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Abstract Non-destructive neutron radiography is
used to study the different processes of liquid transport
in Scots pine sapwood and heartwood. The spatial and
temporal changes in moisture content and saturation
degree, measured at high resolution, are provided for
water uptake in longitudinal, radial and tangential
directions. Liquid uptake in sapwood, compared to in
heartwood, is found to be faster and more homogeneous. Latewood cells are the preferential pathways
for longitudinal and tangential uptake in both sapwood
and heartwood resulting in strongly non-uniform
water fronts. In radial uptake, water accumulates first
in the border between growth layers. While the
moisture content profiles vary strongly between earlywood and latewood layers, the corresponding swelling strain profiles change smoothly due to the
mechanical interaction between the different layers.
Long term experiments in laboratory show three
phases of uptake: a first fast phase, a second slower
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phase and a third phase reaching capillary saturation.
The main difference between sapwood and heartwood
uptake takes place in the first phase when liquid is
mainly transported in the lumen, until moisture
reaches the top of the sample. After that, both wood
types behave similarly, uptake is followed by a slower
adsorption in the wood cell walls and liquid redistribution in perpendicular to the uptake direction until
the sample is almost totally saturated. These findings
are of interest for future studies on durability and
treatability of pine sapwood and hardwood.
Keywords Neutron radiography  Water uptake 
Saturation  Sapwood and heartwood  Swelling 
Durability

1 Introduction
Scots pine (Pinus sylvestris) is a widely grown tree in
northern Europe and is commonly used as construction
material. Pine is not a durable wood species when
exposed to varying moisture conditions. Thus, engineers need to predict the durability of pine components
used in their construction, using different assessment
methods (e.g. [11]) or damage functions (e.g. [17]).
For such studies, the global permeability of materials
is needed. To increase its durability against biodegradation, pine is usually subjected to preservation
treatments. However, the lower water permeability
of pine heartwood compared to sapwood makes
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uniform and efficient treatments difficult to be attained
[16, 25, 26]. It is thus clear that a better understanding
of water uptake in pine sapwood and heartwood is
needed for both durability assessment and investigation towards increase of efficiency of preservative
treatments. The focus of this paper is to quantify and
analyze the process of liquid transport in the porous
structure of sapwood and heartwood of pine. In order
to identify the underlying physics and to visualize the
main differences between the two woods in terms
water content distribution during liquid uptake, we use
neutron radiography.
In the living tree, the water flow system is in the
outer sapwood. As the tree grows, inward sapwood
becomes heartwood, with different maturing processes. One process is the aspiration of pits which
are valve-like features connecting the lumens of wood.
During aspiration, the membrane traversing the central
axis of the pit moves onto the pit and thus effectively
closes the liquid path between lumens. Other changes,
such as change in chemical components, incrustation
with lignin, etc., were also observed during heartwood
formation (see the review paper of [23]), but pit
aspiration is a main factor leading to the reduced
permeability of heartwood.
Wood growth is seasonal. The growth rings of
wood, of thickness varying from 0.5 to 5 mm, consist
of layers of earlywood thin-wall cells with large
lumens of 40–100 lm diameter, alternating with
layers of latewood thick-walled cells with small
lumens of a few to 25 lm. The longitudinally oriented
cells, the tracheids, form 95 % of pinewood, while
5 % of the cells, the rays of lumen size of 2–10 lm, are
horizontally and radially oriented in the tree. The
micron scale porosity of the cell lumen network is
accompanied with a nanoscale porosity in the cell
wall, a hygrophilic material. Moisture adsorption in
the cell walls can reach 30 % by mass and is
accompanied with a swelling of the wood up to
10 % volumetrically. In the lumen network, the uptake
occurs mainly due to capillary action. The cellular
structure of wood explains the direction dependent
orthotropic liquid uptake in wood. However, other
features, like swelling of cell walls due to water
adsorption and the uneven distribution of pits and
occurrence of their aspiration, also intervene in liquid
transport.
Despite the large number of studies performed to
understand the process of water transport in wood (e.g.
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[21, 22]; or more recently [1, 8]), investigations using
time-resolved in situ visualization of liquid transport
are still few. To visualize and quantify the transport of
liquid water in different porous materials including
wood, X-ray and magnetic resonance imaging (MRI)
have been used. X-ray radiography and computer
tomography of uptake experiments in wood show that
water rise is strongly uneven in softwood and depends
upon the location of earlywood and latewood rings in
the sample [4, 19]. A disadvantage of X-ray radiography is the limited accuracy in quantifying the
moisture content [12]. MRI can reach a higher
accuracy in quantifying the moisture content than
X-ray [5, 14], but still in the range of 2–4 kg/m3.
Neutron radiography on the other hand has been
successful in quantifying the water transport and
visualization of spatial distribution of water content in
porous media with a high resolution, up to 0.1 kg/m3
[3, 15, 18, 20]. This accuracy is due to the high
attenuation of the neutron beam by hydrogen nuclei, a
component of water, which provides a high contrast
for water versus the other wood components.
In this study, liquid water uptake in dry Scot pine is
studied with high spatial resolution time-resolved
neutron radiography. This non-destructive method
allows quantitative and continuous documentation of
the same sample during liquid uptake as opposed to
destructive methods, for example thin section of a
sample subjected to dye uptake analyzed under light
microscopy. In neutron radiography, wood can be
imaged at the growth ring (meso-) level (e.g. 100 lm
resolution), so although microstructural features such
as earlywood, latewood and ray cells cannot be
directed differentiated, their role can be to some extent
inferred. The time dependent distribution of moisture
during water uptake experiment and moisture content
profile along the sample height are first presented and
discussed. Then, the quantified global moisture uptake
curves from neutron images are discussed and compared with long-term overall uptake behavior.

2 Materials and methods
2.1 Neutron radiography facilities
and experimental setup and procedures
We used the imaging facilities of the neutron transmission radiography (NEUTRA) beamline at the Paul
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correspond to one of these three configurations:
radial-longitudinal, radial-tangential or tangentialradial directions. Each sample was first examined
using X-ray cone-beam computer tomography (3DCT), to verify the absence of natural defects, defects
due to preparation and checks. The samples were oven
dried at 100 °C and then stored in a desiccator at 0 %
relative humidity condition, over silica gel particles.
Figure 1b presents the custom-made setup for the
liquid uptake experiment. The setup consists of two
independent parts: a sample holder resting on balance
and a remotely-controlled elevator supporting a water
container. At the start of experiment, the balance, of
0.1 mg accuracy, is zeroed. Then the water container
is moved up until the base of the sample is in contact
with the free water surface, as verified visually by the
formation of a meniscus. The mass of absorbed liquid
water is then measured by the balance at every 30 s.
Blocks of boronated polyethylene, boron being
opaque to neutron radiation, shield the balance and
elevator against neutron radiation and its possible
damage.

Scherrer Institute (PSI), Switzerland for detailed
visualization and quantification of transient moisture
in Scots pine sapwood and heartwood during liquid
uptake. Neutron radiography at NEUTRA station
relies on a neutron beam within the thermal spectrum,
with Maxwellian distribution around the most probable energy level of about 25 meV [10].
Figure 1a shows the schematic overview of the
neutron beamline. The x- and y-axes in this figure
correspond to the detector plane axes while the z-axis
is aligned to the neutron beam direction, orthogonal to
the detector plane. The detector consists in a scintillator-CCD camera-system, with a total field of view of
87 9 87 mm2. The scintillator, made of 100 lm thick
zinc sulfide doped with 6Li as the neutron absorbing
agent, converts the neutron signals into visible light
photons. The photons are then led via a mirror onto a
cooled 16-bit CCD camera (1,024 9 1,024 pixels).
Also available at the beamline is an X-ray radiography
facility with acceleration voltage of 80 kV (using a
Gadox scintillator and the same CCD).
One neutron experiment and two complementary
laboratory experiments were designed to analyze the
process of liquid water uptake in Scots pine sapwood
and heartwood. All samples were quarter-sawn to
show the growth ring patterns, in dimensions of
15 mm both in width and in height, and 5 mm in
thickness, where the width and height are in the xy
plane of image acquisition. The xy plane can

2.1.1 Water uptake experiment at NEUTRA
(140–150 min)
First, reference X-ray and neutron radiographs of each
sample, at the initial dry state and in place on the
sample holder, are obtained. Then the neutron

e
shielding

detector

a
b
c

sample
y

f
x

collimator

z

g
neutron
source

(a)
Fig. 1 a Schematic overview of the neutron radiography
facility, b experimental setup inside the NEUTRA beamline,
a sample suspended from the sample holder, b liquid container,
c remote controlled elevator, d precision balance for real time

d

(b)
monitoring the mass of uptaken water, e detector, f camera to
control the remote movement of the elevator from outside of the
beamline and g boronated polyethylene blocks for shielding
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radiographies of the wet specimens are acquired at
three frequencies: first at an 8 s interval during this
first 5 min, then at a 1 min interval for 5 min and
finally at a 5 min interval until the end of experiment
that has a total duration of 140–150 min. The exposure
time of the radiographies is 8 s and the attained spatial
resolution is 85 lm. During uptake, as the base of the
sample is immersed in liquid, a water meniscus forms.
Due to the high contrast of bulk water, the changes in
moisture content of the portion of the sample under the
meniscus line cannot be evaluated from the neutron
images. However, this area can be documented at the
end of the water uptake experiment, by acquiring final
neutron and X-ray radiographs after the water container has been moved down and the whole area of the
sample in the xy-plane is visible.

We summarize that, for each direction of sapwood and heartwood, we had eight samples (48 in
total): one sample tested at NEUTRA (for neutron
radiography and real time weight measurement),
and, in laboratory, two twin samples as mass variation
control samples and five neighboring samples for long
term experiments.

2.1.2 Laboratory water uptake with precision balance
(150 min)
Results from each experiment at NEUTRA are
compared to two similar uptake experiments in the
laboratory, on twin samples (cut side by side out of the
same wood plank). Repeats are necessary given that
the liquid uptake experiment results, even on twin
samples, might be different due to the natural heterogeneities in the wood samples and imperfection at the
initial contact with water (i.e. small air bubbles can be
trapped below the sample). However, due to time
limitations at the beamline, the repeats had to be
performed in the laboratory, without neutron imaging.

where I0 is the intensity of the incident neutron beam, z
is the thickness of the object along the beam direction
and R is the effective attenuation coefficient for
neutrons. For a compound material like wood or water,
the attenuation coefficients of the individual elements
(hydrogen, oxygen, carbon and etc.) determine the
total attenuation. We simplify the composition of the
tested sample to consist of wood and water, using a bilayer approximation [20]. At a time t, the effect of
water taken up by wood on the neutron beam
attenuation is considered equivalent to the effect of a
water layer with thickness zh added to the dry wood
sample. Implementing this description, Eq. (1)
becomes:

2.1.3 Long term water uptake (30 days)

I ðtÞ ¼ I0 efRw zw þRl zl g

We perform another set of water uptake experiments,
in the laboratory over a much longer period of time
(30 days compared to 150 min) than the experiments
at NEUTRA. The 30 samples, i.e. five samples for two
wood types (pine sapwood and heartwood) and three
directions, are close neighbors to the samples used in
the previous two experiments. The base of the samples
is submerged in 1 mm water for 30 days, inside a glass
petri dish with close fitting lid. During the experiment,
the water level is maintained constant by adding water.
The mass of samples is measured by periodic weighing after the excess surface water is dried off on a
humid towel, using the same precision balance (0.1 mg
accuracy).

2.2 Quantification of moisture uptake by analysis
of neutron radiographs
Neutron radiography is based on intensity measurements of a neutron beam transmitted through an
object. The intensity of a transmitted monochromatic
beam, I, can be described with Beer–Lambert law:
I ¼ I0 eRz

ð1Þ

ð2Þ

where the subscript w refers to the wood and l to the
absorbed liquid water. At a certain time t during the
experiment, with respect to the initial stage, the
change in the beam intensity comes from the time
dependent change of moisture content, i.e. from the
thickening of the ‘‘effective’’ water layer. Wood
swelling in the direction along the neutron beam has
a negligible effect on beam attenuation, so Eq. (2) can
be written as:
I ðtÞ ¼ Idry efRl zl ðtÞg

ð3Þ

where Idry ¼ I0 efRw zw g is the intensity of the neutron
beam for the dry (initial) sample. Solving for the
change in water thickness yields:
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zl ðt Þ ¼ 

 
1
IðtÞ
ln
Rl
Idry
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ð4Þ

Multiplying the effective water layer thickness by
the water density and dividing by the sample thickness, z, yields the moisture content (kg/m3):
 

ql
I ðt Þ
q
wðtÞ ¼ 
ln
¼ l ln Idry  ln I ðtÞ
Idry
z  Rl
z  Rl
ð5Þ
For a monochromatic neutron beam, Eq. (5) allows
plotting the spatial distribution of the moisture content
at different times. In addition, each raw neutron
radiograph is corrected for artifacts. These corrections
are standard procedures common to all radiation
transmission-based imaging methods including:
1.

2.

3.

4.

5.

Dark current correction for the background noise
of the CCD camera, performed by subtracting the
radiograph acquired in absence of neutron beam
from each radiograph of the sample.
Flat field correction for spatial fluctuations of the
incident beam, performed by averaging the beam
variation in an area of the radiograph outside the
sample area, and applying this averaged correction factor to each pixel.
Black body correction for removing the neutron
signal coming from scattering by the overall
experimental configuration and the detector box,
by subtracting a radiograph acquired when the
sample is shielded with boronated polyethylene.
Sample scattering correction for neutrons that are
scattered by the atoms of the wood/water of the
sample itself and reach the detector.
Taking into account the beam polychromatic
energy spectrum, as Eqs. (1–5) are derived here
for a monochromatic neutron beam.

To correct for the scattered neutron signals on the
detector, we used the quantitative neutron imaging
(QNI) algorithm, developed by Hassanein [6]. Quantification based on uncorrected radiographs results in
underestimation of the water content, up to 50 %,
compared with corrected radiographs. The QNI algorithm is based on the iterative reconstruction of the
measured image by overlapping point-scattered functions calculated by means of Monte-Carlo simulation.
The product of density with the thickness sðtÞ ¼
ql ðtÞ  z, called water mass thickness, can be estimated
as a single variable from QNI and the change in the

moisture content w(t) from the initial (dry) state can be
calculated as:
wðtÞ ﬃ

sðtÞ  sdry
z

ð6Þ

The resolution in moisture content is defined as the
moisture content corresponding to one grayscale
difference between wet and dry states:


ql
I0  1
R¼
ln
ð7Þ
I0
z  Rl
Thus, the resolution R depends on the density and
the attenuation coefficient of water, the thickness of
the sample and the neutron radiograph intensity, I0.
2.3 Registration and quantification of swelling
Neutron radiographs also record the geometry of the
samples in the xy-plane of acquisition during the water
uptake experiments. Given the swelling of wood, in
order to apply logarithmic subtraction of images
according to Eq. (5), registration of the images is
required to produce images of size identical to the size
of the initial images. Registration consists in scaling
back each radiograph, in order to align it with the
image at the initial time. For this purpose, a bilinear
transformation algorithm implemented in TurboReg
plugin of ImageJ is used [24]. In this bilinear
transformation, each coordinate can be a multiplication of two linear functions of x and y:
U ¼ ða þ bxÞðc þ dyÞ; V ¼ ðe þ fyÞðg þ hyÞ

ð8Þ

To give a complete description of a bilinear
transformation in TurboReg, four points in each
radiograph (eight points in total), called landmarks,
are introduced. In our case, the landmarks are the four
corners of the sample. Logarithmic subtraction of the
registered image from the initial image allows determining the spatial distribution of moisture content
according to Eq. (5).
Swelling profiles can be determined using the X-ray
radiographs, acquired in the beginning and at the end
of each liquid water uptake experiment. X-ray provides a higher contrast of solid wood compared to
neutron, resulting in a better spatial resolution of
the geometrical change of the sample due to swelling.
The swelling of the sample along the x-direction of the
acquisition plane (as indicated in Fig. 2) is measured
as:
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ex ðy; tÞ ¼

Lx ðy; tÞ  Lx ðy; t0 Þ
Lx ðy; t0 Þ

ð9Þ

ex ðy; tÞ is the time dependent swelling strain in
x-direction and Lx ðy; tÞ corresponds to the dimension
of the sample at time t along x-axis, both at height
position y.
2.4 Determination of saturation degree
In wood, the density varies across the earlywood and
latewood layers. Thus, the interpretation of the moisture
content distribution (kg/m3) in wood is complicated due
to heterogeneity and variation of the density over the
specimen. Therefore, the saturation degree is a more
insightful manner to report the process of liquid uptake
compared to the moisture content. The saturation
degree in porous media is defined as:
SL ð t Þ ¼

wðtÞ
wðtÞ
¼
wsat
ql  /0

ð10Þ

where wsat is the moisture content at saturation and /0
is the total open porosity. The local wood density is
defined as:
q ¼ ð1  /0 Þ  qs

ð11Þ

with qs as density of the cell wall (assumed as
1,500 kg/m3 from Kellogg and Wangaard [7]).
Eq. (10) is then rewritten as:
Sl ðtÞ ¼

wðtÞ


ql : 1  qq

ð12Þ

s

Fig. 2 X-ray radiography
of a pine heartwood sample
a before and b after 2.5 h of
liquid water uptake in radial
direction (height y lies in the
liquid capillary uptake
direction, in this case the
wood radial direction, while
width x lies in the tangential
one)

We use X-ray radiography to determine the local
wood density [13, 27]. The local density field q is
determined using Beer–Lambert law:
I ¼ I0 elm qz

ð13Þ

where I0 is the intensity of the incident X-ray beam, I is
the attenuated X-ray intensity, z is the total thickness
of the object along the beam direction and lm is the
mass attenuation coefficient. In theory, the mass
attenuation coefficient is determined from the elemental composition of wood. Alternatively, lm can be
estimated from:
lm ¼ 

ln I  ln I0
qw  z

ð14Þ

as the average density of each sample, qw is known
from gravimetry.
The resolution in saturation degree is defined as the
saturation degree corresponding to one grayscale
difference between the wet and dry states:
R¼



ql
I0  1
ln
I0
z  Rl

ð15Þ

3 Results and discussions
We discuss first the images acquired during liquid
uptake, then we analyze the moisture content and
swelling profiles and, finally, we consider the time
evolution of the average moisture content for the short
and long term experiments.

dry

wet

Lx(y,t 0)

Lx(y,t)

y

x

(a)

(b)
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3.1 Spatial distribution of moisture during liquid
uptake
The samples are imaged at regular time intervals
during the liquid uptake experiments. In Figs. 3, 4 and
5, saturation degree distributions are presented at three
different times respectively for the longitudinal,
tangential and radial directions. The reference images
on the left side are the neutron radiographs of the
samples at dry state. Earlywood and latewood growth
layers are clearly distinguishable with the lighter grey
corresponding to the latewood layers. The average
density obtained by gravimetry is 450 kg/m3 for
sapwood and 520 kg/m3 for heartwood (with a standard deviation of 13 and 8 kg/m3 respectively). The
local density, determined from the X-ray images,
varies between 370 kg/m3 for earlywood to 500 kg/m3
for latewood in sapwood samples and from 400 to
650 kg/m3 in heartwood samples. The saturation
degree distributions are presented at three times: after
a few minutes (i.e. 5–14 min), after 30 min and at the
end of the experiment, i.e. after 133–150 min. The
dashed lines correspond to the level of the water
surface, meaning that the sample was immersed in
water below this line (in some cases, this level is
higher due to manipulation error). The last image
comprises however the saturation degree distribution
over the whole sample, based on the neutron radiograph taken at the end of experiment, when the water
container is lowered. The resolution of saturation
degree is 0.02 %.
As seen in all plots of Figs. 3, 4 and 5, the water
uptake process in all samples displays a complex
behavior. The water front is advancing in a jagged or
discrete manner, resulting in high spatial variations of
the saturation degree over the samples. The patterns
are clearly related to the location of earlywood and
latewood layers. The high density, low porosity
latewood layers become saturated earlier than the
earlywood layers, thus attaining higher saturation
degrees. For example, after 140 min, while latewood
in sapwood reaches high saturation levels close to
100 %, the saturation degree in earlywood only ranges
between 20 and 50 %. The images also clearly show
that the water uptake in sapwood is faster compared
to heartwood. The last images show that, after
135–150 min, the liquid water is taken up until the
top of the sapwood samples, while quite a large part of
the heartwood samples still remains at low saturation
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degree, i.e. less than 20 %. We found that the average
moisture content of the sapwood samples after
5–14 min uptake (first images of sapwood) is quite
similar to the moisture content of the heartwood
samples after 133–150 min (last images of heartwood). The average moisture contents are respectively
180 kg/m3 in longitudinal, 140 kg/m3 in tangential
and 80 kg/m3 in radial directions. Although a similar
quantity of moisture is taken up in the sapwood and
heartwood sample pairs, the saturation degree distribution patterns are quite different. In sapwood, liquid
water moves throughout the samples, resulting in a
wetting of the whole sample in a few minutes. In
heartwood, liquid water accumulates in specific positions, following preferentially the latewood layers and
with higher saturation degrees building up at the
bottom of the samples.
Considering the results for longitudinal uptake in
more detail, we observe vertical layers with high
saturation degrees corresponding to the uptake in the
latewood layers. In sapwood, liquid water is quite
uniformly distributed over the earlywood layers,
although showing lower saturation degrees comparing
to latewood. This seems to indicate that liquid water
can be easily spread from the latewood layers to the
earlywood layers. In heartwood, moisture uptake at 30
and 140 min shows a triangular saturation degree
distribution, within one growth ring, indicating permeability gradient or preferential uptake in latewood
layers followed by a lateral transport from latewood
towards earlywood layers. Ray cells, which are
aligned in the direction perpendicular to liquid uptake,
may be the main structural features that allow this
lateral flow. The fast uptake in latewood may be
explained by the smaller diameter of the cell lumens
leading to higher capillary forces (according to
Laplace equation).
In the tangential direction, water uptake displays
also alternating high values in degree of saturation for
latewood and low values for earlywood, but showing
less contrast compared to what is seen in the longitudinal direction. Also, the jagged pattern is more
diffuse compared to the longitudinal direction. We
note that, in tangential direction, the lumens of cells
and rays are both oriented perpendicular to the uptake
direction. Liquid transport between different cells can
only occur through the pits in the radial walls, which
induce a resistance for flow. This explains the lower
uptake rate in tangential direction and the more
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t=5 min, MC=180 kg/m3

t=30 min, MC=309 kg/m3

t=140 min, MC=362 kg/m3

longitudinal

(a) sapwood

20

0

radial
t=5 min, MC=12 kg/m3

t=30 min, MC=79 kg/m3

t=140 min, MC=183 kg/m3

longitudinal

(b) heartwood

radial

Fig. 3 Spatial distribution of the moisture saturation degree in longitudinal uptake of a sapwood and b heartwood at 5, 30 and 140 min;
dashed lines in the first and second plots correspond to the location of the water level

(a) sapwood
t=30 min, MC=213 kg/m3

t=5 min, MC=36 kg/m3

t=30 min, MC=91 kg/m3

t=150 min, MC=400 kg/m3

tangential

t=14 min, MC=140 kg/m3

radial
t=134 min, MC=143 kg/m3

tangential

(b) heartwood

radial

Fig. 4 Spatial distribution of the moisture saturation degree in tangential uptake of sapwood (a), and heartwood (b) at 5–14, 30 and
134–150 min; dash lines in the first and second plots correspond to the water level

uniform distribution of the saturation degree. The
difference in degree of saturation between latewood
and earlywood can be explained by the higher

percentage of open bordered pits in latewood compared to earlywood, as known in literature [2, 21]. The
higher percentage of open pits in latewood can be
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t=6 min, MC=80 kg/m3

t=30 min, MC=221 kg/m3

t=135 min, MC=430 kg/m3

t=6 min, MC=28 kg/m3

t=30 min, MC=72 kg/m3

t=133 min, MC=83 kg/m3

radial

(a) sapwood
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tangential

radial

(b) heartwood

tangential

Fig. 5 Spatial distribution of the moisture saturation degree in radial uptake of sapwood (a), and heartwood (b) at 6, 30 and
133–135 min; dash lines in the first and second plots correspond to the water level

explained by the higher rigidity of the pit membranes
and of the cell wall in latewood which prevents the
aspiration of pits during drying from green state. On
the contrary, aspiration of pits occurs more often in
earlywood leading to a decrease in permeability. The
lower uptake rate in heartwood in tangential direction
compared to sapwood can be explained by the lower
degree of pit aspiration in sapwood than in heartwood
[26].
The degree of saturation distribution during radial
uptake shows a quite different pattern compared to the
longitudinal and tangential directions. We note that
the growth rings are here oriented perpendicular to the
uptake direction. In sapwood, it is observed that liquid
water moves up layer by layer, showing some staircase
jumps between growth rings. In heartwood, water
seems to accumulate only in the latewood layers,
almost leaping over the earlywood layers. Although
the ray cells are the only cells oriented in the direction
of uptake, that can explain this liquid transport, given
their size smaller than a pixel, we cannot from the
images recognize that rays become saturated. In
sapwood, we observe a horizontal flow in the earlywood layers, probably due to the abundant bordered
pits on the radial walls of earlywood cells which are
not aspirated in sapwood. However, observing small
zones of high saturation at the interface between the

latewood and earlywood layers of both sapwood and
heartwood, other mechanisms of water transfer may be
at play. The accumulation of moisture at the growth
ring interface may be explained by the interruption of
ray cells at the latewood/earlywood junction due to the
interruption of growth during the dormant period. This
interruption can act as an obstacle or resistance to
liquid transport along the ray cells, promoting the
spreading of water in the perpendicular direction along
the growth ring interface. Another reason for the
particular wetting pattern can be the presence of pits
on the tangential wall of latewood cells in the
transition zone [9] which can partially connect the
latewood and earlywood in the junction area allowing
radial flow. We explained the faster uptake in sapwood
by its lower degree of bordered pits aspiration,
resulting in a lower resistance for water flow.
3.2 Time dependent moisture content
and swelling profiles
From the images in Figs. 3, 4 and 5, moisture content
profiles along the sample height are determined by
averaging over a zone of 6 mm (70 pixels width) in the
middle of the sample. No information could be
collected for the area immersed in water, while the
profile at the end of the test comprises the whole
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Fig. 6 Moisture content
and swelling profiles at
different time steps during
water uptake of sapwood
and heartwood in
a longitudinal, b tangential
and c radial directions
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sample height. The resolution of moisture content is
0.07 kg/m3. The swelling strain in the x-direction is
also obtained using X-ray images at the beginning and
end of the experiment, and neutron images at the two
intermediate times. The results are shown in Fig. 6
where the vertical axis corresponds to the sample
height.
The moisture content profiles for water uptake in
longitudinal and tangential directions are rather uniform with higher moisture contents at the bottom of
the sample, which is in contact with free water. For
uptake in the radial direction, we clearly see the
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moisture content profiles following the location of
latewood and earlywood layers. It is remarkable that
the moisture content profile of the sapwood at the
beginning of the test (6, 14 and 5 min) is very similar
to the moisture content profile in heartwood at the end
of the neutron experiment. As mentioned in Sect. 4.1,
the sapwood samples at the beginning of the test (first
images) and heartwood samples at the end of the test
(last images) show similar average moisture contents
(i.e. 180, 140 and 80 kg/m3 for longitudinal, tangential
and radial directions, respectively), although the
moisture distributions are quite different between
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Fig. 7 Change in moisture content per area in contact with
water versus square root of time in sapwood and heartwood for
uptake in a longitudinal, b tangential and c radial directions;
circle markers indicate uptake based on neutron images dataset
of Figs 3, 4 and 5, continued lines are for the real time uptake
of the same sample in neutron beam, obtained from balance
mass and dash lines represent the results from repeat of the
experiments, on twin samples in laboratory

earlywood and latewood layers. Here we conclude that
although moisture content profiles obtained by averaging over a few growth rings can be similar in
sapwood and heartwood, the detailed distribution of
liquid water over earlywood and latewood layers can
be quite different.
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Fig. 8 Change in moisture content per area in contact with
water versus square root of time showing the three phases of
long term moisture uptake in laboratory in a longitudinal
b tangential c radial directions for five pine samples from
sapwood and five from heartwood

The swelling strain profiles in Fig. 6 follow the
tendencies observed in the moisture content profiles,
which reflects the linear relation between swelling
strain and moisture content variation. The strain
profiles are however much more uniform than the
moisture content profiles, as very wet layers, which
should have shown higher swelling strain, are
mechanically hindered by the drier layers undergoing
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less swelling. Internal mechanical restrains result in
these more gradual swelling strain profiles. The
internal mechanical restrain explains also that swelling strain profile for uptake in the radial direction
changes much more gradually than the moisture
content profile (Fig. 6c), which varies highly over
the sample height following the occurrence of earlywood and latewood layers. Earlywood layers showing
lower moisture contents and lower swelling coefficients will swell less than latewood layers, showing
higher moisture contents and higher swelling coefficients. We further notice that heartwood samples
display larger swelling strain gradients along their
height than sapwood. Heartwood showing a lower
uptake rate experiences a more uneven distribution of
moisture content with higher moisture contents and
consequently swelling strains in the lower part of the
specimen. In sapwood, liquid water spreads more
uniformly over the sample showing more uniform
swelling. We finally note that tangential swelling is
larger than the radial one, which is a known behavior
of wood.
3.3 Global water uptake versus time
The global water uptake test is a common characterization procedure of the liquid permeability of porous
media. An uptake curve is obtained by plotting the
total absorbed mass of water, as a result of the
capillary forces within the material, per sample area in
contact with liquid versus the square root of time. The
slope of this curve is the water absorption coefficient,
kg/(m2s1/2). Figure 7 gives the uptake curves for the
short term experiments, while Fig. 8 shows the long
term results. The lines with circular markers correspond to neutron results. The datasets used in Figs. 3,
4 and 5 are marked by the time of measurement. Lines
show the balance results taken during the short term
experiments (continuous lines) or results of the two
repeats in the laboratory (dash lines) as explained in
Sect. 2.2. In Fig. 8, laboratory results for the five
samples of each wood type in each orthotropic
direction are presented.
Figure 7 shows a good agreement between most of
the neutron and balance data, validating the procedure
for quantifying the moisture content from the neutron
images. We observe some scatter between the neutron
and control samples, which is common for natural
materials like wood. Sapwood clearly shows a faster
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liquid uptake compared to heartwood. A rather linear
behavior during the first phase in the uptake process is
observed. A change of slope in the sapwood uptake
curve indicates the end of this first uptake phase.
Comparison with neutron images indicates that the
end of the first phase corresponds to the moment the
water front in latewood reaches the top of the sample.
Due to the slow uptake of the heartwood, the time for
liquid water to reach the top of the samples is larger
than the duration of the neutron experiments and no
change of slope is observed in Fig. 7.
In the long term results (Fig. 8), three main phases
with different slopes in the uptake curve can be
recognized. The slope of the first phase is very high
compared to the other phases and is characterized by
preferential uptake in latewood until liquid water
reaches the sample top. The uptake rate is highest in
longitudinal direction. The uptake rate is lower for
heartwood than for sapwood. The first phase for
heartwood in tangential and radial directions lasts
much longer showing a lower uptake rate. The second
phase is characterized by a very low uptake rate. In this
phase, two phenomena occur: (1) liquid water is taken
up from the latewood lumens into the cell walls, which
act as moisture sinks and (2) liquid water is redistributed in direction perpendicular to liquid uptake
direction from latewood to earlywood. The uptake
rate in this phase is similar in all directions, somewhat
higher in sapwood than in heartwood. In tangential and
radial directions, the second phase ends after 14 days
(1,100 sec1/2), while, in longitudinal direction, the
second phase continues until the end of experiment.
The slight difference between the tangential and radial
uptakes curves in the second phase seems to indicate
that the water uptake encounters almost similar
resistances in these directions, in contrast to the
uptake in longitudinal direction. The third phase has
an almost horizontal slope indicating the sample is
almost totally saturated, except maybe for some air
dissolution in air entrapped regions.

4 Conclusion
The liquid water uptake process in sapwood and
heartwood of pine was studied using neutron imaging
and gravimetry. The water uptake is slower in
heartwood than sapwood for the three orthotropic
directions. The images of liquid saturation show that
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the uptake process in sapwood is more homogeneously
distributed, while, in heartwood, it occurs preferentially in latewood regions. Latewood cells, with
smaller cell lumens and thicker cell wall than earlywood cells, act as preferential pathways for longitudinal and tangential uptake in both sapwood and
heartwood. Lower aspiration of bordered pits could
explain the increased uptake rate of latewood compared to earlywood layers as well in sapwood compared to heartwood. The secondary laterally spread of
liquid water from latewood to the earlywood indicates
the transport occurring partially through the ray cells.
In radial direction, the border between growth layers
can retard the moisture transport, due to the interrupted rays at that location, leading to a tangential flow
in earlywood layers. Three phases in the uptake
process can be identified. In the first phase liquid water
occurs preferentially in latewood lumen until the water
front attains the top of the specimen. In a second phase
characterized by a much lower uptake rate, water is
taken up by the cell walls and distributed from
latewood to earlywood. In the third phase the sample
becomes almost saturated, except for some air dissolution in air entrapped regions. The main difference
between sapwood and heartwood lies in the first phase,
where heartwood shows a significantly lower and
longer uptake than sapwood, especially in transversal
directions.
The first uptake phase results provide a novel
characterization of the differences between sapwood
and heartwood, giving indications on the permeability
and eventually giving insights on the durability and
treatability of each wood type.
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