&-factor in the tangential direction is set to 0.0003 (-).

Moisture distribution along the longitudinal direction

The MC distribution along the longitudinal direction during drying and wetting
cycles for the initial state (0 day), after 4 days, 8 days, and 12 days is shown in
Fig. 7A, B and C. The figure presents the variations in bound water MC (Fig. 7A),
free water MC (Fig. 7B), and total MC (Fig. 7C) from both experiments and numeri-
cal model B. For the numerical model, the average of paths along the longitudinal
direction is considered.

The free water MC undergoes a rapid change during the initial stages of drying.
At 0 days, the average free water content is 110%, indicating a high level of satura-
tion within the wood’s lumen. However, by the 4th day, the free water content drops
to 0%, where it remains for the subsequent days (8th and 12th days). This sharp
decline in free water content suggests that the initial drying phase at 33% RH effec-
tively removes the free water, leaving the wood in a state where only bound water
and water vapor remain.

The bound water MC shows a significant variation over time, reflecting the
influence of the RH cycles. Initially, at O days, the bound water content is 32%,
relatively uniform along the length of the sample. As drying progresses, the
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Fig.7 MC distribution along the longitudinal direction during drying and wetting cycles for the initial
state (0 day), after 4 days, 8 days, and 12 days: A bound water MC; B free water MC; C total MC (sum
of bound and free water). Here BCs refer to boundary conditions

bound water content decreases to 7% by the 4th day, indicating substantial mois-
ture loss due to the initial drying phase at 33% RH. This reduction highlights the
effectiveness of the initial drying conditions in removing bound water from the
wood. However, as the RH increases to 94% and then to 64%, the bound water
content increases again, reaching 14% at the 8th day and further rising to 23% at
the 12th day.

The total MC, shown in Fig. 7C, is the sum of bound and free water contents
as given in Eq. (1). Initially, the total MC is very high due to the substantial pres-
ence of both bound and free water. As drying progresses, the total MC decreases
sharply to 7% by the 4™ day, primarily due to the loss of free water. At the 8™
day, the total MC increases to 14% and continues to rise to 23% by the 12" day,
reflecting the bound water content’s increase due to the higher RH cycles. The
predictions of the model align closely with the experimental data, confirming its
capability to capture the overall moisture transport processes and the interactions
between bound and free water.

These path plots reveal several key phenomena. The rapid decline of free water
content during the initial drying phase emphasizes the efficiency of the drying
process in removing free water from the wood’s lumens. The stabilization of free

@ Springer



31 Page200f28 Wood Science and Technology (2025) 59:31

water content at 0% after the 4th day indicates that the remaining moisture is
primarily bound water, which desorbs more slowly. This transition from free to
bound water dominance is critical for understanding the drying kinetics of wood,
particularly in applications where rapid moisture removal is desired. The bound
water content decreases significantly during the initial drying phase at 33% RH,
facilitating the desorption of bound water. As the RH increases to 94%, the wood
reabsorbs moisture, leading to an increase of bound water content. This cyclic
behaviour of desorption and absorption highlights the efficiency of the numerical
model in capturing the hygroscopic nature of wood.

Comparison of free and bound water MC along L, R and T directions

This section investigates the numerical results of the drying patterns of SW and HW
under controlled conditions, focusing on both free water and bound water over time,
over the first two days of drying at 33%, across the longitudinal, radial, and tan-
gential directions of the wood. The color-coded contour plots shown in Fig. 8A-F
provide a visual representation of these drying dynamics, helping to clarify the dif-
ferences in MC across the wood’s various directions.

In the L-direction, (composed of SW), free water undergoes a rapid decrease dur-
ing the early stages of drying. This rapid reduction occurs due to the easier path-
ways for water movement along the wood grain, where the lumens facilitate swift
evaporation under low RH conditions. The free water in the longitudinal direction
is largely depleted within the first few hours, as reflected in the blues of the free
water colormap plot (see Fig. 8A). As the intensity of the blues fades rapidly, it is
clear that the lumina have emptied quickly, allowing bound water desorption. Bound
water, however, follows a more gradual reduction after free water is near zero (see
Fig. 8B). This slower decline can be observed in the greens of the bound water plot,
where the color change indicates the desorption from the cell walls occurring only
after the free water is removed.

In contrast, the R-direction (see Fig. 8C) and T-direction (see Fig. 8E) directions
composed of HW, exhibit a more gradual moisture release. The free water in these
directions shows a slower rate of decrease compared to the longitudinal direction,
although the rate of free water removal in the radial and tangential directions is rela-
tively similar. The colormap plots for free water in both directions depict a steady
fading of blues (see Fig. 8C and E). The slower removal of free water in both radial
and tangential directions reflects the increased resistance to moisture movement in
HW.

For bound water, both R and T-directions demonstrate a delayed desorption com-
pared to free water (see Fig. 8d and f). The greens in the bound water contour plots
show a gradual transition as the bound water desorbs after the depletion of free
water. The bound water in the T-direction shows slightly more resistance to desorp-
tion, with a slower color change compared to the radial direction, but the difference
is not significant. Both directions require sustained drying conditions for meaningful
reductions in bound water content, as indicated by the relatively stable green shades
over extended drying periods.
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Fig.8 MC distribution along the different directions during drying cycles for the initial 2 days: A and
B free water and bound water MC in longitudinal direction respectively; C and D free water and bound
water MC in tangential direction respectively; E and F free water and bound water MC in radial direction
respectively. Here BCs refer to boundary conditions

The numerical model underlying this analysis highlights the sequential nature of
moisture release in wood. Free water must be nearly depleted at a given location
before bound water desorption can occur. In the L-direction, this transition happens
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more quickly due to the rapid removal of free water. In the R and T-directions, the
delayed depletion of free water leads to a later activation of bound water desorption.

MC evolution over time

The evolution of average MC over time was monitored for bound water, free water,
and total water in the wood samples (Fig. 9A, B and C). The figures present a
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comparison between the experimental data and the numerical simulation results for
the drying and wetting cycles.

The free water MC (Fig. 9A) exhibits a rapid decline from an initial high value
of 110% to 0% by day 4, remaining at 0% thereafter. This sharp decrease reflects
the efficient removal of free water from the wood’s lumen under the initial drying
conditions (33% RH). The numerical model accurately captures this rapid transi-
tion, validating its ability to simulate free water transport and evaporation dynam-
ics. The bound water MC (Fig. 9B) initially decreases sharply from approximately
32% to around 7% by day 4 due to the low RH (33%) during the initial drying cycle.
As the RH increases to 94% and then 64%, the bound water content rises, reaching
14% by day 8 and 23% by day 12, indicating the wood’s reabsorption of moisture.
The numerical model accurately simulates this dynamic behavior, capturing both the
desorption and adsorption processes of bound water in response to varying RH.

The total MC is shown in Fig. 9C. It initially decreases sharply due to the loss
of free water, reaching the 7% by day 4. Subsequently, it increases to 14% by day 8
and 23% by day 12, mirroring the rise in bound water content due to the higher RH
cycles. The numerical model demonstrates good agreement with the experimental
data, capturing the overall trend and variations in terms of total MC, thus confirming
its robustness in simulating the combined effects of bound and free water transport,
evaporation, and reabsorption.

Radial and tangential directions

Figure 10A and B captures the distinct responses of SW in the R and T-directions
to cycles of drying and wetting induced by changes RH. MC falls sharply from an
initial 142% to 16%, a rapid drying reflecting the initial RH reduction to 33% (like
the behaviour observed in L-direction). This quick drop to below the FSP suggests a
pronounced susceptibility of the R-direction to external RH fluctuations.

In contrast, the T-direction, while following a broadly similar trend, shows a
more moderated drying process during the same RH adjustments. The less pro-
nounced drying rate in the T-direction may be indicative of its slower response to
RH changes, a behavior that could be linked to its structural properties or the distri-
bution of moisture pathways. As RH is subsequently increased to 94% and reduced
again to 64%, both orientations show a stabilization of MC, yet the T-direction’s
slower response rate remains apparent.

Additional insights and model usability

The parameterization of the proposed multi-phase moisture transport model relies
on a combination of experimentally derived data and established literature-derived
inputs. Key parameters such as sorption isotherms, diffusion tensors, permeability
coefficients, and reaction rate constants have been prioritized based on their impact
on model performance.
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Fig. 10 Evolution of total water MC over time in the: A radial direction of wood; B tangential direction
of wood. Here BCs refer to boundary conditions

Sorption isotherms are foundational to understanding moisture adsorption and
desorption behaviours, particularly for bound water evolution below FSP. These
experiments, which involve controlled cycling of humidity, are well-suited for a
variety of wood species and are supported by extensive prior studies (Frandsen et al.
2007a; Glass et al. 2018; Thybring and Fredriksson 2023). For new species, DVS
experiments provide precise measurements of these behaviours under controlled
humidity cycling. These will allow to determine the sorption hysteresis and moisture
equilibrium states crucial for the model.

Diffusion tensors and permeability coefficients, essential for capturing both
bound water and free water transport, can be quantified through steady-state and
transient diffusion experiments. These properties are strongly influenced by wood’s
microstructure, which varies across species and even within SW and HW. Above the
FSP, free-water flow dominates, and permeability tensors become crucial. Although
wood permeability is often measured in specialized setups (Perre and Agoua 2010;
Acosta et al. 2024), the natural variability of wood’s microstructure-from sapwood to
heartwood-requires careful calibration for different species or even different growth
conditions. Reaction rate constants, which govern the interactions between bound
water, free water, and vapor, are calibrated using experimental data and numerical
fitting techniques. While prior studies such as Fortino et al. and Autengruber et al.
have validated these constants in related contexts, they remain adaptable for differ-
ent wood types (Dvinskikh et al. 2011; Fortino et al. 2019; Autengruber et al. 2020;
Brandstitter et al. 2023).

A key advantage of X-ray CT lies in its ability to capture both macro- and micro-
structural information. Beyond quantifying moisture distribution, CT tomography
provides detailed insights into microstructural features such as porosity, lumen
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shape, and anisotropic pathways. Although the present study focuses on measuring
moisture distributions rather than geometrical reconstruction, recent work by Zeng
et al. demonstrates the use of CT data to construct full three-dimensional heteroge-
neous internal structure of wood with a novel FE tetrahedral mesh, enabling direct
simulation of fluid pathways (Zeng et al. 2024). Such an approach could further
refine free-water flow models or support investigations into fracture, swelling, and
localized transport phenomena.

Despite its many benefits, CT remains nontrivial in cost and instrument avail-
ability. This can limit routine applications. Techniques such as NMR, offer a reliable
alternative for characterizing bound and free water fractions (Gezici-Kog et al. 2017,
El Hachem et al. 2020). Gravimetric moisture content measurements and steady-
state diffusion tests can complement these approaches. However, for studies aiming
to separate bound and free water behavior or needing spatially resolved information
at high temporal resolution, CT proves uniquely valuable. In addition, CT remains
important for advanced studies, such as those involving coupled processes like fun-
gal decay, swelling, and anisotropic transport. For example, future extensions of this
work using CT can be used to study the evolution of wood structure during decay
and its impact on moisture transport pathways.

Conclusions

This study presents a multi-phase model for moisture transport in Scots pine wood
and evaluates its performance against high-resolution X-ray CT measurements
obtained during alternating drying and wetting cycles. The model incorporates
bound water, free water, and water vapor, treating their interactions with Fickian dif-
fusion, Darcy’s law, and phase-conversion processes. Anisotropic behavior in L, R
and T-directions was also included to reflect the differing moisture responses of SW
and HW above and below the FSP.

The CT images revealed the distinct behavior of free and bound water removal
during drying, highlighting the fast evaporation of free water within lumens and the
slower desorption of bound water from cell walls. Matching these measurements
required careful calibration of non-trivial model parameters, including direction-
dependent permeabilities, reduction factors for vapor diffusivity, and free-water
formulations. Among the tested approaches, a mixed concentration-pressure for-
mulation for free water flow-together with a calibrated direction-dependent vapor-
diffusivity reduction factor-proved important for achieving high accuracy. The close
agreement between simulated and experimental MCs indicates that high-resolution
CT can effectively guide model parameter selection. Moreover, the model repro-
duced not only the overall drying kinetics but also subsequent reabsorption of mois-
ture during higher RH phases.

These results confirm that the multi-phase model accurately captures both early
free-water depletion and later bound-water fluctuations under different RH condi-
tions, including variations along different anatomical directions in SW and HW.
Integrating CT imaging into the calibration process was particularly beneficial in
refining model accuracy, illustrating that a single modelling framework can account
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for complex anisotropic moisture behavior. Future studies could extend these meth-
ods to include swelling or hygro-mechanical coupling, as well as investigate wood
decay processes where multi-phase moisture behavior plays a key role.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/500226-025-01635-9.
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