BALTIC FORESTRY

I MODELLING OF RESISTANCE-TYPE WOOD MOISTURE METERS /.../ N V' TAMME ET AL. I

Modelling of Resistance-Type Wood Moisture Meters for
Three Deciduous Tree Species (Black Alder, Birch, Aspen)
in Moisture Contents Above Fibre Saturation Point

VALDEK TAMME", PEETER MUISTE', ALLAR PADARI' AND HANNES TAMME?
I* Estonian University of Life Sciences, Kreutzwaldi 5, 51014 Tartu, Estonia, Tel.+372 7313108, e-mail:

valdek.tamme@emu.ee

2 University of Tartu, Ulikooli 18, 50090 Tartu, Estonia, e-mail: htamme@ut.ee

Tamme, V., Muiste, P., Padari, A. and Tamme, H. 2014. Modelling of Resistance-Type Wood Moisture Meters
for Three Deciduous Tree Species (Black Alder, Birch, Aspen) in Moisture Contents Above Fibre Saturation Point.
Baltic Forestry 20(1): 157-166.

Abstract

For fast detection of wood moisture content (MC), handheld resistance-type and capacitance-type electrical moisture
meters are widely used. In moisture contents above the fibre saturation point (FSP), the measuring accuracy and precision
of resistance-type moisture meters starts to progressively decrease as the wood MC increases. The aim of this research
was to quantitatively explore this well-known qualitative trend. Three different resistance-type wood moisture meters
from leading manufacturers were compared. The display readings of the moisture meters were compared by using the
absolute MCs determined for relevant specimens with the oven-dry method. The specimens with the dimensions of
100x60x60 mm (length x width x thickness) were made of three different tree species (black alder, birch, aspen); a total
of 60 specimens per each tree species were used. The specimens were dried in a climatic chamber under equal conditions
(32°C and 98% RH) until the desired MC was achieved. All wood MC measurements were conducted at a room temperature
of 20°C.

Modelling of experiment data confirmed the progressive increase in the absolute error in a single measurement of
wood MC with resistance-type moisture meters as the average absolute MC rose. Based on the model, the absolute error on
the same confidence level (95%) and for the average MC of 27% was + 3.9% MC, for the average MC of 60% it was = 10%
MC, and for the average MC of 97% the absolute error was + 17.5% MC. The best prediction error in wood average MC
predicted on the basis of the same model was + 1.12% MC. The same model was used to predict the resolution of resistance-

type moisture meters for the above-mentioned average MCs, which was found to be approximately 1% MC.

Key words: wood drying, wood moisture meter, above FSP

Introduction

Portable electric wood moisture meters can be
categorised into two groups based on their operating
principle: direct current (DC) resistance-type moisture
meters (Stamm 1927, James 1988, 1993) and high fre-
quency alternate current (AC) (2-3 MHz) capacitance-
type moisture meters (Ressel 2006). Capacitance-type
moisture meters are contact-free, whereas a direct
galvanic contact with wood is required for resistance-
type moisture meters that uses two electrodes to do
the measuring. The reliable measuring range of capac-
itance-type moisture meters is considered 2—-30% MC
(Ressel 2006, Bergman 2010). Historically, the main and
most accurate measuring range of resistance-type
moisture meters has been 7-18% in absolute MC (Nor-
berg 1999, Forsen and Tarvainen 2000) (of dry weight),
sometimes also 4-22% (Ressel 2006), and the extend-
ed measuring range has been 18-30% (Rozema 2010,

Boardman et al. 2011), sometimes also 22—40% (Straube
et al. 2002). The range above FSP where wood abso-
lute MC reaches 30-100% is considered non-calibrat-
ed mostly due to the high variance in the readings of
moisture meters (Vermaas 2002, ASTM Standards
2008). It has even been suggested that “... an indicat-
ed MC-reading is more or less a rough guess“(Ressel
2006) and that “readings greater than 30% must be
considered only qualitative” (Bergman 2010). A more
detailed qualitative assessment of resistance-type
moisture meters in the range above FSP is given by
manufacturers on their web pages, for example Gann
(Gann 2013): “In the range above the fibre saturation
point (about 30 % MC) readings become progressive-
ly less accurate, depending on the moisture content
of the timber to be measured, its specific weight and
temperature and the species of wood. ... whereas rel-
atively accurate readings can be obtained with oak,
beech, white afara, etc. up to range of 60—-80 % mois-
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ture content”. Also Brookhuis (Brookhuis 2009) stat-
ed that “Measurements below 7% and above the wood
fibre saturation point are not accurate. For a precise
determination beyond the measuring range, we recom-
mend using the oven-dry method”. These recommen-
dations were taken into account in the source data
used for statistical modelling in this research.

Above FSP, substantial discrepancies were doc-
umented (Karu 2011) between moisture meter readings
and MCs of specimens, which were determined with
the oven-dry method. It was also found that numeri-
cal differences between meter readings and relative
MCs were noticeably smaller than between meter read-
ings and absolute MCs. For wood air drying practic-
es, the research (Tamme et al. 2012a) presented cor-
rection formulas for compensating for the differences
between absolute MCs and relative MCs and moisture
meter readings.

The resistance method as an affordable and reli-
able method is widely used for monitoring MCs in the
wood drying process (Tronstad et al. 2001, Tamme et
al. 2010, 2011) as well as in building envelopes (Straube
et al. 2002, Onysko et al. 2008). For this reason, it is
especially important to quantitatively evaluate the
measuring accuracy of the resistance method for MCs
above FSP.

It should be mentioned that wood fibre saturation
point (FSP) may somewhat differ between tree species
(Higgins 1957). If wood FSP has not been accurately
determined, the approximate value of 30% MC is used
as FSP (Class and Zelinka 2010).

The primary purpose of this research was to carry
out a statistically reliable assessment of the progres-
sive decrease in the measuring accuracy of resistance-
type wood moisture meters as the wood MC rises above
FSP (30-100% MC). In addition, the research also set
out to determine the resolution of the moisture meter
Gann HT 85T for both resistance (k?) and moisture
content (% MC) units above FSP, and to compare the
wood moisture meters used in the experiments.

The statistical models developed for wood mois-
ture content also enable a wider interpretation (and not
just a quantitative description) of the phenomenon of
progressive decrease in the measuring accuracy of a
single measurement with wood moisture meters. The
greatest benefit of a statistical model describing wood
moisture content is the opportunity to predict the
average moisture content of a batch of wood with
sufficient accuracy for practical needs, by a non-de-
structive method and within a reasonable period of time
without having to use the labour- and resource-inten-
sive oven-drying procedure every time. Sometimes the
wood moisture content prediction is required for de-
termining the mechanical properties of wood, such as

the modulus of elasticity (MOE) and modulus of rup-
ture (MOR) by a non-destructive ultrasound method
(Wang et al. 2004). In fact, both the MOE and MOR
are highly dependent on wood density. In turn, wood
density correlates strongly with wood moisture con-
tent both above FSP and below FSP (Kretschmann
2010, Cai 2008, Carter et al. 2005).

Materials and Methods

The research made use of specimens of black al-
der (Alnus glutinosa), birch (Betula pendula), and
European aspen (Populus tremula), each with the di-
mensions of 100x60x60 mm (height x width x thickness).
The specimens were dried in the Feutron climatic cham-
ber (Feutron 2013) under equal conditions (at 32°C, 98%
RH and air velocity of 0.4 m/s) until the desired MC
was achieved. All wood MC measurements were carried
out at a room temperature of 20°C. Resistance type wood
moisture meters Gann HT 85 T (Gann 2013), FMD-6
(Brookhuis 2013) and NDT James Moisture Master
(Ndtjames 2013) from three different manufacturers were
used. The measurement resolution of all moisture me-
ters used in the experiments was = 0.1% MC. The cho-
sen measuring depth of measuring electrodes was 1/3
of the thickness of a specimen (that is, in the case of a
60 mm specimen, the measuring depth was 20 mm of the
surface of the specimen). Measuring electrodes (teflon
insulated pins, 60 mm) were tapped with a Gann ham-
mer electrode RAM- IN electrode M18 (Gann 2013) to
a depth of 20 mm. The number of specimens per each
tree species was n = 60.

A Kern weighing scale (Kern-sohn 2013) was
used. The absolute MC of dry weight of the specimens
was determined according to the standard ISO
3130:1975. The following methodological assumption
was the basis for the comparison test of the moisture
meters: only the average MC of the specimens was
determined by the oven-dry method and the respec-
tive reading of the moisture meter was recorded. The
influence of possible moisture gradients in each spec-
imen on measuring results was not taken into account
since a non-destructive method could not be used for
detecting moisture gradients in the specimens.

Experiment data was statistically processed in two
stages. In the first stage, statistical variables were
analysed one by one by methods of descriptive sta-
tistics, and in the second stage, the variables (meas-
urements) were examined by measures of association
by methods of regression analysis.

While processing the experiment data it became
clear that although the purpose was to study MCs
above FSP, in some cases the trend lines that had been
obtained overlapped The best prediction error in wood
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average MC predicted on the basis of the same model
was = 1.12% MC (for example in the case of FMD-6).
Due to this overlap, it can be said that the range of
application of the established trend lines is even
slightly wider than the MCs above FSP that was sug-
gested in the title of this article.

In the second stage of statistical processing the
experiment data, a simple univariate linear regression
was used. Inverse regression was applied (Onysko et
al. 2008) and therefore the moisture meter reading was
chosen as the independent variable. Inverse regres-
sion was used because it is better suited for practical
needs and because the purpose of this research was
not calibration of moisture meters but simply their
comparison under under the same conditions. A total
of nine regression models were developed for three
tree species and three moisture meters. Logarithmic
transformation was applied to the actual MC variable.
The initial variable was again used for making conclu-
sions based on the model. For testing the reliability
of the regression line that was found, the Kolmogorov-
Smirnov test was used in all comparisons to evaluate
the normal distribution of prediction residuals, and
where possible, the Shapiro-Wilk test was also used.
The tests were then doubled with visual control meth-
ods of normal distribution (a histogram with the den-
sity of probability and a Q—Q plot). Statistical mode-
ling was done in the statistical software environment
of R (r-project 2013).

Statistical modelling of wood moisture content
produced the essential parameters of regression mod-
els: R-squared of the model, (b) standard error (SE)
of the model, and (¢) 95% confidence interval (CI) of
the regression line. The confidence interval for indi-
vidual predictors is substantially larger than the one
computed above for the predicted mean (Sachs 1982).
The most important external parameters in relation to
regression models include the optimal number of meas-
urements, repeatability of measurements and the re-
peatability (reproducibility or validation) of regmod-
els. Repeatability of results of measurement is defined
as closeness of the agreement between the results of
successive measurements of the same measuring car-
ried out under the same conditions of measurement
(ISO 3534-1:1993). Validation of regression models is
based on the following property (Sachs 1982): the
variance of a sum or difference of independent ran-
dom variables (e. g. old and new samples) is equal to
the sum of their variables, i.e.

D(X+Y)=DX+DY. (1

As rough approximation we can assume that the
residual variances DX and DY of two models are equal,
DX = DY, and the standard error of the new regres-
sion model SE/ is:

SE1=,D(X +Y)=+2DX =1.4SE
(a) R-squared:

D¢ b O
ZYi -y’

The expression (2) is a measure of how well the
predicted (§,) values fit. The less the observed val-
ues depart from the fitted line, the smaller this ratio is
and the closer R? is to 1. Thus R’ can be considered
a measure for how well the regression line explains the
observed values.

(b) Standard error of regression model (SE):

(2)

3)

SE is a measure of the inadequacy of fit for the fitted
equation § = a + bx, or of the error which is made in
the estimation or prediction of y from given values of
x (Sachs 1982).

Wood electrical equivalent resistance method was
used for experimental determination of the resolution
of the moisture meter Gann HT 85T in electrical resist-
ance units on two moisture levels selected in the be-
ginning and end of the moisture range above FSP (30-
100% MC). For simulation of equivalent wood electri-
cal resistances in the moisture meter input, a resistance
box type P4002 was used, which had the accuracy class
of 0.05 and a selectable resistance range of 10 kQ—-100
MQ (Metrosert 2013). Different resistances were used
in the moisture meter input so that the reading would
change £ 0.1% MC on a selected moisture level. The
divergence of the resistances in this range is corre-
sponding to the experimentally determined resolution.
For calculating the resolution according to the actual
MC (that is, gravimetric MC determined with the oven-
dry method), the most reliable (confirmed by both the
Kolmogorov-Smirnov test and the Shapiro-Wilk test)
regression line was used based on the presumption of
it being 100% reliable. This way, the regression line
obtained a fixed transfer function, that is, it acted as a
calibration curve (corrected in the comparison test). It
was also noted that resolution is an idealised parame-
ter (a certain limit value) of a measuring device, which
actual measuring accuracy never achieves.

Results

Research results are presented in the following
Tables and Figures. Tables 1, 2 and 3 are presenting
the results of processing of the experimental data by
the method of descriptive statistics for three hardwood
species. Tables 4, 5 and 6 are presenting the results
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Table 1. Testing of moisture meters on black alder speci-
mens

Moisture meter readings

Table 4. Modelling of moisture meters on black alder spec-
imens. Independent variable in regression model is moisture
meter reading in MC %

Statistical Oven dry
parameter actual MC % Gann NDT James FMD -6 Meter
(MC %) (MC %) (MC %) Parameter Gann HT 85T NDT James FMD-6
Range 1 686—124.8 326-392 304-333 298-335 |\ ofobservations 134 133 134
Range 1, mean 105.7 359 316 318 Intercept (Int.) 0.711 -0.358 0.573
Range 1, st. dev. 12.154 1.299 0.819 0.908 Lower 95% of Int.  0.675 0514 0.458
Eange 5 527 - 65.5 36.8 -30.9 gg;& -307 gg.: ~287  Upper95%ofint  0.748 -0.201 0.688
ange 2, mean 99.5 8.6 . : p-value of Intercept  p <0.001 p < 0.001 p <0.001
Range 2, st. dev. 3.66 1.104 1.259 0.577 Slope (SI.) 0.03640 0.0743 0.0427
Ezggz g o gge— 37 ;?-g -238 gg . 2 3;‘1‘ 247 ower95%ofSl.  0.0352 0.0688 0.0387
' : 3 ! . Upper 95% of SI. 0.0376 0,0798 0.0468
Range 3, st. dev. 2.031 0.793 1.52 0.718 p-value of Slope p<0.001 £<0.001 P <0.001
R-squared (R") 0.963 0.847 0.765
. . . . Standard Error of 0.04836 0.09783 0.1213
Table 2. Testing of moisture meters on birch specimens Regmodel (SE)
p-value of p < 0.001 p < 0.001 p< 0.001
Oven d Moisture meter readings Regmodel
Statistical actin] MG 7 ks. test of p=05412>0.05 p=0.4156>0.05 p=0.1224>0.05
parameter % Gaan NDT Jaomes FMD by 6 residuals, p-value
° (MC %) (MC %) (MC %) Shapiro-Wik test of p=02274 >0.05 p=0.0177<005 p =3.0e-5<0.05
Range 1 69.4-91.5 383-468 32-366  31.3-368  residuals, p-value
Range 1, mean 852 424 34 33.8 9 ks.test — Kolmogorov-Smirnov test of residuals
Range 1, st.dev. 3.85 2.129 1.067 1.22
Range 2 445-603 319-366 273-31.2 27.2-31
Range 2, mean ~ 49.8 34.1 29.4 28.8 Table 5. Modelling of moisture meters on birch specimens.
Range 2, st.dev. 4.44 1.312 1.167 0.914 d d iable i . del i .
Range 3 26.4 - 37 225288  233-295 232 0g7  Independent variable in regression model is moisture meter
Range 3, mean  30.3 24.9 26.6 25.2 reading in MC %
Range 3, st.dev. 2.355 1.423 1.409 1.069

Table 3. Testing of moisture meters on aspen specimens

Moisture meter readings

Statistical Oven dry
parameter actual MC %  Gann (MC  NDT James FMD -6
%) (MC %) (MC %)

Range 1 86.5-117.2 437-50.1 348-397 315-357
Range 1, mean 107 474 37.6 32.6
Range 1, st.dev. 7.745 1.327 1.018 0.885
Range 2 39.2-70.5 33.6-37.6 282-334 249-301
Range 2, mean 56.5 35.9 30.5 27.2
Range 2, st.dev. 7.866 1.07 1.251 1.25
Range 3 23-40.6 20.5-29 21.8- 29.2 20-293
Range 3, mean 29.9 24.3 25.3 23.5
Range 3, st.dev.  3.482 1.911 1.753 1.856

of modelling of moisture metres for three hardwood
species and Figures 1, 2 and 3 display the results
graphically. Figures 4 and 5 present the regression
residuals histogram and Q-Q plot (propability paper)
corresponding to positive Shapiro-Wilk test results.
According to the Kolmogorov-Smirnov test, the dis-
tribution of prediction residuals in the regression model
may be considered close to normal. The regression
models used in all comparisons fit this definition.
According to the Shapiro-Wilk test, the distribution
of residuals in the regression model may be consid-
ered normal. The regression models in two compari-
sons (black alder — Gann HT 85T and birch — NDT
James Moisture Master) fit this definition.

The resolution of the moisture meter Gann HT 85T
according to resistance was experimentally determined
(the wood group switch was in the 3 position and
the temperature switch in the 20°C position) with the
resistance simulation method for two wood MCs: wood
MC of 85.4% + 0.1% MC produced the resolution of

Meter

Parameter

Gann HT 85T NDT James FMD-6
No. of 134 134 134
observations
Intercept (Int.) 0.8673 0.0437 0.2468
Slope (SI.) 0.0249 0.05504 0.0495
R-squared (R?) 0.968 0.920 0.942
Standard Error of 0. 0385 0.0604 0.0514

Regmodel (SE)
ks. test of
residuals,
p-value

p=0.1069>0.05 p=0.7638>0.05 p=0.1995>0.05

Table 6. Modelling of moisture meters on aspen specimens.
Independent variable in regression model is moisture meter
reading in MC %

Meter

Parameter

Gann HT 85T NDT James FMD-6
No. of 140 140 140
observations
Intercept (Int.) 0.894 0.399 0.155
Slope (Sl.) 0.0239 0.0432 0.0568
R-squared (R?) 0.982 0.946 0.936
Standard Error of  0.0361 0.0619 0.0676

Regmodel (SE)
ks. test of
residuals,
p-value

p=0.4579> 005 p=0.1469>0.05 p =0.09119>0.05

10 k& + 0.104 k€2, b) wood MC of 30% =+ 0.1% MC pro-
duced the resolution of 370 kQ + 5 kQ. The resolu-
tion of a wood moisture meter according to resistance
is significant when a resistance meter is added in the
moisture meter comparison test.

According to a statistical model, the resolution of
the moisture meter Gann HT 85T was calculated at
wood actual MC as follows: a) 97% MC produced the
resolution of 0.82% MC, and b) 27% MC produced the
resolution of 0.23% MC. According to the actual MC
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Figure 1. Regression lines of testing wood moisture meters
Gann HT 85T, NDT James Moisture Master and Brookhuis
FMD-6 on black alder specimen with their 95% confidence
and tolerance bands (LOG(MC actual %) — actual MC in
log,; Gann, NDT, FMD — meter reading MC, %)
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Figure 2. Regression lines of testing wood moisture meters
Gann HT 85T, NDT James Moisture Master and Brookhu-
is FMD-6 on birch specimen with their 95% confidence and
tolerance bands (LOG(MC actual %) — actual MC in log;
Gann, NDT, FMD — meter reading MC, %)
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Figure 3. Regression lines of testing wood moisture meters
Gann HT 85T, NDT James Moisture Master and Brookhuis
FMD-6 on aspen specimen with their 95% confidence and
tolerance bands (LOG(MC actual %) — actual MC in log;
Gann, NDT, FMD — meter reading MC, %)

V. TAMME ET AL. Il

: )\

10
J

~— ]

T T T T T T 1
-0.15 -0.10 -0.05 0.00 0.05 0.10 015

Residuals

Normal Q-Q Plot

Sample Quantiles
0.00 005 0.10

-0.05

-0.10

Theoretical Quantiles

Figure 4. Black alder — Gann HT 85T histogram of residu-
als with curve of density of probability of normal distribu-
tion and Q-Q plot of regression model

above FSP, the total resolution based on a robust
approach, is approximately 1% MC.

From a practical standpoint, it is vital to answer
the question of up to which MC the moisture meters
can reliably be used. In using moisture meters, the upper
MC limit has been determined with an electrical resist-
ance value at which the meter still displays a stable
reading. Depending on the tree species, this value may
be different. For example, the research (Tamme et al.
2012b) found the minimum electrical resistance to be 10
kL., which corresponded to the average oven-dry MC
of 146% of the pine sapwood specimen.

Statistical modelling of experiment data confirmed
the progressive increase in the absolute error in a sin-
gle measurement of wood actual MC as the average
absolute MC rose. The absolute error found by the
moisture meter Gann HT 85T on the basis of the mod-
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Figure 5. Birch — NDT James Moisture Master histogram
of residuals with curve of density of probability of normal
distribution and Q-Q plot of regression model

el on the same confidence level (95%) and for the
average MC of 27% was + 3.9% MC; for the average
MC of 60% it was = 10% MC and for the average MC
of 97% the absolute error was = 17.5% MC. The ab-
solute error with a “+” sign was determined on the basis
of the upper 95% confidence limit of regression pa-
rameters and the absolute error with a “-” sign was
determined on the basis of the lower 95% confidence
limit of regression parameters.

When comparing the moisture meters used in the
experiments, it can be suggested based on tables 4, 5
and 6 that the SEs of the regression models developed
for the moisture meter Gann HT 85T are, in the case
of all three tree species, approximately two times small-
er than those for moisture meters NDT James and
FMD-6. Moreover, R-squared values of the models
produced for Gann HT 85T are the greatest in the case

of all three tree species compared to the other two
moisture meters NDT James and FMD-6 used in the
experiments.

Discussion

The standard deviation (st. dev.) in the empirical
distribution of the MCs determined in the specimens
with the oven-dry method indicates a downward trend
when the specimens are slowly dried under equal con-
ditions (see Tables 1, 2 and 3). This trend emerged in
case of the specimens of all three dried tree species.
The fact that a slow drying mode evens out the dif-
ferences between the average MCs of the specimens
is, most likely, one of the manifestations of Fick’s law.

Modelling of wood MC above FSP improves the
accuracy of determining wood MC. This quality can be
best illustrated by (figuratively) transferring the mod-
elling results obtained in this research to a real produc-
tion situation (in sawmills, treatment plants and so on).

Example (of a figurative construction): 60 boards
(i.e. the sample) have been randomly selected from a
batch of black alder boards (e.g. the population). The
task is to estimate the average moisture content of the
batch of wood based on the sample. First, the oven-
drying method is used. If the moisture content of a sin-
gle board is determined by oven-drying, the average
possible error is 12.2% (see row “St. dev. of range 1”
Table 1 in the case of an average MC of 97% chosen
for the example calculated by the parameters of regres-
sion model described in the Table 4). However, deter-
mining the moisture content of all 60 boards by oven-
drying enables detecting the average moisture content
(97% MC in this specific example) with great accuracy
(see Table 1 data, at least 1.58% MC). In spite of the
high accuracy of the oven-dry method, it also has a few
flaws. Firstly, it will take a few days to get the results.
During this time, the wet wood has continued to dry
on the storage site and thus, the results may no longer
be reliable. Secondly, this method is a destructive one
as sawing the specimens out of the boards reduces the
quality of the remaining board parts. Thirdly, the cost
of electric energy, labour force and equipment (high-
quality drying chambers and precise scales) is high. All
in all, using the oven-dry method in practice is only
justifiable in certain cases and for the purpose of de-
veloping statistical models. In the following segment,
the average moisture content of 60 boards (sample) is
predicted on conditions equal to those of the oven-dry
method. Data in Table 1 is applied separately to varia-
bles and data in Table 3 is used for the regression model
of the moisture meter Gann HT 85T. By measuring the
moisture content of a single randomly selected board
with the moisture meter Gann HT 85T, the average pos-

I 2014, Vol. 20, No. 1 (38) N,  SSN 2025-9230

163



BALTIC FORESTRY

I MODELLING OF RESISTANCE-TYPE WOOD MOISTURE METERS /.../ N V. TAMME ET AL. I

sible margin of error is 17.5% MC (the margin of error,
in this case, is somewhat larger than in the case of the
oven-dry method where it is 12.2% MC). If the average
moisture content of the 60 boards (which as in the pre-
vious examples was 97% MC) is predicted on the basis
of the SE of the regression model, the possible aver-
age margin of error is 1.12% MC. Therefore, the pre-
diction of the average moisture content of the wood
batch based on the model has proven to be surprising-
ly accurate. To confirm this prediction, the 60 boards
of the sample must be actually measured. If a wood
moisture meter has a memory for recording readings (as
in FMD-6 or Gann model 2050), the actual measuring
speed is two measurements per minute and the entire
procedure would take half an hour. Let us assume that
instead of 60 measurements we limit ourselves to 30
measurements, thereby halving the number of measure-
ments. In that case, the SE of the model would increase
by four times based on the equation (3), and in pre-
dicting the average moisture content, we would have
on average a margin of error of 1.56% MC. According
to the model repeatability principle, the measuring se-
ries of the next 60 measurements (that is, the new sam-
ple) should result in a 1.4 time increase in the SE. This
would mean that in the next moisture content predic-
tion based on the previous model and new measuring
data, we would on average have a margin of error of
1.17% MC.

In the modelling of wood moisture content, it is
important to keep in mind that there is no real need to
use calibrated measuring instruments such as wood
moisture meters. Therefore, the metrological parameters
that were significant for calibrated wood moisture me-
ters (e.g. accuracy, repeatability, reliable measuring
range, etc.) take on a new meaning in a statistical mod-
el even from the point of view of the model as a whole.
For example, an analogy could be drawn between the
terms accuracy and quality of the model and confidence
interval of estimated regression parameters, and reli-
able measuring range could be similar to reliable model
domain, and repeatability could be compared to mod-
el reproducibility, etc. If this research had made use
of three electrical resistance meters (that is, if their scale
readings would have been given in kQ) instead of three
calibrated wood moisture meters, there would probably
not have been any noticeable changes in the obtained
regression model parameters. The only prerequisite for
measuring instruments used for modelling is their suf-
ficient moisture sensitivity (that is, upon a single-unit
change in wood moisture content their output signal
should be reliably detected). Linearity of the output
signal of the used measuring instruments as well as time
stability would also improve the essential parameters
of the statistical model. The methodology applied in this

research does not require according to Vermaas (Ver-
maas 2002) “attempts to “calibrate” resistance moisture
meters for use above f. s. p.”.

Conclusions

To acquire the calibration curve, the in situ cali-
bration method is used, which is characteristic of non-
destructive methods. It is presumed that an individu-
al measurement is non-reliable; essentially the pre-
calibration of the moisture meters by the manufactur-
er is also ignored. The statistics procedure automati-
cally adapts to the pre-calibration and produces cor-
rect parameters of the model. With this, the pre-cali-
brated wood moisture meters are recalibrated. The rec-
alibration curve is found for the average values of a
large number of measurements, as is the practice in
non-destructive methods.

Modelling of experiment data confirmed the pro-
gressive increase in the absolute error in a single meas-
urement of wood MC with resistance-type moisture
meters as the average absolute of MC rose. Based on
the model, the absolute error on the same confidence
level (95%) and for the average MC of 27% was + 3.9%
MC, for the average MC of 60% it was + 10% MC and
for the average MC of 97% the absolute error was +
17.5% MC. The predicted error of wood average MC
by the same model was + 1.12% MC. The model was
also used to predict the resolution of resistance-type
moisture meters, which was found to be approximately
1% MC. It was found that in the modelling of wood
moisture content, utilization of measuring instruments
previously calibrated into wood moisture meters is not
necessary. Necessary prerequisites include moisture
sensitivity of measuring instruments, linearity of out-
put signal, and time stability.
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MOAEJIUPOBAHHUE NNPUBOPOB UBMEPEHUSA BJAXKHOCTHU 11O CONPOTUBJIEHUIO
HA NPUMEPE TPEX JIUCTBEHHBIX JEPEBBEB (OJIbXA YEPHAS, BEPE3A, OCHUHA)
NP COAEPKAHHMU BJIIA’KHOCTHU BbIIIE TOYKHW HACBIIMEHUA OJHOI'O BOJIOKHA

B. Tamme, II. Myiicte, A. Ilagapu u X. Tamme
Pe3siome

Jlns m3MepeHus coJiepikaHus! BIaKHOCTH APEBECHHBI IIHPOKO HUCIIONIB3YIOTCS MOPTAaTHBHBIE YIIEKTPUIECKHE HPHOOPEI
conportusnenus. [Ipn yBenn4eHnn BIaKHOCTH APEBECHHBI B IPEJeNax BBIIIE TOYKHM HACBHIIIEHHS BOJOKHA TOYHOCTH
M3MEpeHUs] TaKUX NMPUOOPOB HAYMHAET NPOTPECCHUBHO CHUXKAThCSI. B maHHOHN paboTe mpeacTaBieHa KBaHTHTaBHAs
XapaKTepHUCTHKA JaHHOW XOPOIIO M3BECTHOI KBAJIMTATUBHOHM TeHAEHIMH. [loka3aHHs Tpex MPUOOPOB OT BEAYIIHX
MPOU3BOAUTEINEH I I3MEPEHUSI BIQKHOCTH CPABHUBAIIY C a0COTIOTHON BIAYKHOCTBIO OTPEIETICHHON METOJOM B3BEIIIMBAHUS
BBEICYIICHBIX 00pa3noB. M3 kaxxmoro Bua IpeBecHHBI (0JbXa YepHas, Oepes3a, ocuHa) ObUTH H3roToBICHHI 60 00pasoB ¢
pazmepamu (60x60x100) mm®. OOpasipl CYNIHINA A0 KeJIAaeMOTO COJCPKaHHs BIAKHOCTH B KJIMMAaTHYECKOM Kamepe Mmpu
OJIMHAKOBBIX yclIoBUAX (Temneparypa 32°C u oTHOcuTeIbHas BIakHOCTh Bo3ayxa RH 98% ). Bce msmepenus nmpoBoauiau npu
koMmHarHO# Temneparype 20 °C.

Ha ocHOBe CTaTHCTHYECKOTO MOAEIUPOBAHUS NMPHU OAUHOYHOM n3MepeHumn MC (moisture content) qpeBeCHHBI
MOATBEPMIOCH IIPOTPECCHBHOE CHIDKEHHE TOYHOCTH N3MEPEHNUS IPHOOPOB BIAXXHOCTU HA OCHOBE H3MEPEHHS COIIPOTHBIICHUS
TP yBEIWYEHUH CpeHeH abCOMIOTHOM BIa)XHOCTH ApeBecuHsl. [Ipu 95% nosepurensHoM ypoBHe U pu cpegaeM MC=27%
abconmoTHast omMOKa M3MEPeHHs CTaTUCTUYecKoil Moaenu Obita +£3,9% MC, npu cpennem MC=60% aGcomoTHas ommbka
n3MepeHus craTucTudeckoi moxmenu 6vuta £10.0% MC u npu cpernem MC=97% aGcomioTHast ommnOKa U3MEpEeHHUs
cTaTucTHdeckoi Monenu Obuta +£17.5% MC. Hanmensmas ommbka nporrosa cpeguero MC aist IpeBecHHBI IO JaHHOR
moxenu Obuta +£1.12% MC. Ha ocHOBe mpencTaBIeHHONH MOJETH OBLI COCTAaBJICH NMPOTHO3 Hpeaesia pa3perieHus
UCTIONB30BAaHHBIX MPUOOPOB AJS U3yueHHOH ApeBecHHBI NpH cpeaHux MC, COOTBETCTBYIOIIEE 3HAUEHUE MOTYUMIH B
npenenax 1% MC.

KawueBsble coBa: CyliKa APEBECUHBI, UBMEPUTEIIb BIIAYKHOCTHU APCBECHUHBI, BBIIIC FSP.
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