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� The importance of wood in outdoor
applications is increasing.

� Durability of wood is predominantly
influenced by inherent durability and
wetting ability.

� There is no standard procedure for
assessment of wetting ability.

� Wetting ability changes during
weathering.
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After the durability of wood against wood decay fungi, its water performance is the next most important
factor that influences the performance of wood in outdoor, above-ground applications. It is therefore of
major importance to optimize methods that are able to predict the moisture behaviour of wood in out-
door applications. In order to elucidate these questions, samples were prepared from European oak
(Quercus robur/Q. petraea), sweet chestnut (Castanea sativa), European larch (Larix decidua), Scots pine
heartwood and sapwood (Pinus sylvestris), Norway spruce (Picea abies) and beech (Fagus sylvatica). The
moisture performance of the samples was altered by thermal modification, wax, oil and biocide treat-
ment. Two types of specimens were prepared; smaller specimens (1.5 � 2.5 � 5.0 cm) were exposed to
natural weathering for three periods (9, 18 and 27 months) and subsequently analyzed in the laboratory
with various methods (contact angle, short- and long-term water uptake and water vapor uptake). In par-
allel, bigger specimens (2.5 � 5.0 � 50 cm) were exposed outdoors in a monolayer exposure and
equipped with moisture monitoring sensors for 18 months. Water performance of wood could change
as a result of weathering, being the most evident at thermally modified wood, where the decrease of
the moisture performance was the most evident. The results of the study clearly showed that the water
performance of the majority of the materials decreased with natural weathering. These results indicate
that in order to elucidate the moisture performance of wood fully, a variety of laboratory tests needs
to be applied, relating to both liquid water performance and water vapour interactions with wood.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Wood is one of the most important building materials world-
wide. In recent years, the use of wood in above-ground applica-
tions, particularly in Use Class 2 (outside, not in ground contact,
covered) and Use Class 3 (outside, not in ground contact, not cov-
ered) applications [10] has increased considerably [23,26]. Modern
trends stimulate the use of wood even in applications for which
wood has not been traditionally used (bathrooms and multi-
story buildings). In the past, predominantly durable species from
the tropics and preservative-treated wood have been used for out-
door applications [5]. Due to increased environmental awareness,
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suppliers and end users are looking for alternatives. The develop-
ment of a new generation of wood-based materials has enabled
the use of less durable wood in applications with higher relative
humidity [13,35].

In order to increase the use of wood further, we need to develop
models for service life prediction and integrate them into building
information modelling (BIM) software. Reliable information
regarding service life, maintenance intervals, visual appearance
etc. is nowadays a must. If these data are not provided, it could
result in reduced selection of wood by architects and investors.
One of the important factors that contributes to overall perfor-
mance is durability. In the past, the durability of wood was mainly
related to its inherent durability [34,7], which reflects the presence
of biologically active secondary metabolites (extractives) [33,30]
and/or biocides [19]. However, recent reports indicate that the ser-
vice life of wood above ground is strongly influenced (in addition
to its durability against fungi) by its water exclusion efficacy
[31]. Both parameters contribute to the overall performance of
wood in above-ground applications [22], so both of them require
scientific attention. This is also one of the reasons for the improved
performance of modified wood [29].

The moisture performance of wood is a complex phenomenon
and is a function of sorption properties, capillary water uptake in
various directions, the contact angle of water on the surface, water
release during drying etc. [24,6]. The interactions between water
and wood must hence be investigated with a variety of methods
[14]. Another question is how the moisture performance changes
with aging and/or weathering.

Moisture performance is usually determined on freshly
cut/modified/impregnated wood [22]. It is well known that
moisture performance can change during the wood’s service life.
For example, there have been numerous reports about the excel-
lent moisture performance of freshly thermally modified wood
[13], but which deteriorates after exposure in Use Class 3.2 condi-
tions, resulting in increased water uptake [16,32,36]. Deteriorated
moisture performance has mostly been ascribed to micro-cracks
and to bacterial degradation of pit membranes and blue staining
[28]. The primary objective of this study was thus to monitor the
moisture performance of various wood species (and treatments)
before and after weathering, and to compare the moisture perfor-
mance of weathered smaller specimens with long term moisture
measurements.
2. Material and methods

2.1. Material

The wood species chosen for this study are important in central Europe: oak
heartwood (Quercus sp.), sweet chestnut heartwood (Castanea sativa), European
larch heartwood (Larix decidua), Scots pine heartwood and sapwood (Pinus sylves-
tris), Norway spruce (Picea abies) and beech (Fagus sylvatica) wood (Table 1). Scots
pine and beech were chosen as reference for wood with poor performance in Eur-
ope. Norway spruce was included because spruce is the most important wood spe-
cies for construction applications in Europe and serves as the reference in some
novel models for service life prediction [22]. The performance of spruce wood is
much better than that of Scots pine sapwood, presumably due to its better water
exclusion efficacy, being ascribed to: aspirated bordered pits and the anatomy of
the ray parenchyma. Larch wood, on the other hand, is one of the first choices of
architects for decking applications in Central Europe. English oak was included as
one of the commercially important durable species, and sweet chestnut served as
control. Sweet chestnut has a similar anatomical structure to oak (ring porous
wood) but better durability. Specimens were defect-free, without visible signs of
decay or blue staining, as prescribed in European standard EN 113 [8]. We prepared
two different types of specimens; smaller specimens (1.5 cm � 2.5 cm � 5.0 cm)
were used for assessment of moisture performance in the laboratory, while bigger
(2.5 cm � 5.0 cm � 50.0 cm) samples were used for monitoring wood moisture con-
tent. Some of the materials were subsequently treated with various solutions or
thermally modified. The materials used are classified into various durability classes
according to EN 350 standard [11]; sweet chestnut is classified as a durable species
(2nd durability class (DC)), oak heartwood is classified as durable to slightly durable
(2nd–4th DC), European larch and Scots pine are moderately durable species (3–4rd
DC). Norway spruce is classified as slightly durable (4–5th DC), beech and Scots pine
sapwood are classified as not durable species (5th DC) (Table 1).

2.2. Impregnation and modification of wood

Some selected wood species (Table 1) were treated with commercial treatments
frequently used for wood in outdoor applications. Seventeen different materials
were prepared for this experiment. In total, 646 specimens were prepared, includ-
ing 2 parallel specimens for each material exposed outdoor for MC measurements
(2.5 � 5.0 � 50 cm3), and smaller specimens used for lab trials (9 specimens per
exposure (3 exposures + non-exposed samples); 36 specimens per single material).
Details about wood materials used for the different treatments are provided in
Table 1.

Thermal modification was performed according to the commercial Silvapro�

process [27]. This process is characterized by a vacuum in the first step, as the main
mode of removing oxygen from the chamber. Modification of wood was performed
for 3 h at 230 �C on Norway spruce and at 215 �C on beech wood. These modifica-
tion temperatures are frequently used in industrial processes for the relevant wood
species. The entire process took 24 h. The process was controlled through temper-
ature sensors mounted inside the small specimens. After modification, the speci-
mens were conditioned for four weeks under laboratory conditions (T = 23 �C;
RH = 65%). In order to upgrade the wood properties (durability, hydrophobicity),
wood samples were treated with various solutions, including (1) a 10% natural
wax suspension mixed with distilled water [21]; (2) tung oil [17]; and (3) a com-
mercial copper-ethanolamine formulation (CuEA) (Silvanolin, Silvaprodukt) that
contains five ingredients: copper(II) hydroxide, ethanolamine, quaternary ammo-
nium compound, octanoic acid and boric acid [18] (Table 1). The concentration of
active ingredients and consequent retention conformed to Use Class 3 requirements
(aboveground and uncovered [10]). Wax emulsion and tung oil were chosen to
improve the hydrophobic properties of wood, while copper treatment was selected
to improve the fungicidal properties of non-durable wood [4].

Impregnation with all treatment solutions was performed according to the full
cell process, i.e., 30 min vacuum (80 mbar), 120 min pressure (9 bar), 15 min vacuum
(80 mbar) and 20 min soaking. Uptakes of the treatment solutions were determined
gravimetrically. Specimens were conditioned for four weeks after impregnation.

2.2.1. Outdoor exposure
Specimens were exposed to outdoor weathering in the field test site of the

Department of Wood Science and Technology, Biotechnical Faculty, Ljubljana,
Slovenia (N 46�02055.400 , E 14�28044.600 , 300 m above sea level). The first set of mate-
rial (Out A) was exposed from January 2014 to October 2014. The second set of
material (Out B) was weathered for 18 months, from January 2014 until August
2015, while the third set (Out C) of specimens was isolated after 27 months of expo-
sure (May 2016). Larger parallel specimens were exposed somewhat later (October
2015) and analysed after 18 months.

2.3. Contact angle measurements

The sessile drop method was used to determine the contact angles of distilled
water on the surfaces of specimens, using a Theta optical tensiometer from Biolin
Scientific Oy (Espoo, Finland). After calibration, the goniometer microscope was
focused and adjusted on the image of a drop. The contact angles were measured
in Young-Laplace contact angle analysis mode in OneAttension software version
2.4 (r4931) (Biolin Scientific). The shapes of drops were observed in an optical
goniometer and recorded by a digital camera installed in the axial extension of
the lens [15]. Droplets of 4 lL were applied at three different places 10 mm apart
from each other on the radial surface of five parallel specimens. In total, 30 contact
angles were determined per material/aging procedure. The image recording was set
for 62 s (15 FPS), and the time when the contact angles started to be calculated (0 s)
was after detachment of the dispenser tip from the drop, which happened approx-
imately 2 s after the first contact of the drop with the substrate. The measurements
were taken at a constant temperature of 23 �C.

2.4. Short-term capillary water uptake test

The measurements were carried out at room temperature (23 �C) at a relative
humidity (RH) of 50% ± 5% on a Tensiometer K100MK2 device (Krüss, Germany),
according to modified [9] standard (1997), after conditioning at 20 �C and 65% RH
until constant mass. The axial surfaces of the specimens were positioned to be in
contact with water, and their masses were subsequently measured continuously
every 2 s for 200 s after 1 mm immersion in water. Based on the final weight of
the immersed sample and the square surface of the axial surface of specimens,
the uptake of water was calculated in grams per square centimetre.

2.5. Long-term water uptake test

Long-term water uptake was based on the EN 1250-2 standard leaching proce-
dure [12]. Before the test, specimens were oven dried at 103 ± 2 �C until constant



Table 1
Materials and treatments used in respective experiments.

Wood species Scientific Name Treatment Abbrev. Durability class (EN 350, (2015)

Wood Thermal modif. Cu-EA Wax Tung Oil

Oak Quercus x Q 2–4
Sweet chestnut Castanea sativa x Cs 2

European larch Larix decidua x Ld 3–4
x x LdOl

Scots pine Pinus sylvestris x PsH 3–4

Norway spruce Picea abies x Pa 4–5
x x PaTm
x x PaCu
x x x PaTmCu
x x PaWa
x x PaOl
x x x PaTmWa
x x x PaTmOl

Beech Fagus sylvatica x Fs 5
x x FsTm
x x x FsTmWa

Scots pine (sapwood) Pinus sylvestris x PsS 5
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mass and weighed to determine the oven-dry mass. Dry wood blocks were placed in
a glass jar and positioned with weights to prevent them from floating; 100 g of dis-
tilled water was then added per specimen. The water was replaced six times on five
subsequent days, as prescribed by the standard. The mass of the specimens was
determined after 1, 3, 7, 16, 24, 48, and 95 h, and the moisture content (MC) of
the samples was calculated. Because there was a large amount of data, the results
are only reported as average moisture content after 1 and 24 h of soaking in dis-
tilled water. These values were the most descriptive.
2.6. Water vapour uptake

In addition to liquid water uptake, wood also absorbs water from the air. An
experiment was performed to determine the performance of wood in a climate with
high relative humidity. Specimens were oven-dried at 103 ± 2 �C to a constant mass
and weighed to determine the oven-dry mass. The specimens were stacked in a
glass climate chamber with 98% humidity. Specimens were positioned on plastic
mesh above water using thin spacers [2]. After 24 h of exposure, they were weighed
again and their moisture content was calculated. Specimens were then left in the
same chamber for an additional 3 weeks until a constant mass was achieved.
2.7. Wood moisture monitoring

Moisture content (MC) of wood was monitored on larger specimens
(2.5 cm � 5.0 cm � 50 cm) exposed above ground in a mono layer exposure. MC
was determined with resistance measurements. Insulated electrodes (stainless steel
screws) were applied in the centre of specimens and linked to a moisture monitor-
ing device, which enables wood MC measurements between 6% and 60% (Gigamod-
ule, Scanntronik). Moisture content was recorded twice a day, at midnight and
noon, similar as reported [3,25].
2.8. Data analysis

Results were analyzed with MS Excel. Data are presented as absolute values,
index and rank. Due to the limited space, standard deviations are not provided.
The idea of the index value was to easily illustrate changes of respective parameter
during weathering. Values obtained at control samples are always considered as
one. If the respective parameter increases, index decreases and vice-versa. As there
is no standard criteria available for moisture performance, we have decide to rank
the samples from the best one (rank 1), to the worst one (17).
3. Results and discussion

The prime objective of this study were not to describe the prop-
erties of the tested materials but to determine the water perfor-
mance before and after weathering. The tests are described in
order. The majority of the tests elucidated the interaction between
liquid water and wood. Results are presented as ranks and in abso-
lute values. However, ranks were not always sufficient to describe
the weather performance, as there might be rather small differ-
ences between the materials, so absolute values should be always
kept in mind.

3.1. Contact angle

The first test was the contact angle test. The contact angles
between water and wood after one second are reported in Table 2.
High contact angles indicate better hydrophobicity and, in general,
better moisture performance. As can be seen from Table 2, the
highest contact angle was determined on spruce wood treated
with wax emulsion (PaWa; 115.1�). A fairly high contact angle
was determined on wax treated thermally modified beech
(FsTmWa; 113.5�) and spruce (Pa; 108.8�). However, the lowest
contact angles were measured on copper preservative treated
materials (PaCu; 87.9� and PaTmCu; 72.6�). The copper-based
preservative used contains quaternary ammonium compounds,
which act as surfactants and consequently influence the contact
angle [18]. However, the first 9 months of weathering was suffi-
cient to notice the first differences. The chemical differences of
the wood surface have already been described in detail [35]. On
average, contact angles decreased by 20% after weathering. How-
ever, the change of the contact angles was not uniform. For exam-
ple, the contact angle on wax treated wood did not decrease but
increased and remained stable during the next periods of weather-
ing. One of the components of wax emulsion is an emulsifier,
which has a negative influence on hydrophobicity but was leached
from the wood during the weathering procedure, which had a pos-
itive effect on the contact angle. On the other hand, the contact
angle of water on other materials sooner or later started to
decrease. The most pronounced deterioration was determined on
copper preservative treated spruce wood (PaCu), with which the
contact angle decreased from 87.9� to 8.5�. A fairly notable
decrease was also determined on oak wood (Q), Scots pine heart-
wood (PsH) and thermally modified spruce wood (PaTm). Another
important indicator with high practical value is the rank of the
material within a specific aging period. Among the tested materi-
als, the highest rank was determined for wax treated spruce
(PaWa), thermally modified beech (FsTmWa) and thermally modi-
fied spruce wood (PaTmWa).

3.2. Short-term capillary water uptake

Short-term water uptake is an indication of water penetration
in an axial direction. Although the axial plane represents a fairly



Table 2
Contact angle between water and wood surface after 1 s for various aged and non-aged wood based materials. In addition, the
index represents changes in the short-term water uptake with aging. The rank of the materials after each period of aging is also
expressed. A darker cell background indicates a lower rank.

Out A: 9 months of weathering; Out B: 18 months of weathering; Out C: 27 months of weathering.
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small proportion of wood in outdoor applications, it is one of the
most important pathways for water penetration into wood, and
one of the weakest points in terms of fungal infection. The suscep-
tibility of wood to uptake water in an axial direction increases with
weathering. The highest relative increase appears on materials that
take up the smallest amount of water before weathering, since
even the smallest increase results in an extreme change of the
index. For example, oil treated spruce had a water uptake of
0.001 g/cm2; after 27 months of weathering the water uptake
increased to 0.122 g/cm2, which can be expressed as a 12200%
increase, but this uptake qualifies oil treated spruce as one of the
6 best performing materials after 27 months of weathering, consid-
ering short-term water uptake only. If only the ranks of the tested
Table 3
Short term water uptake determined by tensiometer with variou
index represents the changes in short-term water uptake with agin
expressed. A darker cell background indicates a lower rank.

Out A: 9 months of weathering; Out B: 18 months of weathering
materials are considered, then the best performing material after
27 months of weathering was wax treated thermally modified
beech (FsTmWa). FsTmWa was thus found to be the best perform-
ing material, regardless of the weathering period. All wax treated
materials performed similarly well. On the other hand, the oppo-
site relationship was noted with thermally modified spruce
(PaTm). PaTm performed best before weathering, absorbing only
0.001 g/cm2 water. After 27 months of weathering, short term
water uptake into weathered material increased to 0.562 g/cm2,
which makes thermally modified spruce one of the worst perform-
ing materials after weathering. A similar effect was also evident
with thermally modified beech (FsTm) (Table 3). This clearly con-
firms previous observations of the negative effect of weathering
s aged and non-aged wood based materials. In addition, the
g. The rank of the materials after each period of aging is also

; Out C: 27 months of weathering
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on the moisture performance of thermally modified wood [16,32].
The other poor performing material was Scots pine sapwood (PsS).
However, the low moisture performance of Scots pine sapwood is
already well known [22].

There was a correlation between contact angle measurements
and short-term water uptake data; higher contact angles resulted
in lower water uptakes. The correlation coefficient for control spec-
imens was �0.66, for specimens exposed for 9 months (Out A) it
was �0.86, for specimens exposed for 18 months (Out B) it was
�0.87, while this coefficient started to decrease, to �0.49, with fur-
ther aging (Out C).
3.3. Long-term water uptake tests

Water uptakes determined after 1 h of immersion are reported
in Table 4. This parameter was very similar to short-term water
uptake, since both tests are based on the same principle, i.e., cap-
illary water uptake. Similarly as already reported, the moisture
performance of oil (PaOl, PaTmOl) and wax (PaWa, PaTmWa,
FsTmWa) treated materials improved after weathering, while the
performance of other materials deteriorated. The highest loss of
performance was noted on thermally modified spruce (PaTm)
and beech (FsTm). For example, the MC of non-weathered control
specimens (PaTm) after one hour of immersion was 12.9%, while
after 27 months of weathering the MC reached 78.2% (Table 4).
This is also reflected in the rank of each material. The rank of ther-
mally modified spruce decreased from 8th to 17th. A similar but
Table 4
Water uptake after 1 h of immersion with various aged and non-ag
changes in short-term water uptake with aging. The rank of the m
cell background indicates a lower rank.

Out A: 9 months of weathering; Out B: 18 months of weathering

Table 5
Correlation between water uptake after 1 h of immersion and contact angle measuremen
wood based materials.

Weathering Contact angle

Control Out A O

Water uptake after 1 h Control �0.31
Out A �0.73
Out B �
Out C
less pronounced decrease can also be noted with thermally modi-
fied beech.

A comparison of methods for assessment of water performance
is shown in Table 5. The correlation between short-term uptake
and water uptake after 1 h is better than between contact angle
and water uptake. This result is understandable, since contact
angle reflects the surface characteristics only, while short-term
uptake and MC after immersion reflect the permeability of the
specimens. It should be noted that the axial planes of the speci-
mens were not sealed, so axial planes make a considerable contri-
bution to the water uptake of specimens. As can be seen from
Table 5, the correlation between short-term uptake and MC after
immersion ranged between 0.97 (Out B) and 0.84 (Out C). There
are only two outliers: Scots pine heartwood (PsH) and sapwood
(PsS).

MCs after 24 h of immersion were considerably higher than
after 1 h of immersion. For example, the MC of spruce wood (Pa)
after 1 h of immersion was 37.1%, and increased up to 64.2% after
an additional 23 h (Table 6). Similarly as already reported, the MC
of specimens increased with prior weathering. However, the influ-
ence of weathering on water uptake after 24 h was less pro-
nounced than determined by other methods. Weathering is more
of a surface phenomenon, so it has a higher influence in the
short-termwater uptake tests. In the long-term water uptake tests,
the central parts of specimens were also soaked, so the overall
effect of weathering on water uptake after 24 h was less evident.
This increase was most pronounced on thermally modified spruce
(PaTm) and beech (FsTm). The water performance of wax treated
ed wood based materials. In addition, the index represents the
aterials after each period of aging is also expressed. A darker

; Out C: 27 months of weathering

ts and short-term water uptake in relation to various weathered and non-weathered

Short-term water uptake

ut B Out C Control Out A Out B Out C

0.87
0.92

0.80 0.97
�0.52 0.84
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specimens (PaWa, PaTmWa, FsTmWa) did not deteriorate; it even
improved. Weathered wax treated specimens took up less water
than control, non-weathered ones. The reasons for this phe-
nomenon have already been explained.
Table 6
Water uptake after 24 h of immersion with various aged and non-
the changes in the short-term water uptake with aging. The rank o
darker cell background indicates a lower rank.

Out A: 9 months of weathering; Out B: 18 months of weathering

Table 7
Correlation between water uptake after 24 h of immersion and some other water performa

Weathering Contact angle

Con. Out A Out B Out C

Water uptake after 24 h Con. �0.39
Out A �0.77
Out B �0.81
Out C �0.60

Table 8
Moisture content after 24 h of conditioning at 98%-100% of variou
index represents the changes in the short-term water uptake with
also expressed. A darker cell background indicates a lower rank.

Out A: 9 months of weathering; Out B: 18 months of weathering
As expected, there was an excellent correlation determined
between water uptake after 1 h and 24 h of immersion. This corre-
lation was evident with control (0.89) and weathered specimens.
The highest correlation was determined with specimens weath-
aged wood based materials. In addition, the index represents
f the materials after each period of aging is also expressed. A

; Out C: 27 months of weathering

nce tests performed on various weathered and non-weathered wood based materials.

Short-term water uptake MC after 1 h

Con. Out A Out B Out C Con. Out A Out B Out C

0.77 0.89
0.95 0.97

0.96 0.98
0.83 0.97

s aged and non-aged wood based materials. In addition, the
aging. The rank of the materials after each period of aging is

; Out C: 27 months of weathering



Table 11
Correlation between MC after three weeks of conditioning at 98% RH and other water
performance tests performed on various weathered and non-weathered wood based
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ered for 18 months (Out B; 0.98) (Table 7). There was also a fairly
good correlation determined between other methods Table 8.

3.4. Water vapour uptake

Moisture content and, consequently, the moisture performance
of wood during outdoor exposure is determined by the uptake of
liquid water and water vapour. The water vapour uptake into wood
was therefore also determined. The lowest MC of control speci-
mens was determined on oil-treated and thermally modified wood
specimens. It appears that the film of oil acts as a barrier, which
prevented the diffusion of water vapour into the wood specimens.
The reduced sorption properties of thermally modified wood are
well known and have been reported in previous studies [32]. Sur-
prisingly, the sorption properties of weathered wood changed, as
Table 9
Correlation between MC after 24 h of conditioning at 98% RH and other water
performance tests performed on various weathered and non-weathered wood based
materials.

Weathering MC after 24 h of conditioning at
98% RH

Control Out A Out B Out C

Contact angle Control �0.23
Out A �0.80
Out B �0.72
Out C �0.44

Short term water uptake Control 0.61
Out A 0.84
Out B 0.85
Out C 0.70

MC after 1 h immersion Control 0.70
Out A 0.81
Out B 0.83
Out C 0.75

MC after 24 h immersion Control 0.82
Out A 0.86
Out B 0.89
Out C 0.85

Table 10
Moisture content after 3 weeks of conditioning at 98%-100% of vari
index represents the changes of the short-term water uptake with
also expressed. A darker cell background indicates a lower rank.

Out A: 9 months of weathering; Out B: 18 months of weathering
reported for capillary water uptake tests; weathered wood
absorbed more water vapour than non-weathered. Despite that,
wax-treated (PaWa, PaTmWa, FsTmWa) and oil-treated woods
(LdOl, PaOl, PaTmOl) always performed best and were ranked
among the 6 best performing materials in the group of weathered
materials. The highest MC after 24 h of conditioning at 98% RH was
determined with copper-treated spruce, presumably because of
the hygroscopic nature of copper and boron compounds [20] in
the preservative used.

The correlation between water vapour uptake and other water
performance measures is shown in Table 9. It is rather surprising
that water vapour uptake correlated with the majority of the
ous aged and non-aged wood based materials. In addition, the
aging. The rank of the materials after each period of aging is

; Out C: 27 months of weathering.

materials.

Weathering MC after 3 weeks of conditioning
at 98% RH

Control Out A Out B Out C

Contact angle Control �0.22
Out A �0.60
Out B �0.48
Out C �0.22

Short term water uptake Control 0.70
Out A 0.53
Out B 0.50
Out C 0.40

MC after 1 h immersion Control 0.75
Out A 0.52
Out B 0.47
Out C 0.35

MC after 24 h immersion Control 0.71
Out A 0.55
Out B 0.56
Out C 0.48

MC after 24 h of
conditioning at 98% RH

Control 0.59
Out A 0.75
Out B 0.71
Out C 0.77



Table 13
Correlation between MC determined through continuous moisture monitoring
outdoors and different water performance laboratory tests determined on various
weathered and non-weathered wood based materials.

Weathering MC during outdoor exposure

1–3 m 1–12 m 12–18 m

Contact angle Control �0.28
Out A �0.48
Out B �0.56 �0.63
Out C �0.36

Short term water
uptake

Control 0.68
Out A 0.51
Out B 0.57 0.72
Out C 0.79

MC after 1 h immersion Control 0.65
Out A 0.68
Out B 0.64 0.73
Out C 0.75

MC after 24 h
immersion

Control 0.46
Out A 0.57
Out B 0.60 0.69
Out C 0.71

MC after 24 h of
conditioning at 98%
RH

Control 0.21
Out A 0.42
Out B 0.37 0.47
Out C 0.52

MC after 24 h of
conditioning at 98%
RH

Control 0.43
Out A 0.48
Out B 0.44 0.40
Out C 0.35
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methods for assessment of water performance. This indicates that
similar factors influence liquid water and the water and water
vapour interactions with wood.

3.5. Wood moisture monitoring outdoors

The same specimens that were used for assessment of MC after
24 h of conditioning (RH24h), were used for a test lasting 3 weeks
(Table 10). Similarly as reported for the RH24h test, the lowest MC
was determined on thermally modified wood treated with oil
(PaTmOl) (5.9%). Oil was also effective on spruce wood (PaOl). Ther-
mally modified wood absorbs less water and acts synergistically
with the oil treatment. As well as oil, wax caused lower MC values
after 3 weeks of conditioning, too. The highest MC of
non-weathered wood was determined on Scots pine (PsS; 18.7%).
In contrast to themajority of other tests, the influence ofweathering
on the sorption properties was fairly uniform. TheMC of the weath-
ered specimens was higher by 20% up to 90%. Differences between
otherwater performance testsweremore pronounced. One possible
explanation for this is that weathering is a surface phenomenon. On
the other hand, all parts of thewood, surface and interior, contribute
to the sorption properties. Since the interior represents the major
part, the influence of weathering is less pronounced.

As can be seen from Table 11, the moisture content of wood that
was conditioned above water for three weeks, does not correlate
with other moisture performance tests relating to specimens that
were exposed to a water saturated climate for 24 h. As expected,
the best correlation was for the two water vapour tests.

However, the most important question was how the moisture
content of wood determined in the laboratory correlated with out-
door data, as reported in Table 12. Since we were unable to obtain
moisture measurement data for non-weathered specimens out-
doors, data from the first three months were taken as a starting
point. An analysis was performed for the first year of exposure,
the period between 12 and 18 months of exposure, and the total
period of exposure. Even if the samples exposed for longer periods
were exposed to all seasons, the weather in the exposure periods
were not fully comparable. It should be considered, that at least
samples exposed for longer period, were exposed to all seasons,
and the whole spectra of weather events in temperate climate.
Table 12
Moisture content after 3 weeks of conditioning at 98%-100% of vari
index represents the changes of the short-term water uptake with
also expressed. A darker cell background indicates a lower rank.
Similarly as in the laboratory tests, wax treated thermally mod-
ified wood performed best during all periods of outdoor exposure.
In contrast to all the lab tests, the third best performing material
was oak (Q). The excellent moisture performance of oak exposed
outdoors has already been reported [1]. Although oak and sweet
chestnut have similar anatomical structures, the water perfor-
mance of oak in outdoor tests was much better than that of sweet
chestnut. The average MC of oak samples was 13.8%, while sweet
chestnut reached 18.6% (Table 12). The highest total MC was
determined on Scots pine wood (PsS; 38.1%). The average MC of
ous aged and non-aged wood based materials. In addition, the
aging. The rank of the materials after each period of aging is



Fig. 1. Correlation between average ratings of the various weathered wood based materials determined in the laboratory (laboratory rating) and ratings of the same materials
determined based on continuous moisture measurements during the 12th and 18th months of weathering. The legend for abbreviations of the materials is the same as for
Table 1.
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wood at the end of the test was about 50% higher than the MC of
wood samples in the first three months. The highest increase
was determined on thermally modified spruce wood samples
(PaTm – 46%) and thermally modified beech (FsTm – 48%). This
can also be seen in the ranking of the wood samples. The rank of
thermally modified spruce at the beginning was 10 and it
decreased to 15. In contrast, wax treated thermally modified beech
(FsTmWa) was always ranked first.

In the next step, we were interested in how the different meth-
ods for assessment of water performance in the laboratory corre-
lates with outdoor measurements. It can clearly be seen that the
capillary methods (short-termwater uptake and immersion) corre-
late much better with MC determined outdoors than contact angle
measurements and methods based on water vapour (Table 13).
This is evident for both non-weathered control specimens and
weathered ones.

In order to combine the various laboratory water performance
methods, we calculated the average of the ranks of the samples
and compared them with the ranks determined in outdoor tests.
We tried combinations of various factors, and the best result was
achieved if short-term water uptake, MC after 1 h and 24 h of
immersion, and MC after 24 h of conditioning at 100%RH were con-
sidered as the output from the laboratory measurements. As
shown in Fig. 1, the correlation between the rating based on the
laboratory tests and the rating based on the outdoor moisture
monitoring is fairly good (R = 0.87). This result clearly indicates
that various tests need to be performed to assess outdoor moisture
performance. These tests need to consider short- and long-term
water penetration, as well as water vapour tests.
4. Conclusions

In order to elucidate the moisture performance of wood fully, a
variety of laboratory tests need to be applied. These tests should
consider capillary water and water vapour interactions with wood.
Weathering has a considerable influence on the water perfor-
mance of wood. The water performance of most materials deterio-
rates with weathering. This was proven with laboratory tests, as
well as with outdoor moisture content measurements.

The highest deterioration of water performance was deter-
mined on thermally modified wood. This was confirmed in the
lab and in the field trials.

In order to predict the behaviour of wood in outdoor exposure
using laboratory tests, the tests need to be performed on control
and on previously weathered specimens.
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538 M. Žlahtič-Zupanc et al. / Construction and Building Materials 193 (2018) 529–538
[4] C. Civardi, M. Schubert, A. Fey, P. Wick, F.W.M.R. Schwarze, Micronized copper
wood preservatives: efficacy of ion, nano, and bulk copper against the brown
rot fungus Rhodonia placenta, PLoS One 10 (2015) e0142578.

[5] M. Connell, Issues Facing Preservative Suppliers in Changing Market for
Treated Wood, COST E 22, Brussels, Belgium, 2004.

[6] I. De Windt, W. Li, J. Van den Bulcke, J. Van Acker, Classification of uncoated
plywood based on moisture dynamics, Constr. Build. Mater. 158 (2018) 814–
822.

[7] R.A. Eaton, M.D.C. Hale, Wood – Decay, Pests and Protection, Chapman and
Hall, London, 1993.

[8] EN 113, Wood Preservatives - Test Method for Determining the Protective
EffectivenessAgainstWood-DestroyingBasidiomycetes. Determination of Toxic
Values, European Committee for Standardization, Brussels, Belgium, 2004.

[9] EN 1609, Thermal Insulating Products for Building Applications -
Determination of Short Term Water Absorption by Partial Immersion,
European Committee for Standardization, Brussels, Belgium, 1997.

[10] EN 335, Durability of Wood and Wood-based Products—Use Classes:
Definitions, Application to Solid Wood and Wood-based Panels, European
Committee for Standardization, Brussels, Belgium, 2013.

[11] EN 350, Durability of Wood and Wood-based Products—Testing and
Classification of the Resistance to Biological Agents, the Permeability to
Water and the Performance of Wood and Wood-based Materials, European
Committee for Standardization, Brussels, Belgium, 2015.

[12] ENV 1250-2, Wood Preservatives – Methods for Measuring Losses of Active
Ingredients and Other Preservative Ingredients From Treated Timber – Part 2:
Laboratory Method for Obtaining Samples for Analysis to Measure Losses by
Leaching into Water or Synthetic Sea Water, European Committee for
Standardization, Brussels, Belgium, 1994.

[13] B. Esteves, H.M. Pereira, Wood modification by heat treatment: a review,
BioResources 4 (2009) 370–404.

[14] C.A.S. Hill, Water vapour sorption of natural fibres, in: J.M.J. Sabu (Ed.), Natural
Polymers. Vol 1: Composites, RSC Green Chemistry Series, 2012, pp. 140–160.
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[20] B. Lesar, Ž. Gorišek, M. Humar, Sorption properties of wood impregnated with
boron compounds, sodium chloride and glucose, Drying Technol. 27 (2009)
94–102.

[21] B. Lesar, A. Straže, M. Humar, Sorption properties of wood impregnated with
aqueous solution of boric acid and montan wax emulsion, J. Appl. Polym. Sci. 3
(2011) 1337–1345.

[22] L. Meyer, C. Brischke, G. Alfredsen, M. Humar, P.O. Flate, T. Isaksson, P.B.
Larsson, M. Westin, J. Jermer, The combined effect of wetting ability and
durability on outdoor performance of wood: development and verification of a
new prediction approach, Wood Sci. Technol. 51 (2017) 1–23.

[23] J. Nässén, F. Hedenus, S. Karlsson, J. Holmberg, Concrete vs. wood in buildings
– an energy system approach, Build. Environ. 51 (2012) 361–369.

[24] J. Niklewski, M. Fredriksson, T. Isaksson, Moisture content prediction of rain-
exposed wood: test and evaluation of a simple numerical model for durability
applications, Build. Environ. 97 (2016) 126–136.

[25] K.A. Otten, C. Brischke, C. Meyer, Material moisture content of wood and
cement mortars – electrical resistance-based measurements in the high ohmic
range, Constr. Build. Mater. 153 (2017) 640–646.

[26] G. Pajchrowski, A. Noskowiak, A. Lewandowska, W. Strykowski, Wood as a
building material in the light of environmental assessment of full life cycle of
four buildings, Constr. Build. Mater. 52 (2014) 428–436.

[27] G. Rep, F. Pohleven, S. Košmerl, Development of the industrial kiln for thermal
wood modification by a procedure with an initial vacuum and
commercialisation of modified Silvapro wood, in: Proceedings of the 6th

European Conference onWoodModification, University of Ljubljana, Ljubljana,
Slovenia, 2012, pp. 11–17.

[28] F.W.M.R. Schwarze, H. Landmesser, B. Zgraggen, M. Heeb, Permeability
changes in heartwood of Picea abies and Abies alba induced by incubation
with Physisporinus vitreus, Holzforschung 60 (2006) 450–454.

[29] E.T.D. Severo, F.W. Calonego, C.A. Sansígolo, B. Bond, Changes in the chemical
composition and decay resistance of thermally-modified hevea Brasiliensis
wood, PLOS One 11 (2016), https://doi.org/10.1371/journal.pone.0151353
e0151353.

[30] T. Singh, A.P. Singh, A review on natural products as wood protectant, Wood
Sci. Technol. 46 (2012) 851–870.

[31] E.E. Thybring, The decay resistance of modified wood influenced by moisture
exclusion and swelling reduction, Int. Biodeterior. Biodegrad. 82 (2013) 87–95.

[32] J. Van Acker, J. Van den Bulcke, I. De Windt, S. Colpaert, W. Li, Moisture
dynamics of modified wood and the relevance towards decay resistance, in:
8th European Conference on Wood Modification (ECWM8), Aalto University,
Helsinki, Finland, 2015, pp. 44–55.

[33] V. Vek, P. Oven, M. Humar, Phenolic extractives of wound-associated wood of
beech and their fungicidal effect, Int. Biodeterior. Biodegrad. 77 (2013) 91–97.

[34] J.G. Wilkinson, Industrial Timber Preservation, Associated Business Press,
London, 1979.
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