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Abstract: Performance-based, service-life design of wood has been the focus of much research in
recent decades. Previous works have been synthesized in various factorized design frameworks
presented in the form of technical reports. Factorization does not consider the non-linear depen-
dency between decay-influencing effects, such as between detail design and climate variables. The
CLICKdesign project is a joint European effort targeting digital, performance-based specification for
service-life design (SLD) of wood. This study evaluates the feasibility of using a semi-empirical
moisture model (SMM) as a basis for a digital SLD framework. The performance of the SMM is
assessed by comparison against a finite element model (FEM). In addition, two different wood decay
models (a logistic, LM, and simplified logistic model (SLM)) are compared. While discrepancies
between the SMM and FEM were detected particularly at high wood moisture content, the overall
performance of the SMM was deemed sufficient for the application. The main source of uncertainty
instead stems from the choice of wood decay model. Based on the results, a new method based
on pre-calculated time series, empirical equations, and interpolation is proposed for predicting the
service life of wood. The method is fast and simple yet able to deal with non-linear effects between
weather variables and the design of details. As such, it can easily be implemented as part of a digital
design guideline to provide decision support for architects and engineers, with less uncertainty than
existing factorized guidelines.

Keywords: wood; detailing; durability; moisture; decay; performance based; modelling

1. Introduction

The durability of wood depends on factors related to the material, such as species,
growth conditions, and quality, as well as factors related to the environment, such as
local climatic conditions, protection by design, and detailing [1]. The design of wooden
commodities has historically relied on adherence to local design traditions which have
evolved largely through trial-and-error. Even today, much of the knowledge involved in
the design of wooden commodities is fragmented and unavailable to non-wood experts.
Eurocode 5 [2] refers to EN 460 [3], which recommends a minimum durability class [4]
for each hazard class, where the latter accounts for the moisture exposure at hand. The
hazard classes have largely been replaced by use-class definitions according to EN 335 [5].
As stated in EN 335: “A use class is not a performance class and does not give guidance for
how long wood and wood-based products will last in service”. Use classes are also defined
in broad terms and are not very nuanced. For example, subclass 3.2 includes any type of
moisture trap, ranging from permanently damp conditions to rather dry ones.

It is well-known that wood deterioration by decay fungi is related to wood temperature
and moisture content. The moisture content in turn depends on weather conditions, design
of detailing, wood species, and other environmental influences [1]. Factors affecting wood
moisture content therefore indirectly affect the decay rate. The literature offers several
decay models based on both indirect [6-9] and direct [10-12] decay-influencing factors. For

Forests 2021, 12, 721. https:/ /doi.org/10.3390/12060721

https:/ /www.mdpi.com/journal/forests


https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0001-8444-5952
https://orcid.org/0000-0003-3992-1221
https://orcid.org/0000-0003-4652-825X
https://doi.org/10.3390/f12060721
https://doi.org/10.3390/f12060721
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12060721
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f12060721?type=check_update&version=3

Forests 2021, 12, 721

20f 17

predictive purposes, models based on direct environmental variables need to be combined
with a hygrothermal model [13-15] to predict moisture and temperature conditions from
indirect factors. Combining a direct decay model and a hygrothermal model enables
performance-based, service-life design of wood.

Performance-based, service-life design specification is fundamentally different from
prescriptive design in that it is based on a quantitative design criterion. The output is
expressed in terms of service life in units of time, which can then be compared against
the design service life. This allows for some level of systematization, optimization, and
robustness to be incorporated into the design process. For example, the designer can control
the risk of underperformance by increasing the margin between the expected service life
and the required service life.

Design guidelines have traditionally employed a factorized design methodology [9,16-19]
where effects influencing the service life (such as climate and detailing) are considered through
various factors. A single factor represents a relative change in service life and is derived
by studying the specific effect in isolation, either numerically or experimentally, while
comparing the variation in service life to a reference situation. No dependency between
different effects is thus considered. The factorized design framework is practical for making
hand-calculations and for limiting the level of complexity involved in the calculation
process. However, limiting complexity also adds uncertainty to the design process. One of
the objectives of the European research project CLICKdesign is to develop a digital guideline
for performance-based specification of wood. The digital format enables some of the basic
models to be directly incorporated into the design framework as opposed to employing
them solely to pre-calculated factors.

The performance-based framework used for above-ground applications as basis for
the CLICKdesign approach is illustrated in Figure 1. The service life of wood here depends
on the exposure dose, Dgg, and the resistance dose, Drq. The former is derived from the
variation in moisture content, u, and temperature, T, of the material (material climate), and
the latter is derived from the inherent properties of the material, including both moisture
dynamics (wetting ability) and inherent resistance (natural, modified or treated) to fungal
decay [20,21]. Wood moisture content depends on the microclimate at the wood surface
(relative humidity, temperature, presence of water etc.) and the inherent moisture dynamics
(permeability, surface properties etc.) of the material, where the former can be regarded as
boundary conditions and the latter affects the amount of water being transported deeper
into the bulk of the wood. Due to limitations in existing moisture models as well as due to
practical aspects, the link between moisture dynamics and material climate is not explicitly
considered, as indicated by the broken link in Figure 1. Instead, the effect of moisture
dynamics on service life is considered by the resistance model [20,21]. The material climate
can thus be regarded as a reference case based on the moisture dynamics of the Norway
spruce (Picea abies). Modelling the reference material climate is a fundamental part of
performance-based design.

Both constitutive modelling approaches and simpler empirical models have been
used in the past to estimate wood moisture content in the context of performance-based
design. Constitutive modelling is generally favorable, as the output includes a spatial
dimension, i.e., the moisture content distribution, whereas empirical models (e.g., Ref. [22])
are limited to wood moisture content at a specific depth. While constitutive models can be
used for detailed assessment, they are not easily implemented as part of any digital design
guideline, as calculations are complex, time-consuming, and rely on commercial software.
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Figure 1. An overview of how the service life of wood in above-ground applications is modelled from material and

environmental influences.

The aim of this study was to evaluate a modified method for service-life prediction of
wood suitable for implementation in a digital design guideline. In the present study, the
proposed moisture prediction model targets two effects, namely the effect of climate and
detailing, and is based on a semi-empirical model (SMM) for estimating wood moisture
content in details, originally developed in [23]. The moisture content is determined as
the sum of two terms, one describing the moisture content of a reference design and the
other describing the effect of a specific detail. The latter has been fitted to data through
regression, hence the term semi-empirical. The performance of the SMM is compared to
a finite element model (FEM) developed in [24]. This is done by calculating the moisture
content variation and the time until onset of decay of a specific detail exposed to various
European climates. The onset of decay is estimated through two different dose-response
models, namely the simplified logistic model (SLM) and the logistic model (LM). The utility
of the SMM is demonstrated by calculating the time until onset of decay of four different
details. Finally, it is demonstrated how factors can be derived based on the SMM combined
with the SLM.

2. Materials and Methods
2.1. Detail Type

The geometry used for the comparison between the FEM and the SMM is a horizontal
member (22 x 90 mm?) that is partially prevented from drying out by a vertical member
(45 x 90 mm?) connected without a gap (see Figure 2). As a typical moisture trap, precipi-
tation will cause wetting of the interface between the two members which is then unable to
dry out, resulting in a small volume of damp wood surrounding the interface area. In the
present paper, due to limitations with modelling end-grain absorption numerically, only
the moisture content of the horizontal board is modelled for the comparison between the
FE and SE model. Both end-grain faces of the horizontal board are sealed in the model,
which represents a long board without drying effects from end-grain.
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Figure 2. The type of joint used in the present study.

2.2. Weather Data

The detail in question was modelled in about 300 different locations scattered across
Europe. The locations were selected to describe a wide variety of European climates. A
normal (typical) year of annual weather data was obtained for each location through the
Meteonorm database [25]. The normal year is derived from a statistical model which
is based on about 20 years of historical weather records. Data include hourly values of
precipitation (p), temperature (T), and relative humidity ().

2.3. Modelling Wood Moisture Content

Wood moisture content is calculated by the FEM and SMM. The two models are
described briefly in Sections 2.3.1 and 2.3.2, respectively, and more detailed descriptions
can be found in [23,24].

2.3.1. Finite Element Model (FEM)

The numerical model is based on Fick’s second law of diffusion where the internal
wood moisture transport is described by the moisture gradient and the diffusion coefficient.
In two dimensions, it can be written as follows:

U = V(DyVu), o

where u (kg/kg) is the moisture content and D, (m?/s) is a diagonal matrix with transport
coefficients in the longitudinal and transverse orientations. The change in moisture content
due to the exchange of moisture between the wood surface and the environment, g (kg/kg),
is described as follows:
1 _ kpAPv ()
P
where Ap, (Pa) is the difference in vapor pressure between the wood surface and the
surrounding air, p (kg/m?) is the wood density, and k, (kg/m?sPa) is the mass-transfer
coefficient.

Each parameter used for the numerical model is given in Table 1 and Figure 3. The
diffusion coefficient is dependent both on wood moisture content and temperature. In the
present study, the moisture-dependent diffusion coefficients were obtained from [26]. The
diffusion coefficients were then adjusted for variations in temperature as follows:

E

D,(T) = Dgye €)
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where E 4 (J/mol) is the activation energy, R (J/Kmol) is the universal gas constant, and T (K)
is the temperature. The activation energy was obtained from measurements based on [27].
The mass-transfer coefficient k, (kg/m?sPa) was taken from [28]. For simplicity, a constant
mass-transfer coefficient was used. When the wood is exposed to liquid water, it is assumed
that the outermost wood fibers instantly attain a maximum value of 120% moisture content.
The relationship between relative humidity, @, and equilibrium moisture content, Ueq, is
described by the sorption isotherm, which was taken from [24]. The hygroscopic part of the
sorption isotherm extended to @ = 99% and was then interpolated to u = 120% at ¢ = 100%.
The temperature of the wood surface and air were assumed equal, so the difference in
vapor pressure, Ap,, was calculated as the product of the saturation vapor pressure and the
difference between the relative humidity of the air and the equilibrium-relative humidity
of the wood surface, the latter being obtained from the sorption isotherm.

Table 1. Parameters used in the numerical model.

Description Abbr. Value Unit
Diffusion coefficient Dy Figure 3a m2/s
Ratio activation energy and universal gas constant EA/R —3400 K
Sorption isotherm Ueq Figure 3b kg/kg
Mass-transfer coefficient ky 30 x 107? kg/m?sPa
Wood density [y 350 kg/m3
(@) (b)
x107°
» 120
301 Ap =0.01xA$ %D, " S
100 | mex
20 H
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Pl x 10f 40U :
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Figure 3. Diffusion coefficients at 20 °C (a) and sorption isotherm (b). Dashed lines indicate the segments which have been
subject to interpolation or extrapolation.

Due to symmetry reasons, only half the horizontal board was modelled. Boundary
conditions were modelled according to Figure 4. The boundary condition between horizon-
tal and vertical boards (moisture trap) was modelled as conditional with absorption during
periods with rain and zero flux in the absence of rain, allowing for wetting due to rain
but zero drying. The upper surface of the board was exposed to rain but free to exchange
moisture with the ambient climate, whereas the lower surface was protected from rain. The
ends of the specimen were assigned a zero-flux boundary condition to represent a long
board without end-grain drying effects. Reliably modelling end-grain absorption was not
possible using this type of FE model.
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Figure 4. Geometry and boundary conditions used by the FEM. The point used for comparison with
the SMM is denoted as target location.

The input passed to the FEM consisted of weather data. The model then returned
the moisture distribution in each time step. The empirical model, however, has only been
calibrated for daily averages at a specific depth. As such, only the daily average moisture
content near the joint in the center of the horizontal member (see marker in Figure 4,
hereafter referred to as the target location) was used for the comparison.

2.3.2. Semi-Empirical Model (SMM)

The SMM considers the daily average moisture content as the sum of two independent
parts:
u(t) = uref(t) + u’trap(t) 4)

where u.(t) is the reference moisture content variation and uyap(t) is the increase in
moisture content stemming from moisture trapping. The reference moisture content
variation describes the moisture content of a horizontal member without any moisture
trapping effects, e.g., the horizontal member in Figure 2 without any influence of the
vertical member. It can be calculated either numerically or through a separate empirical
equation. Here, u,.¢(t) was taken from the FE model. Consequently, the difference between
the two models is strictly limited to how they account for the effect of moisture trapping,
as described by the term uap(t). Moisture trapping effects were here considered by
superimposing utrap(t) onto the reference moisture content variation. The value of Utrap
was assumed to increase on days with significant precipitation, remain constant on days
with only minor precipitation, and decrease on days with limited or no precipitation.

The change in utrap on days with precipitation (p > 2 mm) was set to 0.01 or 0.03
depending on if moisture absorption occurred through side-grain or end-grain. This value
is hereafter referred to as Auwet. The change of uyap on days with minor precipitation
(0.5 mm < p < 2 mm) was set to zero. Finally, the change in utap on days without
precipitation (p < 0.5 mm) was calculated as follows:

Autrap = —)\kdry . utrap (5)

where the parameter A depends on daily average temperature and kq,y is a detail-specific
parameter which describes the conditions for drying. The value of the former was calcu-

lated as follows: T 1
= — — <1.
A 15 + 3 S 0 (6)

where T is the daily average temperature. For temperatures below 0 °C and above 15 °C,
the value of A was set to 1/3 and 1.0, respectively. The value of kg,y for the detail in
question was set to 0.07 [23]. A more detailed description of the model and how the factors
were calibrated can be found in [23].

2.4. Modelling Wood Decay

Time series of wood moisture content and temperature were passed to a dose-response-
function to estimate their combined effect on service life [29]. For simplicity, it was assumed
that the difference between the average daily wood temperature and the average daily
air temperature was negligible, and the wood temperature was thus set equal to the air
temperature. The dose-response function returned daily doses, which were then summed
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up to an annual dose, one for each location. The annual dose was then divided by a
material resistance dose, Dgg, to obtain the service life in units of years, assuming that the
same weather pattern is repeated.

In the present study, two different dose-response functions were used. One is the
logistic model (LM) proposed by Brischke and Rapp [10], which is based on the inherent
characteristics of the decay process. As fungal decay requires free water, the model has
a lower threshold at 25% muoisture content, below which the daily dose equals zero. The
second model, hereafter referred to as the simplified logistic model (SLM), was designed
without a lower threshold for moisture content [29].

The functions governing the moisture-induced dose, d,,, and temperature-induced
dose, dt, are shown in Figure 5a,b, and the sigmoid functions describing EN 252 [30] decay
rating as a function of dose are shown in Figure 5c. The daily dose, dg,y, is calculated by
combining the moisture- and temperature-induced doses as follows:

(3.2dr +4dy) /4.2 ifdy,>0,dr>0
dday LM — @)
’ 0 else
ddaysLm = drdy 8
(a) (b) (e}
LM d ! SLM 4 =
u / =
0.8 /
23
d : 06} d g M/
i 2 / g2 B/ SV
5 04 d, a /
i o /
H o
i 0.2 Z 7
: / d:\ t
: 0 | 0 AA 4
QP PP OO P OO QD PP A 0 200 400 600 800
T(0), u (%) T(0), u (%) Cumulative dose

Figure 5. Functions of moisture- and temperature-induced dose shown for the LM (a) and the SLM (b) and the sigmoid

functions describing the EN 252 [30] decay rating as a function of cumulative dose (c).

As can be seen from the equations, the moisture- and temperature-induced doses
vary from 0 to 1 depending on the daily average material climate conditions (# and T).
The total daily dose, d4ay, which is a function of the temperature- and moisture-induced
doses, also varies between 0 and 1, where the latter implies ideal conditions for decay. At
any given point in time, the accumulated dose describes how far the decay process has
progressed and is simply calculated as the cumulative sum of daily doses over the period
of exposure. Since the weather input here corresponds to one year of data, the cumulative
sum is referred to as the annual dose, calculated as follows:

365
dyear = 1 dday )

As aforementioned, the service life, in units of years, is estimated by taking the
annual dose divided by the resistance dose, drq, which depends on wood species and
treatments [20,21]. For Norway spruce (Picea abies), which is the reference species, the
resistance dose, drq, is equal to the critical dose, dqyi¢. In this study, the limit state is defined
as the dose corresponding to the onset of decay, i.e., EN 252 [30] decay rating 1, by brown-
rot fungi. The functions in Figure 5c have been fitted specifically to tests with brown-rot
damage, following the methodology described in [31]. The critical dose can be determined
from the sigmoid functions shown in Figure 5c to dqj; = 228 for the LM and di; = 284 for
the SLM.
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3. Results and Discussion
3.1. Comparison Between Moisture Models

Figure 6a shows the density of daily average moisture content based on the time
series of all geographic locations, calculated at the target location (see Figure 4) using the
FEM. Figure 6b shows the relative difference between the FEM and the SMM. As seen in
Figure 6a, most locations exhibit a similar seasonal variation with higher moisture content
during the winter months. At a given day, the moisture content can vary between dry
(about 15%) and very moist (about 30%) depending on geographic location. At some
locations, the wood remains damp over the entire year. The relative difference between
the models shown in Figure 6b is also subject to a small seasonal variation. Although not
shown here, this seasonal variation is related to the effect of temperature of the SMM, given
by Equation (6), and disappears if this effect is neglected.

(b)

0 1 L 1 1 1 ' ' L 1 1
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Figure 6. Density plot of about 300 moisture-content time series calculated by the FEM with red lines marking 25% and 30%
moisture content (a) and the relative difference between the two models with 80% of the data points enclosed by the dashed
lines (b). Darker color indicates higher density of data.

The SLM moisture-induced dose becomes equal to one per day when the wood
remains permanently above a threshold of u = 30%, implying that the moisture conditions
for fungal decay remain optimal throughout the entire year. Further, it implies that a design
with a higher degree of moisture trapping will not reduce the service life and that the
service life is solely governed by the variations in temperature. This type of threshold is
not considered in the factorized design method, as no interdependence between factors is
considered. Consequently, the final product may end up being higher than the maximum
limit representing optimal moisture conditions for decay.

3.1.1. Moisture Content

Figure 7 shows the results of both moisture models from four different locations
together with the reference moisture variation, u,, calculated using the FEM without any
moisture trap. The four locations, Verona (IT), Shkodra (AL), Haren (DE), and Aalesund,
(NO) have 30, 87,99, and 122 days with more than 2 mm precipitation, respectively, and
have been selected to demonstrate the effect of precipitation on model performance. Note
that the reference moisture content is a common base in both models, so the performance of
the SMM is best evaluated in terms of the difference from the reference moisture variation.
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Figure 7. Daily average moisture content in the joint calculated using the FEM (blue), the SMM (red), and the reference
moisture content (green), shown together with the daily precipitation (black).

As can be seen from Figure 7, both models exhibit peaks during periods with high
precipitation and converge towards the reference moisture content variation during longer
periods with little or no precipitation. Qualitatively, the two models exhibit similar features
with respect to both amplitude and seasonal variation. In climates with limited precipita-
tion, the moisture variations of both models are similar to the reference moisture variation
(here shown by location Verona, IT). Although not shown in Figure 7, the discrepancy
between the two models tends to increase at sub-zero daily average temperature.

Figure 8 gives an indication of model consistency based on the average moisture
increase due to moisture trapping, average moisture content, and days spent above 25%
and 30% moisture content. In general, the SMM underestimates the average effect of
moisture trapping when the effect is small and vice versa. On average, the number of days
spent above 25% is higher with the FEM, but the number of days spent above 30% is higher
with the SMM, indicating that the SMM is subject to higher fluctuations. These differences
can be explained, to some extent, by the inherent features of the models. First, the input
for the different models have different temporal resolutions, i.e., the SMM and FEM are
based on daily and hourly weather data, respectively. For example, any hourly registered
precipitation is included in the FEM, while daily precipitation of less than 0.5 mm is ignored
by the SMM. Second, the magnitude of the peaks in the FEM are, to some extent, dampened
by the inherent nature of the transport coefficient, which is decreasing at moisture contents
exceeding 20%. This type of feature is not considered in the empirical model, where a fixed
value is simply added to the moisture content on every day when the daily precipitation
exceeds 2 mm.
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Figure 8. Average increase in moisture content due to rain (a), average moisture content (b), days above 25% moisture

content (c), and days above 30% moisture content (d), calculated with the SMM and FEM, respectively.

Finally, Figure 8 indicates that the moisture trapping effect is less dependent on
cumulative annual precipitation than the number of days with precipitation when it comes
to moisture trapping effect, which can be seen by comparing Shkodra (AL) and Haren
(DE), where the number of days with precipitation is similar, but the annual precipitation
is about 2000 mm and 800 mm, respectively. Coincidently, in previous attempts to estimate
the site-specific decay potential of wood above ground, Scheffer (1971) postulated that the
number of rain days plays an important role for the moisture-induced decay risk [6].

3.1.2. Annual Dose

Figure 9a,b shows a comparison between the two moisture models based on annual
dose and service life (SL). To avoid having the SL tend towards infinity at near-zero
dose, the reciprocal of the service life is shown here. A value of SL™! equal to 0.1 can be
interpreted as 10% of the service life being expended after one year of use.
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Figure 9. Annual dose, dyear, (a) and the reciprocal of service life, SL~1, (b) in the joint calculated using the FEM and the

SMM, respectively.

The two moisture models give consistent results when coupled with the SLM but
differ when coupled with the LM. The inconsistency between the moisture models when
coupled with the LM can be explained by the LM being more sensitive to input moisture
content than the SLM. The difference is particularly pronounced in climates where the
daily moisture content frequently is close to the lower limit for decay (u = 0.25), where
a minor difference in moisture content can lead to significant change in daily dose. For
example, at a temperature of 20 °C, a variation from 25 to 25.1% daily average moisture
content will increase the LM daily dose from zero to about 0.5 and the SLM daily dose
from 0.463 to 0.467.

The SLM is less sensitive to input uncertainty than the LM, as a minor difference in
terms of daily average moisture content will not cause a large discrepancy in terms of the
resulting daily dose. This includes uncertainty related to measurement and model errors
but also uncertainty stemming from the fact that the moisture variation at the target location
(see Figure 4) is not necessarily consistent with the moisture variation at the exact location
where decay develops. For example, the moisture conditions in the interface between the
two members in Figure 4 are likely more favorable for decay [24] than the target used
in this analysis. The same issue was discussed by [32] as a problem in correlating decay
progression to local moisture measurements. When making predictions based on imperfect
data, there is thus a certain logic and benefit in utilizing a model which is not derived
from the actual characteristics of fungal decay. The benefit of the SLM described here is,
however, confined to the moisture-induced dose, as the daily average temperature is less
dependent on depth from the wood surface and easier to predict.

3.2. Comparison of Decay Models

The results in the following subsections have been calculated using the SMM coupled
with the LM and SLM. The performance of the horizontal board and that of the vertical
board in Figure 2 have been assessed with and without sufficient air gap, see Figure 10.
The values of kdry and Auyet are based on the data from [23]. The value of kdry is higher
when the joint is designed with a gap (faster drying), and the value of uyet is higher when
the end-grain is exposed (increased rate of absorption and transport). The results are used
as a basis for discussing the inherent differences between the LM and the SLM.
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Figure 10. Average annual moisture-induced dose (dy,avg) and reciprocal of service life (SLfl) in four different types of
moisture traps, calculated using the SMM coupled with the LM and SLM, respectively. From the top: exposed side-grain
with gap (a) and without gap (b) and exposed end-grain with gap (c) and without gap (d). Observe that end-grain refers to
the vertical member and side-grain to the horizontal member. To the left, the values for kdry and Atuyet are shown for the

investigated member.

Figure 10 shows the average annual moisture-induced dose, du/avg, and the reciprocal
of service life, SL™1, in different climates for both the LM and the SLM. The value of du,avg
can be interpreted as a measure of the average growth conditions for fungal decay, where
1 implies ideal conditions, without considering the effect of temperature.

Due to the inherent characteristics of the models, the SLM always indicates more
favorable moisture conditions for decay than the LM. The difference is larger in climates
with limited precipitation (e.g., Verona, IT) and for details with limited moisture trapping
(e.g., Figure 10a). This discrepancy is related to the large discrepancy in moisture-induced
dose at low moisture contents, in the region 0-25% moisture content where the LM gives a
moisture-induced dose of zero.
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When calculating the service life and thus taking the effect of temperature into account,
the difference between the models becomes less clear. At a relatively low degree of moisture
trapping (Figure 10a), the moisture content often remains below 25%, resulting in a LM
dose of zero and infinite service life. For higher degree of moisture trapping (Figure 10d),
the LM generally gives a shorter service life despite the moisture-induced dose being lower
than for the SLM. This is due to the higher weight of temperature when combining the
temperature- and moisture-induced doses (compare Equations (7) and (8)).

Factorized Design, Relative Dose

The dependency between climate and detailing has some implications for factorized
design. The factors employed in previous guidelines [16,17], also referred to as relative
performance, were defined as the ratio of the dose of a specific detail to the dose of
the reference board, i.e., the horizontal board without moisture trap [33]. The relative
performance depends on the degree of moisture trapping but also varies depending on the
climate where the detail is exposed [15].

Figure 11 shows the distribution of relative performance calculated for the same four
designs used previously. As can be seen from Figure 11b, the relative performance is not a
useful metric when using the LM, since the moisture induced dose of the reference board
is near zero at several locations, and the relative performance tends to infinity. The SLM
relative performance exhibits smaller variation, with median values at approximately 1.2,
1.7,1.7, and 2.4. These values are in good agreement with the corresponding factors given
by the factorized design guideline [16], where side-grain contact with and without gap are
modelled with factors of 1.2 and 1.8, respectively, and end-grain contact without gap is
modelled with a factor of 2.5.

& A (@) k, & A (b)
dry uwet SLM dry uwet LM
Q9\4—+_.- Q,Q\'—__‘;A
Y l :
O + - O —ﬁ
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Figure 11. Relative dose calculated using the SMM combined with the SLM (a) and LM (b) for the same four details shown
in Figure 10. The red lines mark the median relative dose, the boxes extend to the 25th and 75th percentiles, the lines extend

to the nonoutlier maximum and minimum, and the markers show the outliers.

Not considered by the same engineering design guideline [16] is the variability stem-
ming from the dependency between relative performance and climate, which results in
considerable uncertainty in the service-life prediction. This type of model uncertainty is
avoided when multiple influencing effects (here detailing) are considered already on the
basis of moisture content prior to calculating the exposure dose, as the interdependency is
then considered explicitly.

3.3. Utilization and Implementation of Models
3.3.1. Estimation of Model Parameters

The parameters of the SMM can be estimated from outdoor measurements and/or
through numerical simulation. Ideally, a detail is first evaluated experimentally under
natural outdoor exposure over at least one year as described in [23,33]. A numerical model
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is then calibrated against the experimental data and used to extrapolate the results to several
climates, ideally scattered across the region where the model is to be utilized. Finally, the
parameter kgyy of the SMM can be fitted to the larger dataset. Given sufficient confidence
in the numerical model, the experimental procedure can be ignored. Alternatively, if
the numerical model is not equipped to describe the detail in question, such as in the
case of significant end-grain effects, then the value of k4,y could be fitted directly to the
experimental results, as shown in [23].

3.3.2. Implementation

The difference between previous guidelines for service-life planning of wood such
as [16-18] and the method proposed here is twofold. Firstly, time series serve as the main
input as opposed to factors. Secondly, several effects are included when calculating the
moisture-content variation.

Based on the findings of the present study, the proposed model can be designed
as follows. Several representative locations in the region of interest (here: Europe) are
selected. For each location, the time series of daily relative humidity, temperature, and
precipitation as well as pre-calculated daily values describing the reference moisture
variation are obtained from a database. Alternatively, the latter time series can be replaced
by an empirical model to calculate the reference moisture variation in real time from the
weather data. The number of representative locations stored in the database determines the
resolution of the geographic climate variations. In regions with high spatial variability in
climate (such as the Alps), a higher density is desirable [34]. Based on a set of user-defined
coordinates, specific time series are then interpolated, whereby the moisture content, annual
dose, and service life are calculated using both the logistic and simplified logistic model.
The resulting service life is presented in the form of an interval between these two values.
The associated decay-model uncertainty is indicated by the size of the interval. Based on
the findings of the present study, situations with few days above 25% moisture content at
a depth of 10 mm from the exposed wood surface will exhibit a wider range and higher
uncertainty than situations where damp conditions are dominant.

To reduce model uncertainty, future work should focus on evaluation of the current
exposure model against experimental data. An ideal dataset for validation includes all
the variables used in the modelling procedure, including weather data, moisture content,
material temperature, and decay development. Further, the test specimens should be made
of Norway spruce with controlled material properties, be mounted in non-accelerated
manner with clear (or monitored) boundary conditions, and have continuous moisture
data being recorded at multiple depths. Alternatively, a more practical solution is to model
moisture content at a single depth and employ a numerical model to expand the spatial
resolution of the results. Finally, the experiment should be performed in at least two
different climates. A test setup including most of these characteristics can be found in [32].

From a practical viewpoint, it is not yet possible to include every effect on a moisture-
content basis using an empirical model. This includes effects such as sheltering, local
climate conditions, shading, splash water, coatings (intact versus defect), and wood species.
While the ambition is to target some of these effects in future model development, any
factor not included in the moisture model can still be integrated model-wise through
the conventional factorized approach after calculating the annual dose. For the sake of
accuracy, it is desirable to include as many effects as possible before deriving the dose, as
any information regarding temporal variation is lost upon doing so.

3.3.3. In-Ground Contact

The method proposed in this study is intended for estimating the exposure dose of
Norway spruce in above-ground applications subjected to intermittent wetting and drying,
i.e.,, EN 335 [5] use-class 3, where the moisture-induced doses are largely governed by the
ambient climate and the design of detailing. In the general service-life design framework,
the resulting exposure dose is then combined with a material-inherent resistance dose to
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account for the protective properties (natural, modified, or treated) and moisture dynamics
(wetting ability) of the specific material [20,21]. For terrestrial environments (use-class 4),
the wood moisture content is influenced by the soil and can often be assumed to remain
permanently damp [35,36].

A heuristic method to expand the existing performance-based framework to terrestrial
environments may be designed on the premise that wooden members in direct contact
with soil maintain moisture conditions ideal for decay. The exposure dose can then be
described as a function of wood temperature, which may be determined by modelling
the soil temperature. Using the same assumption, the material-inherent resistance dose
is determined independent of moisture dynamics and focused on soil-contact decay tests
either under laboratory or field conditions [36].

4. Conclusions

The results from the comparative assessment of different moisture and decay models
clearly indicate significant differences between a factor-based approach for service-life
planning with wood and the use of numerical and semi-empirical models, respectively.
Within the dose-response concept we followed, it became evident that the dependency
between variables is best accounted for by adjusting the wood moisture content prior to
deriving the moisture-induced dose. For example, this will prevent overly conservative
service-life predictions in severe environments where the moisture conditions approach
optimal conditions for decay.

Considering the effect of detailing on a moisture-content basis, the two moisture
models provided fairly similar results. Interpolated time series and an empirical equation
for considering the effect of detailing seem to be a promising complement to the factorized
approach in a digital design framework, owing largely to its low computational time.

The input moisture content should be considered when selecting the most suitable
decay-prediction model. Uncertainty related to the inconsistency between the target
location of moisture content (model or measured) and the optimal location for decay
growth should be carefully considered. The choice of decay model becomes particularly
decisive in exposure situations with low degree of moisture trapping.

To increase the accuracy of service-life prediction, future research should target verifi-
cation and evaluation of existing decay-prediction models under environmental conditions
with low to medium moisture-trapping effect. Until the accuracy of models has been
evaluated, the uncertainty involved can be considered by calculating the service life as an
interval bound between the results of several decay models.
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