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Abstract
The effects of weathering on the in-service moisture behavior of wood have received 
only limited attention so far, with much focus being on the effect of photodegrada-
tion on the hydrophobicity of the wood surface. The objective of the present study 
was to examine the effect of weathering surfaces on the overall moisture behavior 
of wood specimens exposed to short-term cyclic spraying, with special emphasis on 
the surface conditions involved. Specimens cut from eight different species includ-
ing hardwoods and softwoods were weathered for 8 years and continuously moni-
tored during a single-sided cyclic spraying together with a set of axially matched 
controls. After each spray cycle, the duration of surface wetness was evaluated by 
resistance moisture sensors as well as an optical approach (colorimetric) based on 
time-lapse images. The moisture content in the core was monitored simultaneously 
by use of resistance moisture sensors. The optical method correlated well with the 
electrical resistance measurements and provided a simple and practical measure of 
the areal distribution of the surface wetness. The results showed specimens with a 
weathered surface to sustain a wet surface for about twice the duration of their axi-
ally matched control. A considerable, albeit smaller, effect was also observed deeper 
in the core. By adapting the length of the wet period on the exposed boundary, the 
corresponding response at the core of the Norway spruce specimens was reproduced 
numerically.

Introduction

The concept of performance-based durability design aims at quantitatively assess-
ing the rate of deterioration of wood products on the basis of material properties 
and site-specific conditions, following the methodology proposed by Meyer-Veltrup 
et al. (2018). This methodology involves two major challenges, one being the need 
for quantifying the hygrothermal conditions of the wood product and the other being 
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the need for relating the hygrothermal conditions that are present to the decay activ-
ity that occurs. The literature offers a variety of mathematical models for estimating 
the rate of decay on the basis of the hygrothermal conditions that are present (Vii-
tanen et al. 2010; Saito et al. 2012; Isaksson et al. 2013; Brischke and Meyer-Veltrup 
2016). The hygrothermal conditions can be estimated numerically by modeling the 
moisture transport within the wood on the basis of climate data via moisture dynam-
ics. As with any modeling problem, the quality of the output is governed by the 
uncertainty involved. This uncertainty is increasingly problematic when the hygro-
thermal conditions are simulated over long time-scales, since deteriorating mecha-
nisms may induce changes in material characteristics over time, like those of check-
ing, cracking and photodegradation.

Recently, a numerical moisture model was proposed for the use in durability 
assessment (Niklewski et  al. 2016); however, its long-term performance remains 
questionable. In general, it has been observed that the measured response to mois-
ture content induced by precipitation tends to increase over time, a behavior which 
is not captured by the model. Similar long-term trends have been observed in other 
publications where they were attributed to cracks, surface checks, staining fungi or 
weathering in general (Brischke and Melcher 2015; Meyer et al. 2015). Although it 
has been widely established that such effects increase the volume of water absorbed 
during wetting (Žlahtič and Humar 2016), it is not clear how the depth and nature 
of the damaged surface layer affect the liquid moisture uptake, the accumulation of 
moisture in the wood core and consequently the risk of the moisture content exceed-
ing critical thresholds in the overall cross section of the element with respect to 
decay.

Weathering of wood refers to the changes in surface texture, color and chemi-
cal composition that occur when wood is exposed to various environmental condi-
tions such as moisture, heat and solar radiation. Weathering leads to reduced hydro-
phobicity of the wood surface through a variety of chemical and structural changes 
(Kishino and Nakano 2004). Exposure to UV and visible light causes photodegrada-
tion of lignin and the formation of a cellulose-rich hydrophilic surface layer (Kalnins 
and Feist 1993). The depth of the affected layer is wavelength- and density-depend-
ent with maximum depths of about 250–500 μm for UV and 900 μm for visible light 
(Kataoka et al. 2007; Derbyshire and Miller 1981; Wang and Lin 1991); however, 
changes in wood color have been reported for depths of up to 2500 μm (Browne and 
Simonson 1957). While photodegradation is mostly superficial, moisture-induced 
checking may extend to depths of several millimeters (Evans et al. 2003) and can 
thus serve as potential pathways for liquid water into the wood subsurface. Most of 
the photodegradation and checking occurs within weeks of exposure, but can con-
tinue for at least 6–12 months before developing to continuous slow erosion (Evans 
2013; Evans et al. 2008; Kalnins and Feist 1993). Žlahtič and Humar (2016) recently 
found a difference in moisture absorption between specimens that had been sub-
jected to outdoor weathering for 9 months and for 18 months, respectively. However, 
these tests did not exclude the occurrence of effects stemming from staining fungi.

The objective of the present paper was to study the effect of weathering surfaces 
on the moisture behavior of wood specimens exposed to short-term cyclic spraying. 
This was done by monitoring a set of pre-weathered specimens continuously during 
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exposure to a sequence of cyclic single-sided spraying. The hypothesis is that the 
subset of specimens having a weathered surface layer absorbs more moisture during 
short-term wetting, remains at a higher moisture level for a longer period post-wet-
ting and thus facilitates the migration of water deeper into the wood substrate where 
it may accumulate over time. This behavior should be observable from an increased 
duration of surface wetness combined with an increased response deeper in the core 
of the specimens. In the final section, a numerical model was used to further test 
the hypothesis by modeling the diffusion of moisture through Norway spruce (Picea 
abies) with different durations of surface wetness.

Experimental materials and methods

Material

The specimens that were studied were produced from boards (20 × 100 × 500 mm3) 
that had previously been exposed outdoors above ground over a 7-year period on 
a roof in Hannover, Germany. The wood species included are shown in Table  1. 
Boards that exhibited visible signs of decay were discarded. With the exception of 
Scots pine (Pinus sylvestris) sapwood, the boards that were used had previously 
been exposed horizontally. However, since most horizontally exposed Scots pine (P. 
sylvestris) sapwood specimens were subject to a certain degree of decay, vertically 
exposed specimens were used instead. Many boards exhibited small surface checks 
(depth < 3  mm; length 10–30  mm). Scots pine sapwood and beech also exhibited 
deeper checks (depth 3–10 mm; length 30–150 mm).

Each board was prepared according to the following procedure. First, the board 
was cut at half its length and the weathered surface of one of the two halves was 
restored by planing 1–3  mm of the weathered surface depending on the depth of 
degradation. The same amount of wood was then removed from the opposite face 
of the axially matched specimen to obtain specimens of the same thickness. Next, 
100 mm of the previously exposed end-grain was removed and discarded. This pro-
cedure resulted in pairs of axially matched specimens (L = 150 mm × w = 100 mm) 
of the same thickness, one specimen of each pair retaining its weathered and the 

Table 1  Wood species and 
their respective average 
density (n = 6) measured after 
conditioning at RH = 70% and 
T = 20 °C (heartwood if not 
otherwise indicated)

Abb. Wood species Density (kg/m3)

DF Douglas fir (Pseudotsuga menziesii) 575
NS Norway spruce (Picea abies) 450
SPS Scots pine sapwood (Pinus sylvestris) 560
SP Scots pine (Pinus sylvestris) 640
WRC Western red cedar (Thuja plicata) 355
ASH Ash (Fraxinus excelsior) 715
BEE Beech (Fagus sylvatica) 670
OAK Oak (Quercus robur) 720
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other one being resurfaced. In total, three boards from each wood species were used, 
resulting in three replicates per material. One pair of axially matched specimens 
from each wood species is shown in Fig. 1.

The specimens were conditioned at 70% relative humidity (RH) and 20 °C tem-
perature to stable moisture content in the range of 11.5–13.5%. Each specimen’s 
weight was then determined to the nearest 0.01 g and its volume was obtained by 
the use of a caliper. The density was determined on the basis of weight and volume 
(RH = 70%, T = 20 °C). All small edges of the specimens were subsequently sealed 
by use of silicone, weighed again and stored in air-tight containers (20 °C, 70% RH) 
until the tests were conducted.

Resistance‑type measurements

Measurement system

The electrical resistance was measured every 5 min by use of commercial resistance-
type moisture sensors (Omnisense type S-16) having custom-made electrodes. The 
electrodes were made from stainless steel (A 304) threaded rods (M2, Ø = 2 mm) 
with sharp-pointed ends. The shaft of the electrodes was insulated by use of glued 
shrink tubing, leaving 5 mm of the end uninsulated. Holes were predrilled prior to 
inserting the electrodes, using a drill size of Ø = 3 mm to fit with the shrink tub-
ing and Ø = 1.5 mm for the uninsulated end. Silicone was applied inside as well as 
around the edge of the holes in order to prevent moisture transport along the shaft 
of the electrode. In addition, waterproof tape was applied around the circumference 
of the specimen so as to protect the electrodes from water and to prevent water from 
running down the short sides of the specimen, one-sided wetting being achieved in 
this way.

The electrodes were installed at two different depths, as shown in Fig. 2. One pair 
of electrodes was inserted via the specimen’s small edge, thus providing a precise 
measuring depth of 10 ± 1 mm. Another pair of electrodes was inserted through the 
rear side with the sharp-pointed tips penetrating the upper surface of the specimen, 

Fig. 1  Specimens with their original weathered surface (bottom) and their axially matched restored spec-
imens (top). The contrast shown has been increased for enhanced visibility
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approximately 3 mm of the electrode being in contact with the wood. A thin layer of 
silicone was then applied around the tip of the pin at the wood–electrode interface 
to prevent water from penetrating the wood via the electrode. No electrode was in 
direct contact with a crack.

Limitations and accuracy

The electrical resistance decreases by several orders of magnitude between 7% and 
the fiber saturation point (FSP) at approximately 25–30% moisture content (see e.g., 
Fredriksson et al. 2013). When using pin-type electrodes, the measured resistance 
is largely governed by the local moisture content at the wood–electrode interfaces 
(Skaar 1988; Norberg 1999; Zelinka et  al. 2015). The resistance decreases with 
increasing moisture content, also above the FSP, although the moisture dependency 
is far less pronounced in the high moisture content range (Stamm 1929). Calibration 
curves extending beyond the FSP exist (see Fredriksson et al. 2013; Brischke et al. 
2007; Otten et  al. 2017), but high precision and careful calibration is necessary, 
since small deviations from the calibration curve lead to large errors in the recorded 
moisture content.

Species-specific calibration curves for NS, BEE, DF, SPS, SP and OAK based on 
measurements by Otten et al. (2017) were used here, these being calibrated from the 
same material as used in the present study. The curve for NS was also used for WRC 
and the curve for BEE was used for ASH, as species-specific calibration curves were 
unavailable in the same reference. A systematic error stemming from the device-
dependency of the calibration curves is expected, primarily due to differences in 
electrode type. This was deemed acceptable as the main focus of the present work 
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Fig. 2  Schematic illustration of a full-test specimen and a cross section, including the dimensions 
involved and the locations of the electrodes. Units in (mm)
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is to study relative differences in terms of moisture changes over time. Comparison 
between gravimetric measurements and electrical measurements using the measure-
ment system employed in the present study indicated that the curve from Otten et al. 
(2017) underestimated the moisture content of Norway spruce by about 1 pp at 15% 
moisture content, with a smaller error being obtained at 22% moisture content.

The surface measurements employed in the present study overestimate the resist-
ance of the wood relative to the calibration curves employed. This is due to the elec-
trical resistance being higher near the wood surface (Fredriksson et  al. 2015) and 
device-dependent factors such as smaller electrodes (Hjort 1996; Björngrim et  al. 
2017). These factors have a disproportional effect in the over-hygroscopic range 
where the resistance is sensitive to changes in moisture content. As a consequence, 
large moisture fluctuations in the over-hygroscopic moisture range appear small, and 
transitions between the hygroscopic to the superhygroscopic regions appear as an 
abrupt change in the rate of moisture content change (Yamamoto et al. 2013).

Optical appearance, ΔE*

Optical appearance was used here as a binary metric, indicating whether the surface 
was wet or dry. A conventional digital camera that took 20 images/h monitored the 
appearance of the specimens over time. Due to camera failure, images for Douglas 
fir (DF) and for Scots pine heartwood (SP) were not included.

Using the MATLAB (2017) image processing toolbox, the color images were 
processed in the L*a*b* (lightness/green–red/blue–yellow) color space. A Gauss-
ian smoothing filter (σ = 3) was employed to reduce effects related to pixel displace-
ment, induced by swelling and by cupping. The difference between two colors was 
defined according to the CIE76 (International Commission on Illumination) defini-
tion of perceptual color difference:

where ΔE* is the Euclidian distance between two colors (L1*, a1*, b1*) and (L2*, 
a2*, b2*) in the color space. The perceived color change over time, ΔE*(t), was fur-
ther defined as the difference between the initial color, prior to the first spray and the 
color of each consecutive image. The calculations were performed on a pixel-by-
pixel basis.

Test setup and exposure conditions

The test setup and the climate sequence are shown in Fig. 3. For each test, twelve 
specimens were mounted on racks inside a climate chamber (CTS C-40/1000) hav-
ing a floor area of 1 × 1 m2. The specimens were fixed with an inclination of 30° to 
avoid standing water. Two full-cone spray nozzles with spray angles of 45° provided 
a uniform distribution of spray over the floor area with a total flow rate of 1.4  l/
min, which corresponds to intense precipitation of 84 mm/h. A thermocouple was 
installed inside the water inlet to monitor the water temperature and ensure a water 

(1)ΔE∗ =

√

ΔL∗2 +Δa∗2 +Δb∗2,
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temperature of 20 ± 2 °C. Each spray period was 1 h long, the periods involved start 
at the times t = 0; 12; 24; 30; and 36 h. After the fifth spray, the specimens were left 
for 48 h before the test was terminated. Due to the high moisture load after each 
spray, the relative humidity was slowly reduced, following a controlled sequence. 
The air circulation gave an air velocity of approximately 1.0–1.2 m/s, as measured 
locally at the surface of the specimens by use of a hot thread anemometer. The air 
velocity was found to be higher when measured in the near vicinity of the floor and 
the walls. The racks were thus elevated 200 mm from the floor, the specimens being 
placed at a minimum distance of 100 mm from the walls, so as to ensure a uniform 
air velocity.

Data post‑processing

Duration of surface wetness

The duration of surface wetness was described by two different metrics, whereof 
one based on optical appearance and the other based on electrical resistance. The 
transition from a wet to a moist surface coincides with an abrupt increase in the 
rate of resistance change, thus causing a similar, concurrent, response in the meas-
ured moisture content, uR(t). The same event is also seen from the color change, 
as ΔE*(t) stabilizing near zero. The timings of the two events, which are hereafter 
denoted t(uR,wet) and t

(

ΔE∗
wet

)

 , were estimated by the default MATLAB (2017) algo-
rithm ‘findchangepts’.

Figure 4a, b shows how the MATLAB (2017) algorithm works using two typical 
time-series of ΔE*(t) and uR(t), respectively. In brief, the time-series are subdivided 
into linear segments, the number of segments depending upon prescribed precision 
criteria. Reducing the prescribed precision effectively reduces the number of seg-
ments by allowing larger residuals, and vice versa. The mathematical definitions 
involved can be found in the MATLAB (2017) manual. A single precision criterion 
was used for the moisture content and for the color time-series, respectively. The 
timing of t(uR,wet) was set equal to the start of the segment having the largest nega-
tive slope (Fig. 4a), while the timing of t

(

ΔE∗
wet

)

 was estimated from the total width 
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Fig. 3  Side view of the climate chamber with a set of specimens organized in a 3 × 4 grid (left) and the 
climate sequence that was used serving as input (right)
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of the peak interval (Fig. 4b). The width of the peak interval was estimated as the 
time between the start of the spray and the first change-point below a threshold of 
ΔE* = 6. If ΔE*(t) never decreased below the threshold, it was assumed that the 
pixel did not regain its original color before the start of the next spray event.

Moisture conditions

The moisture conditions in the surface layer and in the core of the specimens were 
assessed by calculating (1) the cumulative time during which surface electrodes 
indicated moisture content above 25% and (2) the amplitude of the response as 
measured at a depth of 10 mm. The cumulative time above 25% moisture content 
was calculated as the sum of time-increments during which the moisture content 
exceeded 25%. The response at 10 mm, hereafter, denoted ΔuR,max, was quantified 
as follows:

where uR,min and uR,max are the minimum (initial) and the maximum measured mois-
ture content values at a depth of 10 mm, respectively, where the latter occurred a 
few hours after the final spray cycle. As such, ΔuR,max describes the amplitude of the 
response over the full test period of 84 h.

Experimental results and discussion

Moisture content, uR(t)

Figure  5a, b shows the average measured moisture content of the NS specimens 
over a full test period (a) and a one-spray cycle (b). Restored and weathered sam-
ples are hereafter indicated with subscripts r and w, respectively. The moisture 

(2)ΔuR,max = uR,max(t) − uR,min(t),
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content measured in the core of the samples requires no clarification, but the sur-
face measurements exhibit features that are related to the functionality of resistance-
type measurements. In each wetting/drying cycle, the measured moisture content at 
the surface went through four distinct phases, as shown in Fig.  5b. First, a liquid 
film was formed on the wood surface (t = 0; 12; 24; 30; 36 h), effectively closing 
the electrical circuit between the surface electrodes, resulting in a 1-h peak. As the 
liquid film dissipated, the moisture content immediately dropped a few points to 
values within the range between 27 and 40%, marking a transition to the second 
phase where uR(t) stabilized and decreased slowly at an approximately constant rate. 
Although not reflected by the measurements, the rate of evaporation here should be 
high since free water is released from the cell cavities. The seemingly low drying 
rate is related to the moisture content being in the superhygroscopic moisture range 
(see “Limitations and accuracy” section). The start of the third phase is character-
ized by an accelerating apparent drying rate, which generally occurred in the range 
uR = 25–35%, indicating that the measured moisture content has transitioned to the 
hygroscopic moisture range. Finally, in the fourth phase the moisture content con-
verges toward equilibrium with the exterior air.

In Fig. 5b, it can be noted that the measured moisture content at which the transi-
tion point between phase two and phase three occurs was subject to variation, speci-
mens with a weathered surface generally having a higher value. This is likely due to 
the measured moisture content being affected by the moisture distribution between 
the surface and a depth of 3 mm. The abrupt change in slope indicates the absence 
of liquid water but the moisture distribution, and thus the measured resistance, may 
still differ between the specimens.

Optical appearance, ΔE*(t)

Figure  6 shows the changes in surface color over time that occurred for an axi-
ally matched set of BEE, which is representative of the general behavior of most 
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Fig. 5  Average variation (three replicates) in moisture content of the weathered and the restored samples 
of NS, measured near to the surface of the wood and in the core of the wood. Markers are placed in 
30-min intervals
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specimens. ΔE*(t) was here calculated as the median pixel value over a rectangu-
lar region (40 × 15  mm2 in size) enclosing the surface electrodes, this area being 
representative of where the electrical measurements were taken. Due to the pres-
ence of a liquid film on the wood surface, ΔE*(t) peaked for 1-h per spray cycle 
(t = 0; 12; 24; 30; 36 h). The color then stabilized and remained relatively constant 
for a distinct period during which all specimens with weathered surfaces and most 
of the specimens with restored surfaces exhibited values of around 15 < ΔE* < 30, 
whereas the NS and SPS specimens with restored surfaces exhibited lower values, 
of 10 < ΔE* < 15. Subsequently, ΔE*(t) declined rapidly toward ΔE* ≈ 0, indicat-
ing that the visible cavities were emptied of liquid water. Generally, ΔE*(t) did not 
decrease all the way to zero but stabilized at around 2–5 due primarily to pixel dis-
placement stemming from swelling and small changes in illumination.

Comparison of t
(

1E
∗

wet

)

 with t(uR,wet)

For comparison with the electrical measurements obtained, t
(

ΔE∗
wet

)

 was calculated 
as the median pixel value at the location of the electrodes. Generally, a small rectan-
gular area approximately 40 × 15 mm2 in size where both electrodes were present 
was suitable for this purpose. In cases with large variations between the two elec-
trodes, the region was reduced in size to include only the electrode with the lower 
value.

Figure  7 shows t
(

ΔE∗
wet

)

 as compared with t(uR,wet) following the first spray 
sequence (0 < t < 12 h). The correlation between the two metrics was high, although 
the incident of t

(

ΔE∗
wet

)

 generally came shortly after the incident of t(uR,wet). This 
would suggest that the moisture front remains visible during the first drying cycle 
and does not recede below the visible surface, as would otherwise be indicated by 
a later incidence of t(uR,wet), since the electrical measurements extend to a depth of 
3 mm.

The resistance-based method was useful for cross-validating the method based on 
optical appearance, although it is subject to various uncertainties. In fact, larger dis-
crepancies (> 1 h) were limited to time-series in which the exact point at which the 
increase in slope began was difficult to determine, such as when the slope increased 
gradually over the course of 0.5–1 h instead of abruptly. The optical analysis was 
not subject to the same difficulties, since the width of the peak interval of ΔE was 

Fig. 6  Changes in surface color 
for a single weathered (sub-
script w) and a single restored 
(subscript r) specimen of beech 
(BEE) over time
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consistently well defined. The drawbacks found, however, include the need for con-
stant illumination and the fact that non-observable water may still remain in micro-
pores, even after the surface appears to be dry (Hall and Hoff 2012). Nevertheless, 
the colorimetric analysis was deemed superior to the resistance-based metric and 
was therefore employed, in the sections that follow, for assessing the duration of 
surface wetness.

Areal distribution, t
(

1E
∗

wet

)

The areal variations in t
(

ΔE∗
wet

)

 of four axially matched pairs are shown in Fig. 8 
together with color images (sRBG) taken prior to spraying. The frames around the 
pins mark the region that can be compared to the values in Fig. 7. Most specimens 
exhibited uniform drying patterns, similar to those observed in the OAK specimen. 
Very few specimens exhibited irregular drying patterns, such as those observed in 
the case of one of the SPS boards. The reason for such irregular drying patterns was 
not easy to explore, but they were found to generally occur in specimens having 
deeper cracks or variations in surface roughness. The restored WRC specimen is an 
example of the latter. Finally, the latewood of some specimens, for example in one 
of the SPS boards, was visibly wet for a longer period than the earlywood.

The irregular drying patterns highlight one of the primary limitations of using 
point-type electrical sensors for the monitoring of surface moisture content, since 
the type of system is limited to local measurements. In addition, in the case of varia-
tions between the two electrodes in terms of moisture content, electrical resistance is 
limited by the electrode that is lower in moisture content. These measurements thus 
indicate the lower moisture content in contact with one of the electrodes.

Comparison of axially matched specimens

Figure 9a, b shows the cumulative duration when the surface was visibly wet (a) and 
the cumulative duration when the output of the electrical surface sensors exceeded 
25% moisture content (b). Both metrics show that the restored specimens spend 
less time in wet conditions. From Fig. 9b, it appears that the time spent above 25% 
increases with each spray period (see BEE, ASH, SPS), a feature that is not as pro-
nounced in Fig. 9a. This is likely due to moisture accumulation below the visible 

Fig. 7  Comparison between 
times of wetness t
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ΔE∗
wet

)

 and 
t(uR,wet) for the first spray cycle, 
as estimated on the basis of opti-
cal and electrical measurements, 
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specimens and restored ones are 
included
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Fig. 8  Pair of axially matched specimens per species are presented as images of color variation values at 
critical surface wetness point (left columns), and as sRGB images taken prior to wetting (right columns). 
The markers show the locations of the electrodes
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Fig. 9  Differences between axially matched specimens: a cumulative duration when the surface was vis-
ibly wet and b cumulative duration when the apparent moisture content exceeded 25% near the surface. 
Note that one specimen of SPS with large cracks has been excluded from the data
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layer (depth 1–3  mm), where increasing moisture content has a disproportional 
effect on the electrical measurements.

Figure  10 shows the maximum increase in moisture content in the core of the 
specimens, ΔuR, calculated from Eq. 2. Each pair of specimens is connected by a 
line, where a positive slope indicates that the specimen with a weathered surface 
exhibited a larger response than its axially matched restored specimen. The increase 
in moisture content in the core was small, but the specimens with weathered sur-
faces generally exhibited a larger response in their core than their axially matched 
restored specimens. The heartwood specimens (SP and DF) and the specimens with 
larger cracks (SPS and BEE) were less consistent in this regard, with some of the 
restored specimens exhibiting higher ΔuR. The specimens with cracks (SP and DF) 
also exhibited very large variations, for example restored BEE specimens having 
values from 0.5% to more than 5%, thus indicating that the effect of the cracks was 
pronounced.

The results of the present study show the effects of weathering to be most pro-
nounced at the surface, which is in agreement with the results by Žlahtič and Humar 
(2016) where it was shown that mainly the short-term water uptake increased due 
to weathering. In one-dimensional capillary absorption, such as in the floating test, 
the moisture uptake of porous materials is generally found to be proportional to 
the square root of the time, t1/2. Weathered samples, however, tend to deviate from 
this behavior at the initial stage of testing (Žlahtič and Humar 2016; Welzbacher 
and Rapp 2004). Deviations from the square root of time proportionality involved 
may occur due to material inhomogeneity, gravitational effects and/or dimensional 
changes during absorption (Hall and Hoff 2012). The initial deviations observed 
in measurements on pre-weathered wood can be seen as quite likely being related 
to the inhomogeneity between the weathered surface and the bulk material, where 
water is easily absorbed into the hydrophilic substance of wood and quickly reaches 
the intact subsurface, after which the absorption rate becomes basically equal to that 
of non-weathered wood.

From a modeling standpoint, this moisture-buffering effect of weathered surfaces 
can be regarded as a boundary effect. In brief, the increased short-term absorption of 

Fig. 10  Maximum moisture 
increase in the core of the speci-
mens. Note that one restored 
DF specimen is excluded due to 
sensor outage prior to reaching 
its maximum value
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liquid water increases the duration of the surface wetness that is found, which effec-
tively increases the mass of the water that diffuses through the subsurface and into 
the core of the wood. In the section that follows, the possibilities of modeling this 
effect are explored.

Numerical model

A numerical model of the moisture diffusion in Norway spruce was used to explore 
the relationship between surface wetting and the corresponding response deeper in 
the material. The net moisture flux within the material is commonly described by 
Fick’s second law of diffusion with the moisture gradient as the driving potential, 
which in one dimension is written as:

where u (%) and D(u)  (m2/s) are the moisture content by weight and the diffusion 
coefficient, respectively. Here, the average of the radial and tangential diffusion coef-
ficients determined by Koponen (1984) was used (see Fig. 11). The diffusion coef-
ficient increases with both temperature and moisture content. However, since the 
wood temperature is approximately constant here, only the moisture dependency is 
considered. In the absence of liquid water on the wood surface, the boundary condi-
tion can be described by a surface flux, q (kg/m2s), as follows:

where kp (kg/(m2 Pa s)), pvw (Pa), pv (Pa) and ρ (kg/m3) are the mass transfer coeffi-
cient, the vapor pressure at the wood surface, the ambient vapor pressure and the dry 
density of wood, respectively. The mass transfer coefficient is primarily dependent 

(3)
du

dt
=

d

dx

(

D(u)
du

dx

)

,

(4)
q

�
= kp

(

pvw − pv
)

,

Fig. 11  Diffusion coefficient 
from Koponen (1984), calcu-
lated from the average of the 
tangential and radial diffusion 
coefficients
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on air velocity. According to a literature review by Wadsö (1993), values of kp are 
usually measured in the range 1–30 × 10−9 kg/(m2 Pa s). In the present analysis, a 
value of 15 × 10−9 kg/(m2 Pa s) was used. Equation 4 implies that the vapor pressure 
at the wood surface is in equilibrium with the moisture content at the wood surface, 
where the sorption isotherm describes the relationship between the two. The sorp-
tion isotherm was described by a Hailwood–Horrobin-type function of the following 
form:

where ueq (kg/kg) is the equilibrium moisture content and Φ (Pa/Pa) is the relative 
vapor pressure (Φ = RH/100). The coefficients were set to A = 5.84 × 10−3, B = 0.156 
and C = 0.116 as determined by Time (1998). The specific sorption isotherm pro-
vides an equilibrium moisture content of 12–13% at RH = 70%, which is in close 
agreement with the initial moisture content of the specimens involved.

Although moisture transport during wetting is a combination of diffusion and capil-
lary transport, the capillary part is not explicitly modeled here. It is instead assumed 
that diffusion is the primary mode which governs the transport of moisture deeper into 
the material, while capillary action is limited to the surface layer. Wetting of the surface 
is modeled by assigning a fixed value of 30% moisture content to the boundary, in anal-
ogy with the findings of Meijer and Militz (2000) who modeled single-sided wetting 
of spruce. Here, a moisture content of 30% is applied when the surface is wet, as deter-
mined by the optical measurements, i.e., t

(

ΔE∗
wet

)

.
Measured values of t

(

ΔE∗
wet

)

 per spray cycle varied between 2.0 and 2.2 and from 
4.0 to 4.6 h for the restored and the weathered specimens, respectively, with no sig-
nificant difference observed between the five spray cycles (see Fig. 9a). For simplicity’s 
sake, the duration of the surface wetness was set here to fixed values of 2.1 (restored 
specimens) and 4.3 (weathered specimens) hours per spray. The relative humidity and 
the temperature are obtained from Fig. 3.

As can be understood, this method is not feasible to use for predictive purposes, such 
as during outdoor exposure, since it involves the use of measured data that are generally 
not available. It should be emphasized, therefore, that the model is used for exploratory 
rather than predictive purposes. In addition, the boundary condition does not accurately 
describe the moisture conditions at the surface, since the moisture content there is gov-
erned by capillary forces and the actual moisture content is above 30%.

Each specimen was modeled as a one-dimensional element having a length of 
L = 17 mm, where x = 0 represents the exposed boundary. The initial moisture content 
was set to 12.0%, consistent with the equilibrium moisture content of the sorption iso-
therm at RH = 70% and the wood density was set to 450 kg/m3.

(5)ueq =
�

A + B ⋅ � − C ⋅ �2
,
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Numerical results and discussion

Figure  12 shows the variations in simulated and in measured moisture content at 
the surface and at a depth of 10 mm, respectively. The simulated moisture content 
at the surface is represented by the maximum moisture content found between x = 0 
and x = 3 mm at each time step. Qualitatively, the model captures the main features 
of the experimental results quite well. Both the numerically obtained results and the 
experimental results predict a rather small effect of weathering in the core of the 
sample, despite the considerable effect at the surface.

Failure to predict the timing of the peak value in the core of the specimens with 
weathered surfaces (see marker A) is likely related to the lack of consideration of 
capillary action, which is pronounced in the damaged surface layer. The earlier 
measured peak value can be explained by the smaller distance of non-damaged 
wood between the moisture front and the electrodes located at a depth of 10 mm. 
The model assumes homogenous material with a saturated surface at x = 0, while in 
practice, the damaged surface layer is at least 1-mm thick. The moisture front rap-
idly reaches the depth of the intact surface layer where saturation vapor pressure is 
maintained and the actual distance of non-damaged wood, through which moisture 
needs to migrate through diffusion, is thus smaller in the specimens having a dam-
aged surface.

Finally, it should be emphasized that the experiments of the present study were 
performed under a certain set of conditions with regard to relative humidity, tem-
perature and wind velocity, all of which are related to the evaporation rate. As such, 
the duration of surface wetness applied to the present analysis is valid under these 
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specific conditions. The numerical analysis performed here should thus be regarded 
as exploratory rather than predictive. In future research, a general relationship 
between external variables (such as RH, T and wind velocity), surface characteris-
tics and duration of surface wetness should be established.

Practical implications

The results show that superficial damage had a pronounced effect on the cumula-
tive duration of surface wetness under cyclic spraying, which in turn increased the 
amount of moisture diffusing into the wood core. As the weathered surface layer is 
generally fully established within 1 year of outdoor exposure (Evans 2013), a con-
current change in moisture behavior over the same time period should be expected. 
Weathering thus serves as a plausible explanation for the increasing trends in mois-
ture content observed by Brischke and Melcher (2015), Meyer et  al. (2015) and 
Niklewski et  al. (2016), as was hypothesized above (“Introduction” section). This 
further suggests that the moisture behavior will, to some extent, remain stable after 
about 1  year of exposure, which is important for performance-based modeling 
where models and measurements are extrapolated over longer time periods. Further 
research is needed to confirm this suggestion.

On the other hand, cracking as well as biotic factors (e.g., decay and staining 
fungi) can cause local changes in moisture conditions after several years of expo-
sure. Effects of cracking have so far not been considered in performance-based mod-
eling. Although not the focus of the present study, the measurements indicated that 
deep cracks (3–10 mm depth) had a pronounced effect on the moisture content of 
the surrounding wood tissue. Local microclimates in the vicinity of cracks can pos-
sibly provide favorable growth conditions for fungal decay, and further research is 
needed to study the effects of cracks on the local moisture conditions and their role 
in fungal colonization of wood.

Finally, experiments carried out on freshly planed specimens, such as the vast 
majority of laboratory experiments, are not entirely representative of the actual in-
service long-term moisture performance of wood subjected to weathering. As shown 
by the present study, the discrepancy is particularly pronounced in the exposed sur-
face layer where the cumulative duration of surface wetness, which is commonly 
used for durability assessment, differed by a factor of about two. In order to repro-
duce the actual long-term moisture behavior of wood products, experiments could 
be based on pre-weathered material.

Conclusion

The effect of weathered surfaces on the moisture conditions of wood was inves-
tigated by means of time-lapse colorimetric analysis and resistance-type mois-
ture sensors. Subsequent to short-term spraying, surfaces with superficial damage 
remained wet for about twice as long as those of axially matched specimens whose 
surface was restored by planing. The difference was still greater in terms of duration 
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of having a moisture content of above 25%, thus indicating increased susceptibil-
ity to decay development. Measurements and complementary numerical simulation 
showed that the increased duration of surface wetness caused the rain-induced mois-
ture fluctuations of the wood core to increase in amplitude. This implies that outdoor 
weathering of lateral wood surfaces can cause a gradual change in moisture behavior 
over time, an effect that should be considered when extrapolating short-term models 
and measurements for assessing the long-term performance of wood products sub-
jected to superficial degradation.

Finally, deep cracks had a pronounced effect on the moisture conditions, both in 
the wood core and on the surface. The local microclimate in the vicinity of cracks 
could possibly provide favorable growth conditions for fungal decay, but more 
research is needed to establish the role of cracks on the moisture conditions and fun-
gal colonization of wood.
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