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Abstract: Electrical resistance measurements are often employed for the purpose of nondestructive
long-term monitoring of wood moisture content (MC) in timber structures. As a structural material
for high-performance load-bearing applications in such structures, beech laminated veneer lumber
(LVL) enjoys a growing popularity. However, due to the processing of beech LVL affecting physical
properties, calibration curves for bulk beech wood cannot be used. In this study, resistance was
measured on 160 beech LVL samples equilibrated in four different relative humidity (RH) climates.
The results show a difference not only between the beech LVL products “BauBuche S” and “BauBuche
Q”, but also between measurements at two different depths. For each data set, parameters for
calibration models using two and using three model parameters were determined by regression
analysis to MC determined by the gravimetric method.

Keywords: engineered wood products; European beech; LVL; monitoring; nondestructive testing;
timber structures; wood moisture content; wood-derived products

1. Introduction

Electrical resistance measurements for the determination of wood moisture content
(MC) are an indispensable and widely-used tool in nondestructive structural health moni-
toring or long-term monitoring of timber structures [1,2]. The wood’s MC affects nearly
all of its physical properties, and most importantly, its mechanical properties. In addition,
a precise knowledge of the MC is often required for parameter adjustment in some of
the nondestructive testing techniques characterizing mechanical properties [3]. Electrical
resistance measurement in wood is used since the early 20th century [4], and its relation to
wood MC is well studied and understood for most of the common wood species [5]. How-
ever, this is not the case for some of the novel engineered wood products that are nowadays
increasingly used in timber structures. Specifically, one of these products is beech lami-
nated veneer lumber (LVL), and under the product name “BauBuche” [6] as it is known
in Europe, it is already widely used and characterized for diverse innovative structural
applications [7-14]. However, studies on the physical properties of “BauBuche” or beech
LVL are still relatively sparse, with only a few studies having assessed moisture-related
properties [15], or the influence of processing, raw material variability, or modification
treatments on some physical and mechanical properties [16-19].

There is an increasing demand for MC-monitoring in timber structures where beech
LVL is employed [20,21]. However, next to a report by Franke et al. [22] and a recent
study by Schiere et al. [23] providing calibrations based on few data points, no other
reliable calibration data sets exist for beech LVL. Furthermore, calibration curves for native
beech wood cannot be used, since the wood’s physical properties are altered during the
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LVL production process, often involving steps such as peeling, drying, heat and pressure
treatment. In addition, the glue lines between the 3 mm thick veneers can affect the
electrical resistance [24].

The aim of the present study is to provide a reliable data set and calibration for beech
LVL. The electrical resistance and the gravimetric MC were measured on 160 samples of
“BauBuche” and calibration curves were determined by regression analysis using double-
logarithmic models. Hereby, the 160 samples were divided into two sample sets of the
beech LVL products “BauBuche S”, where all veneers are oriented the same direction,
and “BauBuche Q” possessing veneers in transverse direction. The resistance was measured
in two different depths, and for samples stored in four different relative humidity (RH)
climates so that the MC range of calibration is in-between 6% and 16% MC.

2. Materials and Methods

Two panels of “BauBuche” with dimensions of 2 m in fiber direction and 0.5 m in
transversal direction were obtained from the manufacturer Pollmeier Massivholz GmbH
and Co. KG at an initial MC of 6% (42%). Each panel is composed of 14, 3 mm thick veneer
layers made out of European beech (Fagus sylvatica), where the outer layers are planed by
the manufacturer such that each panel had a thickness of 40 mm. The veneer layers are
laminated together such that the two outer layers are glued with a melamine-formaldehyde
adhesive, and the inner layers with a phenol-formaldehyde adhesive. The “BauBuche
Q” panel had two transversal (cross-laminated) layers at the fourth an tenth layers, while
the “BauBuche S” panel had all layers oriented in the same direction. Of each panel,
80 samples of dimensions 60 mm x 40 mm x 40 mm were cut out as shown in Figure 1a.
The 80 samples of each series were divided into four subcategories of 20 samples each,
and placed in four different climatic chambers with 35% RH (20 °C), 50% RH (23 °C), 65%
RH (20 °C), and 85% RH (20 °C). The samples were left in the chambers for 30 days until
they fulfilled the equilibrium criterion of <0.1% mass-change in 24 h. The mass-change was
determined using a Mettler Toledo PR8002 scale with a precision of £0.01 g.

30 mm
a b
i Wood screw Setup

w——————— Pre-drilled hole for screw

. , Metal washer (electrode to screw)
Fiber direction of veneers

Isolating polyethylene plastic washer
LVL pre-drilled part
Isolating heat-shrink tubing

Depth 2 =10 mm
40 mm (transversal layer)
Depth 1 =20 mm

g Measurement depth range
(middle layer)

(electrode to wood)

LVL (not pre-drilled)

Figure 1. (a) Picture of samples with dimensions, measurement depths 1 and 2, and drilled holes for

screws (electrodes). Shown is a picture of a “BauBuche Q” sample (transversal layer highlighted in
red). (b) Setup of electrode during measurements (assembly on screw).

The resistance measurements were carried out by a Gigamodul device from Scan-
ntronik Mugrauer GmbH with a measurement range of 10 KO to 100 GQ. The electrodes
were standard wood screws (austenitic stainless steel) of 5 mm diameter screwed into pre-
drilled holes 30 mm apart as shown in Figure 1a. The holes were drilled and the electrodes
were inserted after the conditioning of the samples. The detailed setup of the electrodes is
depicted in Figure 1b. The resistance was measured for half of the samples per product and
per climate at a depth of 20 mm (depth 1), and for the other half at a depth of 10 mm (depth
2), hitting the transverse layer in the case of “BauBuche Q”. However, since the electrode
length was approximately 5 mm, glue lines were incorporated in the measurement depth
range. The resistance values were determined after a 10 min stabilization time of the current
through the electrodes. The electrodes were then removed and each sample was weighted.
The samples were then placed in an oven at 103 °C (2 °C) for 7 days until they fulfilled
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the equilibrium criterion of <0.1% mass-change in 24 h. The reference MC of each sample
was then determined by the gravimetric method as MC = (m — my;, ) (mdry)’l, where m
is the (wet) mass after the resistance measurement and g, is the dry sample mass after
oven-drying. The dry density was calculated for each sample as the dry mass divided by
the dry sample volume, where the estimated volume of the drilled holes was subtracted.

3. Results and Discussion
3.1. Data

Figure 2a shows the measured electrical resistance R versus the gravimetrically de-
termined MC for the data sets “BauBuche S” (BB-S) and “BauBuche Q" (BB-Q). The data
can be found in tabular form in Tables A1-A4 in the appendix. It is apparent, that BB-S
and BB-Q reached different equilibrium MCs while stored in the same climate conditions.
Next to effects that may have been caused by initial MCs of the panels or different swelling
behavior of BB-S and BB-Q, this difference could also be due to the difference in dry density
shown in Figure 2b. The mean value of the oven-dry density was 752.89 Kg m~3 for the set
BB-S, and 739.80 Kg m 2 for the set BB-Q, with standard deviations of 16.58 Kg m 3 and
12.64 Kg m~3 respectively. However, it is known that the wood density does not influence
the electrical resistance [5,24]. Therefore, different calibrations for resistance between BB-S
and BB-Q would not be required based only on their difference in density.
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Figure 2. Measured electrical resistance (R) vs. gravimetric moisture content (MC): (a) Samples of
“BauBuche S” (BB-S) compared to samples of “BauBuche Q” (BB-Q). (b) Oven-dry density of samples
(pdry)/ notches in boxplots represent 95% confidence interval of the median. (c) Temperature (T)
during measurement of R (d) BB-S samples sorted by two measurement depths 1 (20 mm) and 2
(10 mm). (e) BB-Q samples sorted by two measurement depths 1 (20 mm) and 2 (10 mm, depth of
transversal layer).

The mean value of the temperature recorded during resistance measurements of
the 160 samples was 22.68 °C with a standard deviation of 0.74 °C. Since there is no



Forests 2021, 12, 635

40f11

apparent difference in temperature between BB-S and BB-Q measurements, as illustrated
in Figure 2¢, the influence of temperature can be neglected for the calibration process.
However, an apparent difference in resistance at the different measurement depths 1
(20 mm, middle layer) and 2 (10 mm, transversal layer for BB-Q) can be observed for the
sample sets BB-Q (Figure 2e), while this is not the case for BB-S (Figure 2d). The differences
of resistance in depths 1 and 2 of the BB-Q samples were found to be significant for
the sample sets equilibrated at the 35%, 65%, and 85% RH climates (see Figure Al in
the Appendix A). Lower resistances were measured at the depth of the transversal layer
(parallel to wood fiber direction), meaning that the electric conductance is indeed influenced
if the electrode penetrates the transversal layer in “BauBuche Q”. Based on this, it can be
concluded that three different calibrations are necessary: For BB-S, for BB-Q at depth 1,
and for BB-Q at depth 2.

3.2. Calibration Models

Calibration models for resistance to wood MC generally take the form of a double
logarithmic expression of the resistance R versus a linear function of the MC [5,25,26].
However, there is no consensus on whether a model shall use two or three fitting parame-
ters, and whether the natural or a base-10 logarithm should be used. In this study, two of
the more common calibration models are used:

logyo(logyp(R) +1) = Ay -MC + A, (1)

log;(logyo(R) + B3) = By - MC + Bs. ()

Hereafter, these two models are denoted model A and model B. The fitting parameters
A1, Ay for model A and B, By, B; for model B were determined by a linear regression
analysis to the data shown in Figure 2. The fitted parameters are shown in Table 1 and
the calibration curves are shown in Figure 3a—d for the three separate data series of
“BauBuche” samples. The goodness-of-fit was evaluated by adjusted R? values in order
to be able to compare between the two models with different fitting parameters (Table 1).
It can be seen that model B appeared to fit the data better for all three separate series,
justifying the use of an additional parameter. Therefore, if not for the simplicity of a
two-parameter model, the authors recommend using model B for the calibration of R to
MC for “BauBuche”. The three calibrations of this study appeared to agree very well to a
calibration for “BauBuche S” from Schiere et al. [23], as shown in Figure 4a, and the beech
LVL calibrations indeed differed from a calibration for solid European beech wood [26].

Table 1. Calibration model parameters for model A and B as determined by regression analysis for
the sample sets “BauBuche S” (BB-S), “BauBuche Q" at depth of the middle layer (BB-Q-Depth 1),
and “BauBuche Q” at depth of the transversal layer (BB-Q-Depth 2).

Model A Model B
log;o R = 1041MC+42 _q log,o R = 10B+-MC+B: _ B,
Ay Az adj.R? By B, B; adj.R?
BB-S —0.07868  1.172 09910 —0.0996  1.266 0.5248 0.9937
BB-Q-Depth1 —0.07441 1175 09822 —0.1093  1.362 0.2956 0.9896

BB-Q-Depth2  —0.07924 1.171 09681  —0.1036 1.302 0.5409 0.9710
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Figure 3. Fitting of calibration models A and B: (a) models fitted to data of “BauBuche S” (BB-S). (b)
Models fitted to data of “BauBuche Q” (BB-Q) at depth 1 (depth of middle layer, 20 mm). (c) Models
fitted to data of “BauBuche Q” (BB-Q) at depth 2 (depth transversal layer, 10 mm, electrical current
parallel to wood fiber). (d) Fitted models B compared with each-other and with data.

3.3. Temperature Correction

The electrical resistance in wood decreased as the temperature increased, and vice-
versa. It is known that the influence of temperature on resistance-calibrated wood MC is
approximately linear [25]. The absolute error in MC was about 0.1-0.15% per each °C of
deviation from the calibration temperature [26]. Therefore, and for simplicity, an approach
of linear correction of MC was chosen here. The following temperature correction equation
is suggested in Skaar [5], based on James [24,27]:

MC(R) — 0.027(T — 22.68)
0.0085(T — 22.68) + 1

where MC(R, T) (%) is the corrected MC at temperature T (°C) of the resistance mea-
surement, MC(R) (%) is the MC as calculated by the calibration models presented above,
and 22.68 °C is the value of the calibration temperature of MC(R). Even though the theoreti-
cal value of the calibration temperature of the data should be 21 °C according to Skaar [5], it
is assumed that Equation (3) can be used without noticeable loss in precision. Furthermore,
Equation (3) was verified for both calibration models A and B against a more complex
correction model suggested in Pfaff and Garrahan [28], and the corrections were found to
match with negligible differences. In theory, a more accurate and data-based temperature
correction of the calibration curves for beech LVL would be possible by collecting further
data at different temperatures. In fact, a detailed study conducted by Boardman et al. [29]
on oriented strand board showed that the temperature dependence is more complex than
assumed previously. This might also be the case for further engineered wood products
such as LVL. For beech LVL, a data-based temperature-corrected calibration was made

MC(R,T) = , (©)]
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in Schiere et al. [23]; however, the calibration is based on data points collected only at
10 °C and 20 °C. Furthermore, Figure 4b shows that a data-based temperature correction
did not add an apparent benefit in terms of precision in the case of beech LVL. It can be
seen that the corrections of BB-S using Equation (3) coincided closely with the data-based
corrections from Schiere et al. [23] for 10 °C and 20 °C. In the case of 30 °C the agreement
was slightly less.

T : : : : b — : : :
™, |===BB-S (Model B) - Schiere et al. - 10°C
S BB-Q - Depth 1 (Model B) N . Schiere et al. - 20°C
1 BB-Q - Depth 2 (Model B) 103 | ‘\_ ‘\ Schiere et al. - 30°C| |
104R N |7 BauBuche - Schiere et al. \\ ™ - = =BB-S - 10°C
----- Solid beech - Forsen & Tarvainen A M. |—BB-s-20°C
= = X S BB-S - 30°C
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Figure 4. (a) Comparison of calibration models B at 22.68 °C with Literature calibrations for
“BauBuche S” from Schiere et al. [23], and for solid central European beech wood from Forsén
and Tarvainen [26] with A; = —0.046 and A, = 1.119 using model A. (b) Temperature corrections for
10 °C, 20 °C, and 30 °C for BB-S using model B and Equation (3) compared to data-based temperature
corrections for “BauBuche S” from Schiere et al. [23].

3.4. Limitations

The validity of the calibration curves derived in this study is exclusive to the type and
setup of electrodes as shown in Figure 1. The type and size of the electrodes, but also of
the specimens can potentially influence the measurements [30]. A limitation might also
apply to the choice of the three different calibration curves, as e.g., all 80 samples for BB-S
originated from the same panel provided by the manufacturer. Therefore, it cannot be
suggested with certainty that a different calibration for the two different measurement
depths will be necessary for all BB-Q panels in general. However, the three calibrations
of “BauBuche” in this study are close to one another in relation to solid beech, and they
display a nearly perfect agreement with data from Schiere et al. [23] obtained with different
types of electrodes and different panels. Due to the assumption on temperature correction,
the range of application should be limited to heated indoor conditions where the MC
does not vary in an extreme manner. The calibrations were conducted for a range of
application of 6% < MC < 16% based on data collected at approximately 6% < MC < 11%
and 14.5% < MC < 16%, with a missing data range between 11% and 14.5%.

A recent study by Fredriksson et al. [31] showed that moisture gradients in wood can
have an impact on resistance measurements. In real timber structures, moisture gradients
usually predominate over steady-state moisture conditions. Consequently, nondestructive
MC-monitoring by resistance measurements, at least for electrode depths close to the
surface, will not be able to achieve a certain targeted precision regardless of the calibration
model. Accordingly, the validity and limitations of calibration models should be put in the
general perspective of desired accuracy in monitoring campaigns. This applies in particular
to structural components made from “BauBuche S” and “BauBuche Q” panels that are only
40 mm thick.

The suggested calibration for beech LVL shows a clear difference to native beech
wood (Figure 4a). However, this difference can not be explained in the present study. It
is unclear whether the glue lines or the altered physical properties of the wood material
itself influenced the measurements. James [24] recommends using specialized veneer
electrodes suitable for measuring resistance in material layers down to 3 mm thickness.
This approach, although more tedious and impractical for long-term monitoring studies of
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MC, would rule out the effect of glue lines, allowing to capture the true impact the specific
LVL production treatment had on the material. This impact is believed to be strong as
Schiere et al. [23] showed, based on measurements perpendicular to glue lines (glue lines
in series), that the resistance in beech LVL seems not very much influenced by the latter,
but indeed seems to be majorly a consequence of altered physical properties. A recent study
by Engehausen et al. [19] showed that the veneer density is altered in the regions around
the adhesive interface either by densification of the wood material or by penetration of the
adhesive, but that further research is needed in order to clarify the exact cause and effects
on physical properties.

4. Conclusions

For the beech LVL panel products “BauBuche”, three different calibrations for resis-
tance to MC are necessary: For “BauBuche S”, for “Baubuche Q” when the electrodes are
in the middle layer, and for “BauBuche Q” when the electrodes are in the transversal layer.
In all three cases, double-logarithmic calibration models with three parameters achieve
a better fit based on adjusted R? values than models with two parameters. However,
measurements of MC by electrical resistance is still deemed a non-trivial task in the case of
beech LVL, and some limitations specific to this study, such as electrode setup, moisture
range, or representativity of the results must be considered in practise.

Author Contributions: Conceptualization, P.G. and C.L.; methodology, P.G., G.W. and C.L.; formal
analysis, G.W.; investigation, P.G., G.W. and C.L.; writing—original draft preparation, P.G.; writing—
review and editing, P.G., G.W., C.L. and A.F,; visualization, P.G. and G.W.,; supervision, P.G., C.L. and
AF. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by
ETH Zurich, ETH Library.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the results and analysis of this study is shown in
Tables A1-A4 of Appendix A.

Acknowledgments: We sincerely thank Dominik Werne (ETH Zurich, Institute of Structural Engi-
neering) for consulting and help with the measurement setup, Oliver Zgraggen and Paul Fischlin
(ETH Zurich, Building services) for cutting the samples, Daniel Heer (Empa, Cellulose and Wood
Materials) for providing access to the climate chambers, and Pollmeier Massivholz GmbH and Co.
KG for the donation of the beech LVL boards. Marcus Schiere (Bern University of Applied Sciences,
Institute for Timber Construction) is acknowledged for providing own calibration data for the sake
of comparison.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.



Forests 2021, 12, 635

8of11

Appendix A. Data

Table Al. Data from sample set equilibrated in 35% RH and 20 °C climate. Type “S” represents “BauBuche S” samples, “Q”

represents “BauBuche Q” samples, “D1” refers to measurement depth 1, and “D2” refers to measurement depth 2.Values

marked with * designate outliers not considered in the analysis of this study. Resistance measurement values (V, unitless)

are given in terms of V = 10log;, R, so that R = 10710 in units of Q.

Type 10log,R() TCO MC%) "I’I’I‘f_(;fg Type 0 l(‘j;glﬂ R reo Mc P y_g‘j &
S-D1 96.30 22.60 6.47 746.70 Q-D1 93.10 22.80 7.33 749.05
S-D1 96.50 22.60 6.53 771.88 Q-D1 94.20 22.80 7.33 735.44
S-D1 96.40 22.60 6.51 732.44 Q-D1 92.00 22.80 7.63 733.62
S-D1 95.70 22.60 6.53 729.98 Q-D1 92.50 22.80 7.42 726.12
S-D1 96.70 22.60 6.51 732.33 Q-D1 92.80 23.10 7.23 736.73
S-D1 97.40 22.60 6.60 763.74 Q-D1 96.30 23.10 7.26 741.12
S-D1 94.70 22.60 6.56 737.91 Q-D1 94.90 23.10 711 758.59
S-D1 96.60 22.60 6.55 754.73 Q-D1 90.90 23.10 7.35 740.27
S-D1 95.90 21.80 6.48 756.34 Q-D1 93.60 23.10 7.38 755.38
S-D1 96.80 21.80 6.40 747.98 Q-D1 92.40 23.10 7.50 706.93
S-D2 96.90 21.80 6.49 752.57 Q-D2 86.70 23.10 7.35 708.08
S-D2 95.40 21.80 6.50 765.38 Q-D2 89.30 23.10 7.40 749.58
S-D2 97.20 21.80 6.51 762.71 Q-D2 90.70 22.90 7.19 749.26
S-D2 99.80 * 21.80 6.47 745.96 Q-D2 89.90 22.90 7.44 739.87
S-D2 96.60 21.80 6.48 757.16 Q-D2 89.90 22.90 7.39 745.21
S-D2 95.20 21.80 6.49 728.24 Q-D2 85.80 22.90 7.34 745.53
S-D2 108.10 * 22.80 6.42 741.80 Q-D2 89.20 22.70 7.44 731.13
S-D2 94.70 22.80 6.40 756.41 Q-D2 87.30 22.70 7.12 754.81
S-D2 96.20 22.80 6.41 779.57 Q-D2 90.00 22.70 7.34 752.68
S-D2 95.10 22.80 6.51 777.43 Q-D2 89.30 22.70 7.30 735.61
Table A2. Data from sample set equilibrated in 50% RH and 23 °C climate.
Type  10log,R() TCO Mc@)  Piv &8 Type  01%80R ey meey Py K8
m?3) (-) m~?2)
S-D1 91.00 23.20 7.26 774.56 Q-D1 87.70 22.80 8.03 767.81
S-D1 89.70 23.20 7.26 739.30 Q-D1 85.70 22.80 8.49 748.52
S-D1 90.10 23.20 7.32 735.98 Q-D1 85.70 22.80 8.29 746.91
S-D1 89.20 23.20 7.32 740.80 Q-D1 83.50 22.80 8.29 742.95
S-D1 88.30 23.20 7.54 770.70 Q-D1 89.70 20.70 8.23 735.66
S-D1 89.80 23.20 7.28 749.48 Q-D1 87.10 20.70 8.10 779.17
S-D1 91.30 23.20 7.34 758.81 Q-D1 83.30 20.70 8.35 743.48
S-D1 89.90 23.20 7.33 730.73 Q-D1 86.30 20.70 8.46 739.84
S-D1 90.10 22.90 7.22 759.88 Q-D1 84.10 20.70 8.36 744.77
S-D1 91.20 22.90 7.24 765.56 Q-D1 86.00 20.70 8.19 738.98
S-D2 88.70 22.90 7.22 750.33 Q-D2 86.10 20.70 8.27 730.27
S-D2 89.40 22.90 7.23 764.95 Q-D2 82.50 20.70 8.15 738.59
S-D2 89.70 22.90 7.27 753.11 Q-D2 80.60 22.80 8.37 749.16
S-D2 91.40 22.90 7.24 779.25 Q-D2 83.60 22.80 8.32 762.82
S-D2 88.00 22.90 7.30 739.98 Q-D2 110.70 * 22.80 8.16 741.80
S-D2 88.30 22.90 7.26 761.32 Q-D2 81.60 22.80 8.41 733.47
S-D2 90.80 22.80 7.20 742.22 Q-D2 85.60 22.80 8.28 748.94
S-D2 90.70 22.80 7.30 738.59 Q-D2 84.70 22.80 8.08 748.73
S-D2 92.10 22.80 7.20 788.74 Q-D2 87.30 22.80 8.02 754.07
S-D2 90.00 22.80 7.21 744.14 Q-D2 86.30 22.80 8.29 754.28
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Table A3. Data from sample set equilibrated in 65% and 20 °C RH climate.
Type  10log,yR() T (°C)  MC (%) pf;y_(;f 8 Type 10 l((j)gm R T(°O MC (%) Pf;y_(g,l)( &
S-D1 78.90 22.10 9.31 730.62 Q-D1 74.70 23.40 9.88 743.16
S-D1 78.50 22.10 9.28 739.30 Q-D1 75.80 23.40 9.74 733.84
S-D1 78.30 22.10 9.27 767.49 Q-D1 76.30 23.40 9.84 731.58
S-D1 77.00 22.10 9.23 797.71 Q-D1 74.30 23.40 10.00 725.58
S-D1 76.70 22.10 9.24 804.04 Q-D1 76.30 21.20 9.88 743.27
S-D1 77.20 22.10 9.23 751.41 Q-D1 75.90 21.20 9.86 732.44
S-D1 78.70 22.10 9.16 752.38 Q-D1 76.60 21.20 9.82 735.87
S-D1 77.00 22.10 9.41 745.84 Q-D1 77.10 21.20 9.98 723.97
S-D1 77.90 23.20 9.22 737.16 Q-D1 76.60 21.20 9.86 746.59
S-D1 75.00 23.20 9.31 741.44 Q-D1 76.30 21.20 10.13 729.98
S-D2 77.00 23.20 9.18 728.67 Q-D2 72.10 21.20 9.83 750.22
S-D2 74.70 23.20 9.23 760.90 Q-D2 75.80 21.20 9.97 739.23
S-D2 74.70 23.20 9.19 751.19 Q-D2 71.90 23.20 9.80 730.70
S-D2 74.20 23.20 9.27 754.28 Q-D2 72.70 23.20 9.82 738.81
S-D2 76.40 23.20 9.17 724.94 Q-D2 73.60 23.20 9.77 748.20
S-D2 75.80 23.20 9.26 736.46 Q-D2 108.70 * 23.20 9.75 743.18
S-D2 75.90 23.40 9.19 739.23 Q-D2 72.30 23.20 9.83 736.25
S-D2 76.40 23.40 9.22 764.84 Q-D2 72.50 23.20 9.86 741.16
S-D2 80.90* 23.40 9.29 750.87 Q-D2 72.10 23.20 9.84 730.06
S-D2 76.10 23.40 9.23 742.01 Q-D2 71.30 23.20 9.76 752.15
Table A4. Data from sample set equilibrated in 85% RH and 20 °C climate.
Type 10logyR() T(CO MC%) "I’;y_(slfg Type 0 1(?;‘510 R 1¢0 Mc@) P y_gf &
S-D1 60.70 22.40 15.13 767.06 Q-D1 60.20 23.60 15.73 743.91
S-D1 60.30 22.40 15.18 746.48 Q-D1 62.20 23.60 15.51 730.51
S-D1 62.10 22.40 15.02 743.37 Q-D1 62.00 23.60 15.50 735.01
S-D1 60.50 22.40 15.06 760.20 Q-D1 62.30 23.60 15.57 739.84
S-D1 60.30 22.40 15.00 783.78 Q-D1 62.00 22.20 15.62 741.77
S-D1 60.40 22.40 15.08 727.62 Q-D1 61.70 22.20 15.51 725.58
S-D1 60.60 22.40 15.35 753.45 Q-D1 61.60 22.20 15.45 750.45
S-D1 60.90 22.40 15.00 756.77 Q-D1 61.80 22.20 15.68 719.58
S-D1 60.40 23.40 15.31 749.91 Q-D1 61.60 22.20 1547 742.52
S-D1 61.40 23.40 14.89 739.84 Q-D1 61.40 22.20 15.40 742.52
S-D2 60.70 23.40 15.13 750.54 Q-D2 61.80 22.20 15.47 739.45
S-D2 60.10 23.40 15.04 769.54 Q-D2 60.00 22.20 15.74 734.86
S-D2 60.00 23.40 15.24 744.36 Q-D2 57.60 23.40 15.58 746.60
S-D2 60.20 23.40 15.24 740.94 Q-D2 59.60 23.40 15.64 721.10
S-D2 61.50 23.40 14.90 776.15 Q-D2 60.20 23.40 15.70 718.43
S-D2 59.90 23.40 15.11 773.81 Q-D2 59.30 23.40 15.55 723.98
S-D2 60.40 23.60 14.81 754.17 Q-D2 58.10 23.40 15.74 720.45
S-D2 60.20 23.60 15.05 729.63 Q-D2 57.50 23.40 15.65 705.73
S-D2 61.40 23.60 14.90 746.17 Q-D2 61.20 23.40 15.44 742.86
S-D2 60.50 23.60 14.99 767.19 Q-D2 60.80 23.40 15.34 757.37




Forests 2021, 12, 635 10 of 11

101 -

HIF |
I | A

10° e

-
BY
G

HIH
F ok

, d|
é%%gé

| | | | | | | | | | | | | | | |
$DI SD2 QDI QD2 SDI S$D2 QDI QD2 SDI SD2 QDI QD2 SDI SD2 QDI QD2

Figure A1. Measured electrical resistance (R) for the 16 separate sample sets. “S” denotes “BauBuche
S” samples, “Q” denotes “BauBuche Q” samples, “D1” refers to measurement depth 1, and “D2”
refers to measurement depth 2. Notches in boxplots represent 95% confidence interval of the median;
anon-overlap of notches between sample sets represents a significant difference (at p = 0.05) between
sets. Outliers of boxplots do not correspond to data outliers selected in Tables A1-A4. (a) Samples sets
equilibrated in 35% RH and 20 °C. (b) Samples sets equilibrated in 50% RH and 23 °C. (c) Samples
sets equilibrated in 65% RH and 20 °C. (d) Samples sets equilibrated in 85% RH and 20 °C.
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