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Abstract: The study of moisture migration in Norway
Spruce may reduce the discrepancy between measure-
ments and simulations of transfers in buildings and thus
be helpful for improving their performance and durability.
For this purpose, X-ray imagingwas used to studymoisture
migration in Norway spruce during imbibition at tissue
level. Moisture content kinetics in earlywood and late-
wood, based on X-ray attenuation, was observed and
measured through rigorous protocol. The imbibition pro-
cesswas studied in both longitudinal and radial directions.
The results showed an easier migration of liquid in late-
wood than in earlywood in the longitudinal uptake. In the
radial direction, the impact of compression wood as a
barrier and the role of the anatomical structure in the liquid
migration were highlighted by the direct visualization of
filled tracheids.

Keywords: calibration; capillary force; moisture content
distribution; non-invasive method; wood.

1 Introduction

As wood is a hygroscopic material, its moisture content
(MC) varies according to the surrounding air conditions
and may also change through contact with liquid water. In
a piece of wood, water can be present as liquid, vapor, or
bound to the lignocellulosic material. The fiber saturation
point (FSP) marks a change of water behavior in wood, at a
moisture content close to 30% dry basis depending on
temperature and species (Siau 1984). Below this point, the
change in moisture content causes dimensional variations
likely to induce internal stresses if the shrinkage field is not
geometrically compatible (McMillen 1958; Schmidt et al.
2019; Tiemann 1919). In building applications, themoisture
content of the engineering wood products must remain
close to their intended usage to ensure mechanical and
physical performance. In recent years, the growing number
of wooden skyscrapers and large wooden buildings has led
to an increase in the duration of construction, which can
take up to several months. During the construction phase,
structural elements may be exposed to outdoor weather
conditions, namely rain. Thus, a drying period is required
before adding insulation and exterior or interior coatings
(Lepage 2012). In addition, during the lifespan of a build-
ing, engineered wood products may be exposed to water
infiltration from the exterior envelope or water supply
system (Tietze et al. 2017). These localized increases in
moisture content within the envelope can create favorable
conditions for biological degradation when they remain
close to or above the FSP for severalweeks (Johansson et al.
2013; Viitanen 1994). To address these issues, numerical
tools can estimate the necessary drying time or be used as a
design tool for composite walls. However, discrepancies
between measurements and simulations remain, limiting
the numerical design solutions (Johansson and Kifetew
2010; Krabbenhoft and Damkilde 2004). Thus, a better
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understanding of water migration in wood is required to
improve numerical models. Moisture uptake in a dried
piece of wood involves coupled heat and mass transfers
due to the phase change of water and its affinity for
lignocellulosic material. To access the MC in a piece of
wood and the amount of each state of water (liquid or
bound), various methods can be used (Niemz and Mannes
2012; Perré 2011; Phillipson et al. 2007). One of the simplest
and most commonly used methods to measure MC is the
oven-dry—or gravimetric—method. However, this assesses
only an average MC (NF EN 13183-1 2002). By cutting a
sample into several layers and weighting them, MC distri-
bution can be obtained, but this procedure is destructive
and tedious (De Meijer and Militz 2000).

Moreover, the results may be affected by the cutting.
Another way to estimate wood moisture content is to use
the electrical resistivity between two inserted moisture
pins. This electrical method is useful for in-situ measure-
ments in wood structures below the FSP, taking into
account the location of the sensors in relation to the wood
grain orientation (NF EN 13183-2 2002; Tiitta and Olkkonen
2002). In a laboratory, the moisture distribution can be
assessed using nuclear magnetic resonance (NMR), a non-
invasive and non-destructive technique based on the
relaxation time of hydrogen protium (1H) after being
exposed to a magnetic field (Hameury and Sterley 2006;
Passarini et al. 2015). In addition, the state of water (bound
or free) can be assessed according to relaxation time
(Almeida et al. 2007; Gezici-Koç et al. 2017). Usingmagnetic
field gradients, magnetic resonance imaging (MRI) allows
access to a spatial distribution of water. Nevertheless, its
anatomy remains unavailable because nuclei with zero
nuclear spin, such as carbon-12 and oxygen-16, present in
the lignocellulosic wall, cannot give off NMR signals
(Houts et al. 2004; Zhou et al. 2018). Another technology,
based on the attenuation of ionizing radiation—X-ray or
neutron—, can be used to visualize moisture migration in a
piece of wood. Numerous works have shown the great
potential of this technique in observing water uptake in
various materials (Baettig et al. 2006; Derome et al. 2005;
Desmarais et al. 2016; Roels and Carmeliet 2006; Sandberg
andSalin 2012). Considering the specific properties ofwood
(hygroscopicity, shrinkage, wettability, etc.), the accurate
assessment of MC distribution over time remains the main
challenge of dynamic moisture uptake measurement.

In this study, X-ray imaging was used to assess
moisture migration in Norway spruce during imbibition in
longitudinal and radial directions. The method used was
based on 2D imaging to measure the evolution of the MC
field over time. The following section will present the
detailed sample preparation and image acquisition,

followed by the image processing method, involving a
rigorous X-ray beam attenuation treatment to distinguish
water from lignocellulosic material. Next, the measure-
ment protocol to obtain the spatial MC distribution
according to migration direction will be described. Finally,
the results will be analyzed, highlighting the role of the
anatomical structure of wood in the moisture uptake
process.

2 Materials and methods

2.1 Materials and sample preparation

The species studied was the Norway spruce (Picea abies), which
is widely used in wooden constructions (Ramage et al. 2017). The
samples were extracted from a board located at the base of a tree
trunk with visible pith and cambium, collected in the Auvergne re-
gion of France. A total of 73 annuals rings were counted, with
an average thickness of 2 mm. A precision cuttingmachine (SECOTOM
50, Struers) was used to process the samples according to the main
growth directions of wood and to obtain the dimensions indicated in
Table 1.

The samples were rectangular to facilitate observation of the
water uptake along the longitudinal and radial directions using 2D
X-ray imaging. The annual ring borders were clearly visible, making it
possible to identify latewood (dark) and earlywood (light) zones
within the annual rings. Rigorous sample preparationwas established
to control the moisture content at all stages. First, the sample was cut
and divided into two parts, making sure they had the same annual
rings. One part was used for the imbibition experiment, and the other
was used to measure the initial moisture content with the oven-drying
method. The two specimens were stored in a climatic chamber set at
25 °C and 50% relative humidity until constant masses were reached.

To impose one-dimensional moisture flow in the wood during
imbibition, the surfaces parallel to the water uptake were covered
with a regular layer of waterproof sealant (Rubson, Liquid rubber
plus). The two other surfaces were uncovered (additional information
in Appendix), and the coated surfaces had been previously sanded
with P360 sandpaper. After this, two coated layers were applied,
and the final length of the sample was then cut using a microtome
(Thermo Scientific, Sliding Microtome HM 450). Before and after each
stage of sample preparation, the size and weight of the sample were
measured.

Table : Dimensions of samples and locations in the plank.

Reference Dimensions (mm) Number of
growth ring
(from pith)

Length (a) Width (b) Thickness (b)

Sample A . (L) . (R) . (T) –
Sample B . (R) . (T) . (L) –

aDirection of water uptake direction: longitudinal (L), radial (R).
bDirection perpendicular to water uptake direction: longitudinal (L),
radial (R), tangential (T).
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2.2 X-ray imaging

2.2.1 Experimental setup: A custom device was entirely designed
and conceived to be implemented in the nano-tomograph (RX
Solutions, EasyTom XL Ultra 150-160). Particular caution was taken
to maintain a constant liquid water level during the experiment
using a closed-loop system composed of two containers, a water
pump, and an overflow (Figure 1-Detail A). When the pump was
switched on, it delivered the distilled water to the upper container,
allowing imbibition to be started or stopped at the desired time. An
aluminum sample holder was designed to maintain the sample
above the water surface, leaving the upper and lower faces open
to mass transfer. The sample is positioned on the holder using a
small 3D printed piece. This holder was fixed on a Newport linear
translation axis to adjust the level of free water. In addition, the
environmental conditions during the tests (temperature and rela-
tive humidity) were monitored using an SHT85 capacitive sensor
(Sensirion AG). The water system supply and sample holder were
positioned inside a tomograph for image acquisition. A 3D recon-
struction requires several dozen minutes, incompatible with the
study of short-term phenomena. Thus, the protocol was based on
2D images (or radiography), allowing one image every 10 s, suitable
to follow the fast liquid migration through the material during
imbibition. As they provided the best trade-off between acquisition
time and spatial resolution, the sealed micro-focus X-ray source
(20 μm of focus size under the present operating conditions) and the
CCD detector (9 μm of pixel size) available on the equipment were
used. In 2D imaging, spatial resolution is a function of the distances
between the observed object, the X-ray source, and the detector.

Additionally, the thickness of the observed object plays a role in
the sharpness of the image regarding the large beam angle. It is
important to take this effect into account to define the annual rings of
wood clearly. To minimize this beam angle effect, the source-detector
distance was maximized (ca. 1 m), and the sample was positioned as
closely as possible to the detector (Figure 1). The small pixel size of the
detector, together with the small sample thickness and the small X-ray
beam angle, allowed the lumens filled by water to be clearly observed
during radial direction imbibition. In this direction, the lumens
were aligned with the X-ray beam. The operating conditions of
the experimental setup were saved in the software controlling the

tomograph to repeat precisely the same image sequence at chosen
lapse times, both during sample preparation and the imbibition test.

2.2.2 Image acquisition: The operating conditions of the X-ray source
and the CCD detector were chosen to fulfill the requirements of the
wooden material and the velocity of water uptake, namely at short
times. The following parameters were chosen as best compromise for
image acquisition:
– The X-ray source voltage was set at 90 kV and intensity at 200 μA

with a focal spot size of 20 μm,
– The CCDdetectorwas set at 16 bits with a binning of 2 × 2 to obtain

1344 × 2016 pixels, 18 × 18 μm2 each (24.2 × 36.3 mm2).
– Exposure time was set to 10 s per image.

The experiments lasted four days. The images were grabbed
continuously for 6 h to follow the rapid water uptake at the beginning
of the imbibition.

2.2.3 Image processing: The image processing step must be rigorous
to obtain accurate moisture content in the sample using the X-rays
transmission field (Perré and Thiercelin 2004). The steps are as fol-
lows: noise reduction, spatial correction of X-ray beam heterogeneity,
and temporal correction of the source/detector variations.

The noise due to cosmic particles was reduced by a median filter
over 10 successive images I for each pixel (i, j). Next, the incident X-ray
flux is not uniform over the surface of the sample because the X-ray
beam was divergent with a radiation intensity depending on the
incidence angle. Thus, a spatial correctionwas applied by introducing
the transmission T(t) according to Equation (1):

T(t, i, j) = I(t, i, j) − IB(t0, i, j)
I0(t0, i, j) − IB(t0, i, j) (1)

with I0( t0) the reference image without sample taken with the same
operating conditions and IB( t0) the black field image corresponding
to the offset of the grey level of the CCDdetector grabbedwithout X-ray
emission.

Finally, the time variation of the source/detector chain was cor-
rected by using one part of the image T(t) apart from the sample—the
region of interest ROIcorrect—and compared its average transmission

Figure 1: Scheme of the experimental setup of 2D X-ray imaging.
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value <T(t)>[ROIcorrect] to that of the same part of image T( t0)
according to Equation (2):

Tcorrect(t, i, j) = T(t, i, j) < T(t0) > [ROIcorrect]
<T(t) > [ROIcorrect] (2)

<T0>[ROIcorrect] being calculated from the reference image T0
according to Equation (1), it equals to 1.

An example of this image processing is illustrated in Figure 2,
with the grey level distribution of the image before (Figure 2a) and
after noise reduction converted in 16 bits (Figure 2b). In the corrected
image (Figure 2b), the peak located close to the grey value equal
to 2000 was due to the aluminum sample holder with high X-ray
attenuation. The peak with the grey values between 8000 and 9000
corresponded to the incident X-ray beam called background. The grey
value distribution of the spruce sample at the equilibrium moisture
content at 9.87% consisted of a peak corresponding to the earlywood
(around 7000), followed by a shoulder corresponding to the latewood
(darker grey than earlywood due to higher attenuation).

2.3 Moisture content determination

2.3.1 X-ray transmittance as a function of moisture content: The
measurement of MC in wood or other porous materials using X-ray
imaging is based on water X-ray attenuation (Cullity 1956; Guinier
1964). The Beer–Lambert law describes the intensity of the transmitted
beam I when a monochromatic beam of energy (E ) passes through a
material of chemical composition (C), density (ρ), and thickness along
the X-ray beam (d):

I E( ) = I0 E( ) ⋅ exp −μ E,C( ) ⋅ ρ ⋅ d( ) (3)

with I0 the intensity of the incident beam and µ the mass attenuation
coefficient.

In the case of wet material, the respective densities of lignocel-
lulosicmaterial andwater can be considered to constitute a two-phase
component. The Beer–Lambert law can then be written as follows to
calculate the attenuation for a monochromatic X-ray beam:

T(E) = I(E)
I0(E) = exp(− (μ0(E) ⋅ ρ0 + μl(E) ⋅ ρl) ⋅ d) (4)

with T as the transmittance at a specific energy E, μ0 the mass
attenuation coefficient of anhydrous wood in m2/kg, μl the water
mass attenuation coefficient in m2/kg, ρ0 the density of anhydrous
wood in kg/m3, ρl the water density in kg/m3, and d the sample
thickness in m.

From Equation (4), an equivalent density can be obtained from a
weighted average of dry wood and water densities. For a mono-
chromatic beam, the logarithm of transmittance therefore linearly
depends on this equivalent density. However, in the case of a poly-
chromatic X-ray beam, Equation (4) should be integrated over
the entire energy spectrum. As the attenuation depends on energy, the
spectrum changes along its path (beam hardening); in this case, the
simple additive relationship between the logarithm of transmittance,
wood density, and water density vanished. A calibration step is thus
required to obtain the attenuation function shape and the weighting
factors specific to the X-ray chain acquisition at the operating condi-
tions. This could be done properly using a spectrometric detector
(Perré and Thiercelin 2004). However, in the case of the 2-D detector
used in this study, the spectral distribution of the polychromatic X-ray
beam as well as the polychromatic behavior of the detector are un-
known; instead, only the integral values (I and I0) measured by the
detector on each pixel of the projection images were known (Pease
et al. 2012). To this end, a simple non-linear relation (Equation (5)),
taken from Bouali et al. (2012), was used to link the transmittance T to
the equivalent surface density ρ∗eq (kg/m

2):

ln(T) = L0 ⋅ ρ∗eq + L1 ⋅ (1 − exp( − ρ∗eq)/λ)) (5)

where L0 defines the initial slope of the curve (attenuation before
any beam hardening), and L1 and λ are the coefficients linked to the
progressive hardening of the polychromatic energy effect. Therefore,
L1 is the slope obtained for the highest energy contained and detected
in the polychromatic beam. All coefficients are specific to the source-
detector chain at the operating conditions.

Furthermore, ρ∗eq takes into account the two phases of the wet

material (wood and water) as well as the sealant in the same
expression:

ρ∗eq =
ρ∗0 ⋅ (X + α) + ρ∗sealant, apparent

ϵ
(6)

Figure 2: Distribution of grey level before (a) and after (b) image
processing. Vertical dashed lines represent the limit of brightness
and contrast of the inset image.
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with ρ∗eq the equivalent surface density (kg/m2), ρ∗0 the surface

density of wood (kg/m2), X the moisture content (−), α the weighting
factor for the attenuation of dry wood with respect to the attenuation
of water (−), ρ∗sealant, apparent the apparent surface density of the sealant
(kg/m2), and ϵ the surface swelling (−).

The surface density ρ∗ (kg/m2) can be expressed as follows:

ρ∗ = ρ ⋅ d (7)

with ρ the density (kg/m3) and d the length of the sample crossed by
the X-ray beam (m).

A swelling correction is needed because the swelling of wood
reduces the surface density. Thus, the surface swelling ϵ (Equation (8))
is determined by calculating the surface change of each ROI n from the
initial stage (details of the positions of the ROIs in both imbibition
directions are shown in Figure 4).

ϵ(t) = SROIn(t)
SROIn(t0)

(8)

The attenuation ratio between lignocellulosic material and
attenuation is taken into account through the factor α. It can be
considered as constant beyond 80 keV according to the database
XCOM from the National Institute of Standard and Technology (NIST)
(Seltzer 1987), in spite of the hardening of the polychromatic X-ray
beam (Pease et al. 2012).

The values of parameters L0, L1, λ, and α were identified by a
calibration step, using parallelepipedal samples of Sorbus torminalis
of various thicknesses (from 0.86 to 8.89 mm) without sealant. This
specieswas chosen because of its homogeneous anatomical structure,
which provides a regular density along the annual ring. This property
allowed consideration of a similar surface density for all samples. A
series of projections for each thickness were performed under two
different states: air-dried (MC ≃ 8%, d.b.) and fully saturated in water
(MC ≃ 125%, d.b.). The reference MC was determined using the
gravimetric method before and after each acquisition. The values of
the coefficients L0, L1, λ, and α were identified simultaneously using
the GRG non-linear solver (Excel), minimizing the gap between
numerical and experimental data (least-squares method). The results
are depicted in Figure 3, with the corresponding values of the
coefficients in Table 2.

From the other parameters of the model (L0, L1, and λ), α
depends on species. After calibration, its value can be adjusted
from one species to another using a single X-ray measurement at a
knownmoisture content. In this study, one last step of the calibration

protocol was required to identify the spatial distribution of ρ*0 and

ρ*sealant,  apparent in Equation (6). For this purpose, the acquisition of

the image according to the protocol detailed in 2.2.2 and 2.2.3 was
performed before and after coating on the sample (respectively
Tuncoated and Tcoated). Finally, theMC of the sample was carefully held
constant during these steps.

2.3.2 Spatial discretization: The evolution of the moisture distri-
bution in the sample was evaluated over regions of interest (ROI)
using a customMATLAB script. For the imbibition experiments in the
longitudinal direction, the height of the sample was discretized into
59 adjacent ROIs of 0.52 mm height (Figure 4a). For the imbibition
experiments in the radial direction, the height of the sample was
discretized according to the growth rings. For each ROI of the sam-
ple, the ROI used for time-correction (ROIcorrect of Equation (2)) was
chosen beside the sample at the same height. This precaution was

adopted to compensate for a slightly non-uniform X-ray absorption
along the height of the corrected image due to the evaporation of
water from the water tank.

To highlight the density contrast and its effect on imbibition
kinetic, ROIs were defined in earlywood and latewood. It was first
necessary to determine the position of the annual ring borders from
the local slope change of the grey level due to density variation. Next,
each annual ring was divided into three parts, with 45% of its width
allocated to earlywood and transition wood (TW, between earlywood
and latewood) and 10% to latewood (Figure 4). These proportions
were kept constant during imbibition.

The dimensional modifications of the ROI due to swelling affect
the surface density and must be considered to compute the MC
variations (Equations (6) and (8)). In the longitudinal direction, the
images have no anatomical markers to follow possible variation.
Fortunately, the hygro-expansion of wood is negligible in this di-
rection (Perré 2007; Skaar 1988). In radial and tangential directions,
the borders of the sample and of the growth rings were automatically
detected from the local slope change of grey level to account for
dimensional changes.

2.4 Theoretical MC at full saturation

The absolute variations inMCwithin the annual ringmust be analyzed
with caution. Indeed, due to their specific density, earlywood and
latewood have different water storage capacities. Thus, the calcula-
tion of the saturation rate—as the ratio of MC over the theoreticalMC at
full saturation—is relevant to highlight the substantial heterogeneity
of kinetics between earlywood and latewood.

The theoretical MC at full saturation Xsat is reached when both
cell walls and lumens are saturated with water. It was estimated ac-
cording to Equation (9) (Perré and Turner 2001) by assuming that
(i) the sample porosity was fully saturated with liquid, and (ii) the
volume of the pores remains constant in spite of shrinkage/swelling
(Mariaux 1989).

Figure 3: Experimental data from Sorbus samples of different
thicknesses and moisture contents with the non-linear fitting curve
(Equation (5)). The range of surface densities used later in this work
is represented in grey.
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Xsat = (ρ0 ⋅ Xfsp + (1 − ρ0
ρwall

) ⋅ ρl)/ρ0 (9)

with ρl the liquid water density at 20 °C (1000 kg/m3) and ρwall the
density of the cell wall (1530 kg/m3) (Siau 1984).

This calculation was applied to the whole sample or to each ROI.
In the latter case, according to Equation (9), local anhydrous density
was required to estimate the theoretical MC at full saturation. The
surface density ρ∗eq of the considered ROI was identified from the non-

linear relation (Equation (5)) using the uncoated sample and assuming
a uniform initial MC. Next, the local anhydrous surface density ρ∗0 was
determined from Equation (6). For this calculation, it was assumed
(i) that the cell wall composition was the same in earlywood and
latewood, and (ii) the contributions of extractives and resin to X-ray
attenuation were uniform. To obtain the local anhydrous density ρ0
(kg/m3), the local anhydrous surface density ρ∗0 had to be divided by
the sample thickness dcorrect crossed by the X-ray beam, after having

taken into account the swelling from the anhydrous to the initial state
to Equation (10):

dcorrect = d ⋅
1

1 + R
1−R ⋅

X
Xfsp

(10)

with d the initial sample thickness, R the total shrinkage according to
the wood direction of the thickness (Perré and Huber 2007), and Xfsp

the fiber saturated point. d and R were considered as constant
regardless of location and Xfsp of spruce set at 29% (Siau 1984).

3 Results and discussion

3.1 Local moisture content at full saturation
versus anhydrous density

The anhydrous density and the theoretical MC at full
saturation are plotted in Figure 5 along the width of ROI
#3 of the sample used for studying the longitudinal
imbibition. The average anhydrous density determined
for the entire sample was 412 kg/m3. The anhydrous
density within the rings varied from 250–280 kg/m3 in

Table : Values of the coefficients L, L, λ and α.

L L λ Α

−. −. . .

Figure 4: Principle of selected regions of interest (ROI) for imbibition experiment in longitudinal (a) and radial directions (b).
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earlywood to 850–1100 kg/m3 in latewood, depending on
the ring. These values highlight the anatomical structure
of spruce (softwood), with thinner cell walls and larger
lumens in earlywood than in latewood (Butterfield and
Meylan 1980). The results were in strong accordance with
results from other studies using the micro-densitometry
method or optical measurement (Decoux et al. 2004;
Polge 1966). As expected, Xsat is minimal in latewood (50–
70%) and maximal in earlywood (330–380%).

3.2 Longitudinal direction

3.2.1 General trends

Figure 6 shows the general trends from the corrected
images for the selected times. Water uptake was observed
through the variation of the grey level within the sample.
A clear moisture uptake was already visible after 50 s,
indicating a swift water uptake process at the early stages
(Figure 6a). After 96 h, the moisture migration reached
approximately half the height of the sample (Figure 6a–d).
The front imbibition during the test shows a non-
homogeneous migration among and within annual rings
(Figure 6a–d). In the ring located on the right side (#46),
the grey level change due to water uptake was less pro-
nounced than the onenext to it, signifying a lowermoisture
content. From this observation, no significant moisture
transfers in the radial direction seemed to have taken place
through ring border #45–46. These results were in accor-
dance with previous work showing heterogeneous water
uptake in space and time between and within these rings

(Derome et al. 2005; Desmarais et al. 2016; Sandberg and
Salin 2012).

3.2.2 Quantitative analysis

Moisture content determination along the length of the
samplewas carried out for eachROI. During imbibition, the
bottom of the sample was not available because of liquid
water. For this reason, the measurement started from the
ROI #3—that is, at a distance of 1.31 mm above the level of
the liquid. The average moisture content in the sample
was thus estimated by assuming ROIs #1 and #2 to have
the same moisture content as ROI #3. The variations of the
mean MC and the MC of nine ROIs are plotted versus the
square root of time in Figure 7. These ROIs were selected to
capture the kinetics of moisture uptake both at short in-
tervals close to the wet surface and at long intervals
throughout its height.

Figure 5: Distribution of anhydrous densities along the width of the
sample for ROI #3.

Figure 6: Water uptake in Norway spruce along longitudinal
direction at several different times.
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The moisture uptake of the ROIs located closed to the
contact surface involved three phases and did not follow a
linear slope. A rapid moisture uptake was observed at brief
intervals (2min 56 s) over a short distance (up to ROI #5). As
the length concerned by this rapid rise was about 2 mm,
this could be explained by the invasion of the open
tracheids lumens in contact with the liquid. However, this
rapid increase was far from full saturation; obviously, just
one fraction of tracheids were affected by this brief phase.
The second phase—which involved the connections
between the tracheids (the bordered pits) and the diffusion
of bound water through the cell walls—was much slower.
Furthermore, a constant increase of MC was observed as
the square root of time due to migration into the connected
porosity until it reached the last phase, where almost all of
the lumens became filled.

The general trend for all positions above one tracheid
length (ROI #10 to #29) depicted a similar behavior but
shifted in duration as the ROI position got away from the
contact surface. This trend consisted of a slow progressive
initial increase of MC, followed by a more rapid increase
when the imbibition front reached the considered location.
At the end of the imbibition, the distribution of MC
measured over the height of the sample exhibit a strong
heterogeneity. No significant change in MC was observed
at the top of the sample (ROI #58), whereas it increased
from 10.1% toward the asymptotic value of ca. 210% at the
bottom (ROI #3). As a result, the mean MC of the sample
changed rapidly at the early stages and kept increasing,
following a linear slope, until the end of the test due to the
wetting front continued progression in the highest part of

the sample. The mean MC measured was very close to the
MC values obtained by the gravimetric method, at 89.1
and 92.1%, respectively. These values were consistent
considering the respective accuracies of both methods.

Moisture absorption kinetics in earlywood (EW) and
latewood (LW) were presented for ROI #3 and #20,
respectively, located at 1.31 and 10.18 mm from the con-
tact surface. The two locations were chosen to be as close
as possible to the contact surface (#3) and above several
successive tracheids (#20). To highlight the strong
heterogeneity of kinetics between earlywood and late-
wood, the results for the ROIs are presented in MC
(Figure 8a.1—ROI #3 and Figure 8a.2—ROI #20) and
saturation (Figure 8b.1—ROI #3 and Figure 8b.2—ROI
#20). In ROI #3, moisture absorption kinetics mainly in-
volves three phases for earlywood and two phases for
latewood. The first phase (until 2 min, 56 s) was charac-
terized by a rapid increase in themoisture content for both
earlywood and latewood, confirming a direct rise in open
tracheids. At the end of this phase, the rate of water ab-
sorption decreased sharply in latewood. In comparison,
the moisture uptake rate in earlywood changed but was
still increasing rapidly. The third phase in earlywood was
characterized by a slowing down of moisture absorption
kinetic as the moisture approached full saturation.

The results for the ROI #20 located at 10.18 mm from
the contact surface (Figure 8b.2) confirmed a significant
increase of MC in latewood before earlywood, as qualita-
tively reported by neutron imaging (Desmarais et al. 2016).
After 2 h of imbibition, a significant change of moisture
content was visible in latewood for three rings, whereas it

Figure 7: (a) Moisture content kinetic for the selected ROI in longitudinal direction. (b) Location of the ROI in the sample.
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began after 24 h in earlywood. To explain these differences,
one must keep in mind that the average density of the ROIs
located in latewood was approximately three times larger
than those in earlywood, 970 versus 283 kg/m3. This den-
sity variation along the annual ring is due to the thicker cell
wall, and smaller lumen size in latewood compare with
earlywood (Kollmann and Côté 1968). This anatomical
structure induces a large number of aspirated pits in
earlywood compared with latewood (Siau 1984). Indeed,
the size of the small pits in latewood results in a more rigid
membrane than in earlywood due to the smaller lumen
size.

For this reason, they are less prone to be aspirated
when liquid water is removed from the fresh board.
Consequently, liquid migration is facilitated in latewood,

as reported in Almeida et al. (2008), using MRI. In early-
wood, most pits are aspirated, leading to a more complex
liquid migration into the pore network. In the early stages
of this experiment, only a part of the directly accessible
tracheids was involved in fluid migration. Then, water
migrated from one cell to the others, explaining the second
phase of moisture uptake. The sudden decrease of MC
change rate in latewood of ROI #3 at around 65% of
saturation rate, followed by a slight increase, could be
explained by the fact that free water represented approxi-
mately 50% of moisture content at full saturation, while it
was 90% for earlywood. Indeed, in latewood, almost all of
the lumens of tracheids could be filled quickly. The slow
and residual moisture increase until the end of the exper-
iment might be explained by water migration in less

Figure 8: Moisture absorption kinetics in EW and LW in MC (a) and saturation (b) for the ROI #3 (1) and #20 (2), respectively located 1.31 and
10.18 mm from the contact surface.
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connected tracheids or in ray cells. These results high-
lighted the complex moisture migration in the pore
network that were partially connected, leading to hetero-
geneity of water migration in space and time.

3.3 Radial direction

3.3.1 General trends

For the imbibition test in radial direction, the face of the
sample in contact with liquid water was located in the
earlywood of ring #38. In Figure 9a, the corrected images
reveal the qualitative evolution of moisture uptake over
time. The swelling of the sample along its tangential di-
rection was clearly visible from 50 s of contact with the
liquid. Next, the swelleing extented slightly until the late-
woodpart of this ring, but no further swellingwas observed
at higher sample locations until the end of imbibition. The
water reached the latewood zone in thefirst annual ring but
did not seem to migrate further into the sample. Latewood
located in this first annual ring acted as a barrier to water
migration, as suggested byMeder et al. (2003), even though
this was not observed by Sedighi-Gilani et al. (2012). To
investigate whether this behavior was due to a distinct
feature of Ring #38, a second experiment with the same
sample and the same initial MC was performed after
removing Ring #38. In this case, the face in contact with the
liquidwas located in the earlywood of Ring #39 (Figure 9b).
The results showed a rapid moisture uptake at the early
stages, with swelling beyond the first ring. Then, the liquid
uptake and swelling observed in latewood from #39 to #41
indicated that the liquid was able to cross the annual ring
border and migrate in several upper annual rings. To
explain such different behaviors, enlargements of the
bottom of the sample before and after each experiment is
depicted in Figure 10. The relatively large latewood thick-
ness of Ring #38—which is unusual for normal spruce
wood—suggested the presence of compressive wood
(Figure 10a.1). At the end of the first experiment, a hori-
zontal line was visible in the transient zone between
earlywood and latewood in Ring #38 (Figure 10a.2). The
moisture migration seemed to be blocked at this level,
signaling a discontinuity in the connected porosities.
During the second experiment—where no compression
wood was present—liquid water was visible inside the
lumens of several annual rings (dark spots). The image in
Figure 10b.2 shows that series of lumens were filled pref-
erentially in the vertical direction—that is, in the radial

direction—with spatial heterogeneity of filled lumens.
From these results, it can be concluded that compression
wood is a barrier to radial transfer. In normal wood, the
liquid was able to cross the annual ring border. As for
longitudinal transfer, this occurred through connected
tracheids first and then spread over the remaining cells,
from one to the others.

3.3.2 Quantitative analysis

The kinetics of the MC for the selected ROIs versus the
square root of time are depicted in Figure 11. In both tests, a
rapid increase in MC was observed at the early stages close
to the contact surface and below the first ring boundary.
However, in the ring located right above the first annual
ring, no significant moisture uptake was visible in the first
experiment (Figure 11a—EW 39), whereas MC saturation
rate reached almost 40% in ring #40 in the second exper-
iment. The MC in the upper ring, #41, also started to in-
crease after 30 min of imbibition. To further understand
these different behaviors, the annual ring in contact with
the liquid was investigated in both experiments. The
closest area accessible above the water was located in the
transition wood TW 38 in the first experiment and TW 39 in
the second (Figure 11). The saturation rate of both ROIs
reached 55% in less than 3 min. However, in latewood, the
saturation rate was lower in Ring #38 than in Ring #39. To
highlight the particular behavior of Ring #38 in the first
experiment, the ROI LW 38 was divided into two equal
parts within the ring along the radial direction, called LW-1
38 and LW-2 38 (Figure 11a.2). Both ROIs showed a change
inmoisture uptake kinetics. The one located below (closest
to the contact surface, i.e., LW-1 38) reached a saturation
rate near 70%,whereas the second one (LW-2 38) remained
close to 40%. From these results, it can be deduced that the
moisture migration ceased before the first annual ring
border.

The relatively large latewood zone in this location
suggests the presence of compression wood. To further
investigate and confirm the observation made from the
qualitative and quantitative analysis, images of a twin
sample (located nearby in the same longitudinal direction)
were obtained using an Environmental Scanning Electron
Microscope (ESEM) in “Low Vac” mode (Figure 12). In
softwoods, due to the high value of microfibril angle,
compression wood has thick cell walls and round cells,
which forms intercellular spaces at the intersection of three
cells (Butterfield and Meylan 1980). Given that compres-
sion wood is formed as a reaction to environmental stress,
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Figure 9: Water uptake in Norway spruce along the radial direction at several different times: (a) in the first test (including Ring #38) and (b) in
the second test (after removing the Ring #38).

Figure 10: Bottom of the sample before (subscript 1) and at the end (subscript 2) of the first imbibition experiment (a) and second and (b).
c) Zoom on the area pointed out by the dashed line, with the LUT “Fire”.
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the tree responds proportionally by forming thicker cell
walls (Donaldson and Singh 2013; Gardiner et al. 2014). The
current ring corresponds to mild compression wood
because the thick cell wall with a partially circular shape
and no bordered pits were observed (Warensjö 2003).
These particular features—not present in normal wood—
lead to a lower bound water diffusivity compared with the
one measured in normal wood (Siau 1984; Tarmian et al.
2012). In addition, compressionwood is less permeable due
to the smaller number of pits, which do not allow liquid to
migrate easily from one cell to the others (Mayr et al. 2006;
Tarmian and Perré 2009). These chemical and physical
modifications compared with the properties of normal
wood easily explain why compression wood acts as a
barrier to moisture migration in the radial direction.

4 Conclusion and perspectives

In this study, X-ray imagingwas used as a non-destructive
technique to investigate the temporal evolution and
spatial distribution of moisture in Norway spruce during
imbibition in longitudinal and radial directions. The
original work provides an accurate description of mois-
ture absorption kinetics and emphasises the difference
between the behaviors of earlywood and latewood. The
main results of these experiments can be summarized as
follows:
– In the longitudinal direction:

– The migration of liquid was faster in the latewood
than in the earlywood due to non-aspirated pits
facilitating the migration of the liquid.

Figure 11: Moisture content kinetic for the selected ROI in the radial direction: (a) in the first test (including Ring #38) and (b) in the second test
after removing Ring #38.
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– The liquid migration was more complex in early-
wood, with two-time constants: the shortest for
liquid migration in the few connected lumens and
the second and a longer one to progressively reach
full saturation by migration from one cell to
another in the radial direction.

– In the radial direction:
– Compression wood acted as a barrier to moisture

migration due to its anatomical characteristics,
with few pits in large cell walls and high amounts
of lignin.

– In normal wood, as for longitudinal migration, the
liquid was able to flow in the few continuous
tracheid pathways with unaspirated pits, explain-
ing the punctual patterns, followed by a slow
propagation of the filled zones.

The present experimental data from 2D X-rays imaging can
be helpful to improve numerical model prediction simu-
lating coupled heat and mass transfer in timber construc-
tion and, in general, in porous building materials. The
relevance of using a homogeneous or heterogeneous
model could be investigated with the possibility of deter-
mining relative liquid permeability in latewood and
earlywood using the inverse method. By analyzing the
impact of wood density on relative liquid permeability,
the discrepancy reduction between measurements and
simulations of transfers may be reduced, thus improving
performance and durability of wooden construction.
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Figure 12: ESEM images of the annual ring of interest 38 from twin sample (photography) used for imbibition experiment in radial direction.
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Appendix: Choice of the sealant
adapted to X-ray imaging
and wood

Preliminary tests without any sealant were performed
using X-ray imaging but were not analyzed because of the
capillary migration of water at the surface of the sample.
Consequently, the moisture content and speed velocity
would have been overestimated (De Meijer and Militz
2001). This effect is visible in Figure 5 of Desmarais et al.
(2016), where imbibition experiments in the wood radial
direction were performed. When the lateral surfaces were
not covered with an impermeable and hydrophobic
coating, liquid water went up on the longitudinal/
tangential plane and thus entered the material via the
lumens of tracheids connected by pits or reached the top of
the sample. This disturbed moisture migration assessment
and monitoring of the imbibition phenomenon. In this
study, several coated products were tested, including the
following sealants:

– epoxy resin (Loctite EA3430) combined with
aluminum foil → epoxy resin breaks due to swelling;

– waterproof paint (AquaStop v33) → no liquid water
repellent and penetrates the lumens;

– bituminous spray (SINTO) → too fragile;
– wood stain (Mauler) → penetrates into the lumen of

tracheids;

– waterproof underlay under tile (ParexLanko) → high
X-ray attenuation leading to loss of details. Presence of
solid particles made it challenging to apply homoge-
neously to the wood surface;

– waterproof liquid rubber paint (Rubson, Liquid Rubber
Plus) → do not penetrate the lumens, easy to apply
using a brush, moderate X-ray attenuation, able to
follow the dimensional variations, and waterproof.

Varnish was not studied because of its non-elasticity and
its penetration in lumens.

Therefore, waterproof rubber paint (Rubson) was the
best compromise for wood material and X-ray imaging.
Figure 13 confirms the non-penetration of the sealant into
the material. The slices selected from a CT-3D scan
performed at the dry stage (voxel size 7 μm) highlighted
the local irregularity of the sample surface. The black stains,
mainly located in earlywood, were due to the sealant.
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