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Krzysztof STEREŃCZAK, Marek LISAŃCZUK, Karolina PARKITNA,
Krzysztof MITELSZTEDT, Piotr MROCZEK, Stanisław MIŚCICKI

THE INFLUENCE OF NUMBER AND SIZE OF SAMPLE
PLOTS ON MODELLING GROWING STOCK VOLUME
BASED ON AIRBORNE LASER SCANNING

Current forest growing stock inventory methods used in Poland are based on
statistical methods using field measurements of trees on circular sample plots.
Such measurements are carried out with traditional equipment, i.e. callipers and
range finders. Nowadays, remote sensing based inventory techniques are
becoming more popular and have already been applied in North America and
some Scandinavian countries. Remote sensing based forest inventories require
a certain amount of ground sample plots, which serve either as reference data
used for model calibration and/or as a validation dataset for the assessment of the
accuracy of modelled variables.
Using a set of 900 ground sample plots and Airborne Laser Scanner (ALS) from
the Milicz forest district, a statistical model for the estimation of plot growing
stock volume was developed. Next, the developed model was once again fitted to
different variants of sample plot size and number of sample plots. Each variant
was selected from a full 900 sample plot set. The selection started from 800, 700,
600, …, down to 25 plots, respectively, and was carried out in proportion to the
dominant tree age range. To account for the area effect, each plot number variant
was similarly tested with various sample plot areas, i.e. 500, 400, …, 100 m 2.
Sampling in each variant was repeated in order to take into account the effect of a
single selection. The results showed a strong relationship between obtained
modelling errors and the size and number of used sample plots. It has been
demonstrated that the number of sample plots has no influence on the accuracy of
GSV estimation above about 300-400 sample plots (about 500 sample plots for
bias), whereas sample plot size has a visible impact on estimation accuracy,
Krzysztof STEREŃCZAK (k.sterenczak@ibles.waw.pl), Marek LISAŃCZUK (m.lisanczuk@
ibles.waw.pl), Karolina PARKITNA (k.parkitna@ibles.waw.pl), Krzysztof MITELSZTEDT
(k.mitelsztedt@ibles.waw.pl), Piotr MROCZEK (p.mroczek@ibles.waw.pl), Forest Research
Institute, Laboratory of Geomatics, Sekocin Stary, Raszyn, Poland; Stanisław MIŚCICKI
(stanislaw_miscicki@sggw.pl), Department of Forest Management, Geomatics and Forest
Economics, Faculty of Forestry, Warsaw University of Life Sciences – SGGW, Warsaw,
Poland
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which reduces with decreasing sample plot size, regardless of the number of
sample plots. If it is about precision, results showed that the influence of a single
selection to be relevant only below 300-400 plots (about 500 for bias) and the
same trend can be observed in each sample plot size variant. The results showed it
is possible to strongly reduce the number of ground sample plots (minimum 300400), while still maintaining decent accuracy and precision levels, at least in
similarly investigated forest conditions.
Keywords: ALS, LIDAR, forest inventory, sampling intensity

Introduction
Forests are an important carbon storage reservoir [Lindner and Karjalainen
2007] and one of the most basic sources of renewable energy [McKendry 2002].
Forest growing stock volume (GSV) is one of the most important characteristic
that describes available wood resources. Increasing human pressure on the
environment and expanding demands for wood requires a need for more precise
forest management, hence more accurate forest measurements [Tonolli et al.
2011].
The development of GSV inventory methods has resulted in the
improvement of GSV estimation methods and tools. The appearance of remote
sensing (RS) data on the market immediately led to them being used in the
inventory of forest resources. Classical spectral data might be suitable for vast
areas [Holmström et al. 2001]. However, the forest stand level GSV inventory
(usually an area of 1-5 ha) requires more precise data. The development of
Airborne Laser Scanning (ALS) has been a recent innovation in the vertical
characterization of the tree and stand structures. Moreover, its features for
modelling GSV are superior to those of spectral RS data [Maltamo et al. 2006].
In commercial forests, there is a strong proportional relationship between stem
volume and biomass [Maltamo et al. 2016]; consequently, accurate ALS aided
biomass estimates are also good volume estimates [Ruiz et al. 2014]. Thus
experience in using ALS data for predicting biomass can be also used to some
extent, for predicting GSV.
ALS data can be used to model GSV by analysing point clouds based on
laser-derived height quantiles [Næsset 1997; Næsset 2002; Lim et al. 2003],
Canopy Height Model (CHM) quantiles [Maltamo et al. 2006] or variables
acquired from single tree detection results [Hyyppä et al. 2012; Miścicki and
Stereńczak 2012]. Many studies use area based methods with laser-derived
height quantiles, as these are some of the most accurate approaches [Næsset
1997; Lim et al. 2003].
Apart from a method chosen for GSV prediction, sample plot sizes and their
number are important factors for the model development. The large number of
studies described in Ruiz et al. [2014] used various sizes of sample plots from
0.01 ha up to 0.36 ha. The results of another study [Frazer et al. 2011] generally
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indicated that larger plots significantly reduce the edge effect and co-registration
errors. Ruiz et al. [2014] suggested that sample plots used for volume
predictions should have a minimum size of 500-600 m 2. The same authors
pointed out that larger plot sizes clearly increase the cost of fieldwork, while not
significantly increasing the accuracy of the prediction models. The above-mentioned sample plot size is generally the maximum sample plot size used in
forest inventories, at least in Poland.
The number of plots is another important aspect to consider, regarding GSV
prediction models. To the best of our knowledge, only a limited number of
studies have explored a minimum number of sample plots required to estimate
the relationship between ALS metrics and GSV without systematic error. This
could be due to the limited amounts of available field data. For example, in the
study of Kallio et al. [2010] with the use of rather small samples (radii from
8-10 m), they found that the accuracy of estimated Picea abies volumes at the
forest stand level did not decrease until the number of plots was reduced to
below 200. On the other hand, the volume estimation accuracy of Pinus
sylvestris and deciduous tree species decreased remarkably as the number of
sample plots decreased. However, for all species, the total volume root mean
square error (RMSE) were relatively high at the forest stand level: 74%, 91%,
and 33% for pine, deciduous trees and spruce, respectively. Gobakken and
Næsset [2008] pointed out that “average standard deviation increased when the
number of sample plots was reduced”.
From a practical perspective, the number of sample plots and their sizes are
the most crucial variables determining the costs of fieldwork during forest
inventories. For this reason, we evaluated the effects of a sample plot size and
the number of sample plots on GSV prediction at the sample plot level. Used
variants consisted of 25 to 900 plots, selected from 900 available plots, which
sizes varied from 0.01 to 0.05 ha.
This paper is arranged as follows: first, we describe the study area, LiDAR
data, and the performed fieldworks. Next, we provide the methodology with all
included variants of analysis, followed by the report, analysis, and discussion of
the obtained results. Finally, we state the overall conclusions. In this work, the
terms growing stock volume, standing volume, and volume are used
interchangeably. Anywhere the expression “sample plot size” is used in the text,
this refers to the area of a single sample plot. Anywhere the expression “number
of sample plots” is used, this refers to the number of sample plots used for model
calibration.

Materials and methods
Study area
The study was conducted in the Milicz Inspectorate as a part of the Milicz
District. In this territory, forested areas extend over 8 500 ha (greyed outline in
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fig. 1). Milicz is situated in south-west Poland, about 50 km north of Wrocław.
Despite a relatively high species diversity, Scots pine (Pinus sylvestris L.) is the
dominant tree species in the study area. Scots pine stands cover approximately
70% of the forest district area, while mixed pine-beech stands and pine-oak
stands cover up to 10% each. There is also a minor covering of beech (Fagus
sylvatica L.), common alder (Alnus glutinosa Gaertn.) and silver birch (Betula
pendula Roth). The distribution of stand age classes is as follows: 40-60 years
(about 30% of the district’s area), 20-40 years and >120 years (about 15% each).
The remaining age classes, i.e. 1-20, 60-80 and 80-100 years, have similar shares
(about 10% each). The average standing volumes of pine, beech and oak
(Quercus sp. L.), the main species in the study area, are 300 m3 × ha-1 – pine and
beech, and 275 m3 × ha-1 – oak.

Fig. 1. Study area – Milicz forest district

Field reference data
There were 900 circular field sample plots with radii of 12.62 m (500 m2),
distributed over the study area in a regular grid pattern (350 m × 350 m). Field
measurements were conducted in summer 2015. On each sample plot, all trees
with a diameter at breast height of at least 7 cm were calipered, and their heights
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measured with a Haglöf Vertex IV rangefinder. The volume of every single tree
was computed based on formulas commonly used in Polish forest management
planning [Bruchwald et al. 2000]. A general description of the data obtained
from the sample plots is presented in table 1. The plot centre locations were
measured with a Global Navigation Satellite System in Real Time Kinematic
mode (RTK GNSS) using Virtual Reference Stations (VRS) technology. The
horizontal precision of GNSS measurements was 0.044 m and vertical – 0.05 m.
Table 1. Descriptive statistics of growing stock volume (GSV) values and species
proportion, based on data from the ground sample plots of 500 m2

Plots

Mean no. GSV [m3 × ha-1]
Species proportion [%]
No. of of trees
sample
per
Mini- MaxiSD Pine Oak Beech Birch Spruce Other
plots sample Mean
mum mum
plot

All sample
900
plots
Pine
628
dominated
Oak
95
dominated
Beech
65
dominated
Birch
12
dominated
Spruce
7
dominated
Other
93

40

379

7

1302 165

64

13

9

3

2

8

46

368

31

1002 138

91

1

2

2

1

3

24

463

59

1206 223

3

86

3

1

2

5

17

414

16

998 231

7

7

84

0

0

1

36

231

42

350 104

9

4

2

68

0

17

33

345

169

584 160

7

0

15

7

69

2

35

369

7

1302 182

13

11

8

8

4

56

ALS data
ALS data were collected in August 2015 using a Riegl LMSQ680i laser
scanning system with a 360 kHz pulse rate frequency that resulted in point
clouds with an average density of 10 pulses × m-2. The mean flight altitude was
550 m and the field of view of the scanning system was 60 degrees. Along with
the point clouds, the data provider generated a digital terrain model (DTM) with
a spatial resolution of 0.5 m in TerraSolid software. This DTM was used to
normalize all returns from the raw point clouds.
Data preparation
The first data preparation step was to create vector layers delineating the
geographical extents of the circular sample plots for the five variants of sample
plot size. The first variant was just the original and full dataset with plot
characteristics computed on the basis of ground measurements. This dataset is
introduced in the Ground reference data section (i.e. 900 sample plots, each
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500 m2 in size). Next, the geographical extents of 900 sample plots were
delineated again; however, this time the area of each sample plot was limited to
400 m2. Subsequently, these delineations of vector layers were performed again
for the sample plots limited to 300, 200 and 100 m 2 (fig. 2A). Sample plots in
each area variant were circular.

Fig. 2. The main steps in the data preparation workflow

The next step was to compute the growing stock volumes [m 3 × ha-1] of
every sample plot. The GSV for a given sample plot was the sum of the volumes
of the single trees growing within the sample plot of corresponding sample size.
The third data preparation step was to cut the original ALS point cloud (ALS
pc) to the previously prepared extent of sample plots, for each area variant
(fig. 2C). Based on the truncated point cloud, a set of ALS metrics were
computed for each sample plot in each area variant (fig. 2D). Computed
statistics were mainly concerned with height values, as well as intensity and the
distribution/quantity of particular echoes (in a specified height stratum), e.g.:
mean height, height percentiles, and more complex metrics such as the number
of first returns above the mean height value of all returns over a sample plot. The
final dataset prepared for analysis consisted of 5 (area variants) × 900 (total
number of sample plots). The following properties were determined for each
sample plot: ground estimated GSV, area, age class and a set of ALS pc metrics.
All computations were conducted in the R programming language based on
original scripts.
Data analysis
The first data analysis step was to develop a relatively robust statistical model
that allowed the estimation of sample plot GSVs from calculated point cloud
metrics. This model was developed using a regression analysis of 900 sample
plots 500 m2 in size. Among the entire set of more than 100 point cloud metrics
characterizing particular sample plots, only those which explained the
underlying variation of the observed plot GSVs were selected, and those that
were not auto-correlated with each other. In order to reach this, all variables
which had a coefficient of variance less than 20% were discarded assuming that
a low variability in predictor variable cannot sufficiently explain the variance of
the dependent variable. Next, all those variables were discarded, which
coefficient of correlation (r) was less than 0.5 in respect to the dependent
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variable – ground GSV. Then, a stepwise regression was used to determine the
final model. As the result of this procedure, the original set of ALS metrics was
narrowed down to 19 predictor variables. An ordinary least square multiple
regression method was used to estimate the final model parameters. Model
selection was based on the following: (1) maximization of the R 2adjusted between
the fitted and observed GSV values, and (2) the relative simplicity of the
equation compared to other competitive models, without significant loss of
R2adjusted. Equation 1 presents the general form of the final model:
2

GSV =a 0 +a1 ( x1 ∗x 2 )+a2 x 3 +a 3 x 4

(1)

where: GSV
– growing stock volume [m3 × ha-1] of a sample plot,
a0, a1, a2, a3 – regression coefficients of the model,
x1
– quadratic mean of point heights over a sample plot,
x2
– ratio, number of 1st returns above the mean point heights,
divided by the number of all 1st returns over a sample plot,
x3
– ratio, number of all returns above the mean point heights,
divided by the number of all returns over a sample plot,
x4
– ratio, number of last returns above the 9 th height stratum
divided by the number of all last returns, where the height
stratum consists of returns found in a specified height
interval between 2 meters above ground and the 95 th
height percentile [Næsset and Gobakken 2005; Gobakken
et al. 2012].
After the final model selection, an additional group of variants was added.
The following number of sample plots per variant of sample plot size were used:
800, 700, 600, 500, 400, 300, 200, 100, 50, and 25. The selection of specific
sample plots was based on the ground GSV distribution proportional to the
dominant tree age of a given sample plot. Sampling with a replacement was
used, as it was assumed that a proper number of iterations would exhaust
variation among all the sample plot GSVs and corresponding point cloud
metrics. It is worth mentioning, that sample plots were unique within each single
sampling (iteration), however, the same sample plot could be selected again in
subsequent iterations. Moreover, the number of iterations for each analysed
number of sample plots variant, was required to be large enough to present a
range of possible cases. Since the mean values of the estimates were not of high
importance in this study (rather, the distribution of errors between repetitions)
the influence of a large number of repetitions was not so relevant to the analysis
and aims of the study. Table 2 presents the number of repetitions for each variant
of the number of sample plots.
In order to analyse the effects of the number of sample plots and sample plot
size (sample plot area) on the GSV estimation at the sample plot level, the
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previously developed model was fitted to each variant of analysis, i.e. 800
sample plots of 500 m2, then 800 sample plots of 400 m 2, …, down to 800
Table 2. Number of repetitions for each number of sample plots
Number of sample plots

Number of repetitions

800
700

100
200

600

300

500

400

400

500

300

600

200

700

100

800

50

900

25

1000

sample plots of 100 m2. Subsequently, the model parameters were calibrated on
700 sample plots of 500 m2, 400 m2, …, down to 25 sample plots of 100 m2.
This process was repeated n times, according to a given variant of the number of
sample plots (table 2). The model was evaluated at each repetition, by
comparing the estimated and observed GSV values for 900 plots, independently
for each variant of sample plot size. The following errors were calculated from
the above described comparison for each variant of analysis and for each single
sampling: relative root mean square error (%RMSE), relative mean absolute
error (%MAE), relative BIAS (%BIAS) (equations: 2, 3, 4 respectively) and
R2adjusted. Afterwards, medians and quartiles of error distribution from all
repetitions for each variant were analysed in order to determine how GSV
estimation accuracy and precision depends on the number and area of sample
plots.

√

%RMSE=

n

∑ (GSV ALSi −GSV REFi)
i=1

n

2

/GSV REF∗100

(2)

n

∑∣GSV ALSi−GSV REFi∣

%MAE= i =1

n

/ GSV REF ∗100

(3)
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n

∑ (GSV ALSi−GSV REFi)

%BIAS= i =1
where: n

GSVALSi

GSVREFi

GSV REF

/ GSV REF ∗100
(4)
n
– number of sample plots (for error computation it was
always 900 sample plots regardless of the variant of
analysis),
– growing stock volume of i-th sample plot, estimated for
a given variant of analysis based on ALS point cloud
metrics and the developed model,
− growing stock volume of i-th sample plot, calculated on
the basis of ground data for a given sample plot size
variant,
– mean GSV of reference ground plot data.

Results
The ranges of %RMSE, %MAE, %BIAS and R 2adjusted values in each variant
were different, according to the strength of the factor determining the given
variant (either sample plot size and/or number of sample plots). For example; for
25 samples in 1000 iterations 99% of R 2adjusted values varied from -0.12 to 0.45
for 100 m2 sample plots, and from 0.08 up to 0.74 for 500 m 2 plots. For 800
samples in 100 iterations corresponding R 2adjusted values varied from 0.471 to
0.472 for 100 m2 sample plots, and from 0.749 to 0.750 for 500 m2 plots.
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Fig. 3. Distribution of values for %BIAS (A), %RMSE (B) and R2adjusted (C) for 100
and 500 m2 sample plot size variants, for altering number of sample plots. Whiskers
present range of obtained results as percentiles: 1-99%, squares presents medians
from all iterations

The selected results are presented below (fig. 3). From the figures mentioned
and the above quoted numbers, it is evident that the sample plot size affects the
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ranges of possible cases (including extreme results) a lot more than the number
of sample plots.
The highest values of %BIAS (fig. 4), %RMSE (fig. 5), %MAE (fig. 6) and
the smallest values of R2adjusted (fig. 7) were found in the smallest analysed
sample plot size variants. The area of the sample plot limits the possible
accuracy, regardless of the number of sample plots used to calibrate the model.
For all variants for which the number of sample plots equaled 100 or more
and sample plots were at least 200 m2, median %BIAS values were in the range
of ±1% of the mean ground GSV value. For the 100 m2 sample plot size this was
also true, but the number of samples used for model calibration had to be at least
400-500.

Fig. 4. Distribution of %BIAS values (medians of all iterations) according to sample
plot size and number of sample plots

Regardless of the number of sample plots, the relative RMSE values
increased with a decreasing sample plot size. The number of sample plots
influenced the values of %RMSE only in the range of 25-200 samples, where
%RMSE was higher in each sample plot size variant (fig. 3B, fig. 5) than at the
300-900 sample plots levels, where %RMSE maintained a practically constant
level. The highest difference was noticed in the 25 sample variant, where
%RMSE was in the range of 21.23-40.04% for 500 m2, and 49.17-70.29% for
100 m2 sample plot sizes. The smallest differences were noted for the 800
sample plot variant, where %RMSE was in the range of 20.88-20.91% for
500 m2, and 48.32-48.40% for 100 m2 sample plot size. In the above quoted
values, there were the1st (lower bound) and the 99th (upper bound) percentiles of
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obtained errors from all iterations in the given variant of analysis. The change of
sample plot size from 500 to 100 m2 caused %RMSE growth of about 30%.
The reduction of the number of sample plots per size variant from 900 to 25
enlarged the median error from 50% to 57% at 100 m 2, and from 21% to 27% at
500 m2 sample plot size (fig. 5, fig. 8).

Fig. 5. Distribution of %RMSE values (medians of all iterations) according to
sample plot size and number of sample plots

The trend of the %MAE distribution was fairly similar to the %RMSE
distribution (fig. 5-6), i.e. apart from the 300 sample plots where we can observe
a slight collapse, recorded errors were maintained at a very similar level (nearly
straight trend lines). These lines show a deflection only below the 300-400
sample plots used for model calibration. Similar patterns were observed for the
%MAE error distribution, where the number of sample plots only affected the
values of %MAE in the range of the 25-300 plots. Enlarging the number of
sample plots did not change the %MAE (and %RMSE) values. The highest
difference was noted for the 25 sample plots variant, where %MAE values were
in the range of 14.66-29.95% for 500 m 2, and 31.38-48.28% for 100 m2. The
smallest differences were noted for the 800 sample plots variant, where %MAE
values were in the range of 14.35-14.44% for 500 m 2, and 31.12-31.53% for
sample plots of 100 m2 size. %MAE values had a similar trend to %RMSE
values; however, they were generally about 30% lower than %RMSE (fig. 5-6).
Moreover, the differences between %RMSE and %MAE indicated that there
were some extreme values in the obtained results.
The R2adjusted values for each variant of the number of sample plots stabilized
around 300-400 sample plots. Even for the 100 sample plots variant, the final
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median value was very similar to the full variant, i.e. 900 sample plots (fig. 3C,
fig. 7).

Fig. 6. Distribution of %MAE values (medians of all iterations) according to sample
plot size and number of sample plots
Table 3. Distribution of R2adjusted ranges according to the analyzed variants.
The range considered the difference between the highest and the lowest R 2adjusted
values among all iterations (repetitions) for given variants of analysis
n_samples

n_iter

100 m2

200 m2

300 m2

400 m2

500 m2

25

1000

0.46

0.54

0.62

0.61

0.70

50

900

0.37

0.23

0.16

0.16

0.19

100

800

0.15

0.09

0.10

0.06

0.08

200

700

0.05

0.04

0.03

0.02

0.02

300

600

0.03

0.02

0.02

0.01
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Fig. 7. Distribution of R2adjusted values (medians of all iterations) according to
sample plot size and number of sample plots

Fig. 8. Distribution of received %RMSE values according to all sample plot sizes
and selected variants of sample plot number
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Fig. 9. Distribution of received R2adjusted values according to all sample plot sizes
and selected variants of sample plot number

On the basis of table 3, it could be said that the R 2adjusted ranges decrease with the
number of sample plots used for model calibration. Approximately, in up to 300400 sample plots, the range of obtained R2adjusted values between the best and
worst score did not exceed 1%. Higher differences were observed below that
number of sample plots. With respect to sample plot size, broader R 2adjusted
ranges were observed for smaller sample plots. In some instances, the obtained
ranges were lower for smaller sample plot size. This was probably connected
with a shift in both minimal and maximal R 2adjusted values among subsequent
variants of analysis. This means that for 25 sample plots of 500 m 2 size, the
range between min and max R2adjusted was much broader than for 25 sample plots
of 100 m2. Apart from the broader range, the maximum value of R 2adjusted was
also higher for 25 sample plots of 500 m2, and there were more scores (sampling
results) observed in the higher interval of R2adjusted values (fig. 3C, table 3).

Discussion and conclusions
The modeling results contain all kinds of errors: starting from the field
measurements and ALS data acquisition, through to the series of different data
processing steps, up to all the errors related to statistical modelling. Using
a linear regression model, we noted that a relatively small number of sample
plots was enough to stabilize the relationship between ALS metrics and growing
stock volume at the sample level. In the presented study, about 300-400 sample
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plots were enough to keep %BIAS, %RMSE, %MAE and R2adjusted at relatively
similar levels to the higher numbers of sample plots. Furthermore, starting from
about 300-400 sample plots, the effect of a single sampling should not be of
great importance, as the range of obtained errors (precision) was very close to
the median error value providing that the applied sample plot selection method
covers the whole distribution of sampled stand ages and GSVs. Regarding the
issues connected with sample plot size, one can state that the increase in
a sample plot size (up to a certain area) leads to a better accuracy of ALS based
GSV. Such a statement is true at least at the level of sample plot and for the
investigated study area.
Since only one form of the model was used, other possible sources of errors
were excluded. However, it is possible that suboptimal models were used for
some variants of analysis. Nevertheless, the obtained accuracy of the general
model introduced in this paper was comparable with other studies, which have
been mainly carried out in Nordic countries [Næsset 1997; Holmgreen et al.
2003; Kallio et al. 2010; Maltamo et al. 2016].
The selection of sample plots in this study almost fully represents the
possible variability in plot GSV values of populations. It is clear that regression
models enable the extrapolation of the modelled variable. Since all the sample
plots per variant were available to be selected for model calibration, multiple
sampling provided information on the model variation. The results show a very
narrow range of received %BIAS, %RMSE, %MAE and R2adjusted values for
variants above 200 sample plots (fig. 3). It is in agreement with the findings of
Gobakken and Næsset [2008] who claim that the average standard deviation
increases when the number of sample plots is reduced. Furthermore, it means
that in general, the modelling procedure was stable and extreme errors were
presented in only a small percentage of cases.
Our results confirm that there is a strong relationship between the size of the
sample plots and the accuracy of GSV prediction at the sample plot level
[Gobakken and Næsset 2008; Frazer et al. 2011; Ruiz et al. 2014]. However, in
the presented case we utilized a much higher number of available sample plots,
(900) compared to earlier studies. We were able to capture any trends that
depended on the number of samples used in modelling. We noticed that below
the quantity of about 200-300 sample plots, a downtrend of modelling results
(R2adjusted) accelerate. Thus, it is possible to indicate a minimum number of
sample plots that guarantees the best possible accuracy and precision, for
a specified sample plot size. This is in agreement with the previous study of
Kallio et al. [2010].
The strongest effect on ALS based GSV estimation accuracy comes from the
sample plot size. From a practical perspective, there is a specified (maximum)
accuracy limit, which is related to the number of sample plots. There is an easily
visible pattern on all presented graphs in this paper, where each sample plot size
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variant reaches its best %BIAS, %RMSE, %MAE and R2adjusted values at around
300-400 (or more) sample plots, and does not change significantly with higher
numbers of sample plots. There is no need to collect more field data because we
do not expect to improve the model used in the study. Our results could possibly
reduce the cost of field inventory campaigns [Ruiz et al. 2014]. The reduction by
half of field work costs, compensates for the costs of ALS data acquisition and
data processing.
Future investigations should include similar analyses, based on other
modelling methods and other possible ALS metrics derived from canopy height
models (CHM) or individual tree detection (ITD) results. Additionally,
artificially reduced point clouds densities or alternative ways of calculating ALS
metrics [Hayashi et al. 2015] should be evaluated. Going forward, the obtained
results could also be analysed separately for specific species, age and/or site
classes in different locations, in order to check which stands cause the highest
errors, and/or to develop site-independent ALS data based models for predicting
not only GSVs values, but also estimating different (single) forest stand
characteristics.
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INTENSIFYING THE MANAGEMENT OF PROTECTION
FORESTS IN THE ALPS

In the Alps, forests are generally multi-functional, and they are classed according
to their primary role as production, protection or recreation forests. The
dominance of one of these roles does not exclude all the others, although it shapes
management, which must reflect the primary role of each forest. That is also the
case of protection forests, which must be managed for their secondary production
and recreation roles as well. What is more, management is a vital requirement
because it supports forest health, and therefore periodic harvesting remains
a necessity. However, the physical conditions that characterize a protection forest
(e.g. extremely steep terrain, sensitive soil, remote location etc.) and the
prescriptions of a specifically designed silviculture tend to constrain harvesting
and make it especially difficult. Special harvesting equipment and novel
approaches to harvesting are required in order to achieve environmental, social
and financial sustainability. This study reports about cable yarding in a protection
forest, under conditions that are representative of the challenges encountered
when negotiating this forest type. The productivity of the yarding operation was
6.1 m3ub SMH-1 for the yarding distance of 135 m, an average load of 0.88 m 3 and
a lateral distance of 20 m. Of the remaining trees, 27.1% were damaged during
forest operations due to felling, log contact or falling rocks. Falling rocks have
a great influence on log quality and value. Consequently, 73% of conifers and
90% of broadleaves are C class logs or other lower grade wood, making a large
impact on the economy of the operation.
Keywords: forestry, forest harvesting, cable crane, protection forest, forest
operations, stand damages, timber value

Introduction
The protective function of forests is one of the most important forest functions
and is becoming even more important over time [Motta and Haudemand 2000].
It is important to differentiate between general and specific protective functions,
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as all forests have a general protective role, therefore contributing to surface soil
conservation, watershed management, and air quality. However, only some
forests have a specifically human-related role, and so they are also protecting
people and infrastructure from natural hazards such as avalanches, rock falls,
landslides, erosion, and floods. Such forests have a direct protective function
[Schönenberger 1998], and this function is so important that it has been one of
the first forest functions to be explicitly acknowledged by humans, as far back as
the 13th century [Gerbore 1997]. This direct protective role needs to be efficient
and continuously effective. In such forests, it is important to prevent destructive
logging while making sure that they are not abandoned to their natural course of
evolution, as such stands are highly susceptible to destructive events during their
natural development. Disturbances like windfall, insect outbreaks, snow break,
and fire (though natural in occurrence) have the potential to impair effective
protection by killing trees [Wasser and Frehner 1996]. Forests with a direct
protective function should, therefore, be a high priority for silvicultural
intervention and should definitely not be abandoned [Motta and Haudemand
2000].
Unfortunately, in the Alps, there are many protective forests that cannot
perform their protective role to the best of their abilities. For centuries the only
prescribed silvicultural measure in these forests was a logging ban. This has led
to a lack of regeneration, a scarcity of medium-aged trees, insufficient stability,
and an increasing vulnerability to natural disturbances [Motta and Haudemand
2000]. In order to improve the direct protective role of forests, targeted
silvicultural measures need to be carried out. They consist of cutting parts of the
stand to create a diversified structure. With these measures, stand regeneration is
promoted in the short term and in the medium term, more stable stands with an
abundance of medium-aged trees will develop. Gaps should be from 30 to 50
metres wide in the direction parallel to the maximum slope, and up to 100 metres
parallel to the contour line. This would prevent avalanche release on slopes with
a gradient below 70% [Brang 2001].
These measures go hand in hand with public perceptions and expectations. It
has been determined that visitors perceive mountain forests differently from
foresters. Research shows that the general public is sensitive to intensive forest
operations [Hemström et al. 2014] and that in mountain areas visitors expect
untouched natural conditions [Paletto et al. 2013]. The perceptions of the general
public have raised concerns with the forest managers and cutting in gaps was
seen as a viable option. On the other hand, opting for the more radical solution
offered by diffused selection thinning would have caused an unacceptable
increase in harvesting costs, with dubious results on rapid regeneration
[Mercurio and Spinelli 2012] and increased stand damages [Siren et al. 2015].
Tree damage is another important issue when dealing with uneven-aged
forest management, and especially on steep rocky sites. In that instance, tree
damage can be differentiated into damage from natural and from human agents.
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In alpine forests, most stand damage occurs because of natural causes. The most
frequent cause of natural tree damage is rock fall. While most of the literature is
focused on dendrogeomorphic methods for tree damage determination as caused
by a number of different natural agents such as rock fall [Trappmann and Stoffel
2013], forest engineers are interested in injuries caused by forest operations, and
in determining the number of damaged trees in the forest prior to and after the
logging operation. Stand damages have a detrimental effect on round wood
quality and on the economy of the operation, as the price of damaged round
wood is lower.
The goal of this study was to determine a productivity benchmark for cable
yarding operations in protection forests, generally representative for this forest
type as defined in the European Alps. With some caution, such a benchmark
could be extended to protection forests in other mountain regions of Europe,
until more specific alternative benchmarks have been made available.

Materials and methods
Site and technology
Slovenia is an Alpine country, and forests with a direct protection function are
common all over the Slovenian territory. The forest on the study site was chosen
carefully, because of its important protective role. This was a beech-spruce
mixed forest located directly above a busy mountain pass, protecting a major
road and its border crossing facilities from the danger of mud flow, erosion and
avalanche. Local forest managers decided that measures had to be taken in order
for the forest to continue performing its strategic protective role. The protection
efficiency of the forest was being weakened by aging, which resulted in the
dominance of mature even-sized stands and the absence of young and middle-class trees. A more diversified structure had to be created. Since the forest also
has a strong tourist function, hiking and sledding were performed on the road,
which required careful planning of the operation to avoid interference with
recreation activities. The site was considered representative of the conditions
commonly encountered by forest operations in protection forests under Alpine
conditions. The characteristics of the work site are shown in table 1. Cutting in
small gaps, rather than diffused thinning was chosen as the silvicultural measure,
with the aim of promoting rejuvenation and diversification, which were expected
to guarantee the protection of facilities down-slope. Another major concern for
the forest managers was to carry out the intervention in an inconspicuous way
and to avoid impacts on the aesthetic function of the forest. Gap cutting fulfilled
this goal, as well.
The right choice of technology was essential for achieving good results. The
construction of skid trails was not possible for obvious ecological and economic
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Table 1. Description of the site
Height above sea level
Latitude (WGS84)
Longitude (WGS84)
Species
Average inclination
Forest type
Rock outcrops
Soil type
Bedrock type

M

%

%

1350 to 1550
46° 43' 42"
14° 26' 24"
Spruce, beech, maple, larch
79
Rhodothamno-Rhododendretum hirsute
45
Rendzic leptosol
Limestone and dolomite

reasons, so ground-based technologies were not contemplated [Spinelli et al.
2010]. The forest was accessed through an unpaved road, located at its lower
border. These conditions called for down-hill cable yarder extraction. A modern,
multi-winch tower yarder was chosen, which offered better crew safety and
efficiency, compared with a simpler machine.
This was a Syncrofalke U3t mounted on a truck base. The machine was
a standard model and was 2 years old. The truck engine (410 kW) also powered
the winches, through a hydraulic power take-off. The yarder was fitted with a 3-ton capacity all-terrain Sherpa carriage: table 2.
Table 2. Main cable crane characteristics
Truck manufacturer
Truck model
Truck engine power
Cable crane manufacturer
Cable crane model
Carriage
Carriage weight
Telescope mast height
Weight (crane+truck)
Length
Width
Height (transport position)
Crane
Crane reach
Crane lifting power
Processor manufacturer
Processor type
Processor maximum delimbing
diameter
Processor weight
Sky line diameter
Main line diameter
Haulback line diameter
Note: Data provided by the manufacturer and contractor.

Iveco
Trakker
410 kW at 1800 RPM
MM Forsttechnik GmbH
Syncrofalke 3t
MM-Sherpa U3
400 kg
11.5 m
24500 kg
9.5 m
2.55 m
4.0 m
LIV L25.94 N
6.5 m
240 kNm
Conrad GmbH
Woody 60
0.08-0.60 m
1350 kg
20 mm
11 mm
9 mm
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Felling took place in two phases. In the first phase, the workers felled the
trees located on the line and all trees that could compromise the skyline at a later
time. All other trees were felled during yarding. All felling was performed
motor-manually with chainsaws. Some cross-cutting and delimbing were also
carried out in the forest, but only if the tree exceeded the payload capacity of the
yarder carriage. Most of the tree processing was performed at the yarder pad
using a Woody processor mounted on the integral loader that equipped the
yarder.
The operation was a hot deck operation, meaning that log transportation
occurred immediately after the yarder had filled the landing site. Trucks had to
back up to the pile and transport the logs to an intermediate landing. The
logistics of round wood transportation were extremely strained, as the road was
steep and narrow with several switchbacks. The route from the main road to the
cable yarder was 550 m long, with no place for trucks to turn.
Work technique
In order to reduce the risk of rock fall, the line was set at an angle to the slope
and trees were felled parallel to the slope in order to facilitate extraction and to
minimise the risk of them sliding downhill, uncontrolled.
Tree fall was directed in such a way as to minimise residual stand damage.
Removal trees placed on the downhill side of the cable corridor were left uncut
to act as bumper trees and were eventually cut at the end, before dismantling the
yarder, starting from the uppermost tree and ending with the lowermost tree,
nearest to the tower. These measures were crucial to safety, because the full tree
method was employed, and the length of loads often exceeded 35 metres.
Small gaps were opened on both sides of the line corridor, alternating with
uncut areas that would be harvested in the next rotation, using the same corridor.
Productivity
A typical time study [Magagnotti and Spinelli 2012] was performed using
a handheld computer, running the dedicated Laubrass UMT Plus time study
software. The snap-back timing method was used. All tests were conducted
between October and early December 2011. There was no snow during the trial,
but long periods of heavy rainfall hindered the operation.
Timing sessions lasted for the entire workday, with the purpose of obtaining
a good representation of the structure of a typical workday, subdivided between
different productive and non-productive activities. Yarding was understood as
transporting the wood from the stump to the roadside, with processing and other
necessary work included into productive time. Productive time was separated
from delay time. All delays were included in the study, and not only those delays
that were below a set duration threshold, because such exclusions could provide
the wrong estimate of downtime, especially on comparatively long observation
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periods. Delays caused by the study itself were separated and excluded from the
data set. The felling of one tree and the extraction of one load were considered
as one work cycle for felling and extraction, respectively. Cycle time was
divided into defined time elements, in accordance with the most recent
harmonized European guidelines: table 3. A tree feller and a choker setter were
stationed at the loading site, helping each other if necessary, while the yarder and
the processor were operated by the yarder operator. Together, these three men
represented an experienced crew that had been working on this specific task for
a long period of time. The time study was aimed at determining the productivity
benchmark for the cable yarder and felling productivity with the change from
classical felling to a full tree method.
Output was measured with a caliper, and corrections were applied in order to
calculate the underbark volume (m3ub) which is the unit used throughout the
article. The length of roundwood was 4 m, but if there was any exception to this
standard length, log length was determined with a tape metre. Only commercial
round wood was accounted for, while residues have not been included as
a product.
Table 3. Time study summary
Full work days of felling
Total felling study time
Productive time of felling
Trees felled
Roundwood volume felled
Tree DBH (min / max / average)

n°
h
H
n°
m3ub
Cm

5
32.5
9.9
90
151 (34 Conifers, 117 Broadleaves)
12 / 83 / 31

Full work days of yarding
Total cable yarder study time
Productive time of yarder
Set-up time of the yarder
Loads produced
Roundwood volume yarded
Average load
Average distance of lateral yarding
Site organization

n°
H
H
H
n°
m3ub
m3ub
M

6
32.9
23.0
4.7
171
135
0.88 ±0.63
20
Yarding downhill, full tree method,
limited space at the pad

The tower was located on the road at 1150 a.s.l., while the tail anchor was
installed higher up, 1336 m above sea level. The horizontal length of the line
was 260 m, and no intermediate supports were needed. The line was planned and
trees were marked for felling before the actual work began. Overall, 316 m 3ub
were marked for cutting, of which 152 m 3ub were broadleaves, and 164 m3ub
conifers. However, the study was conducted on alternate days, and therefore it
recorded only the time to fell 151 m 3ub and to yard 135 m 3ub. Yarding distance
varied between 15 and 223 m, with a mean yarding distance of 135 m. The mean
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load volume was 0.88 ±0.63 m 3ub, after bucking (i.e. excluding top and
branches).
Tree damage assessment
Damage to residual trees was conducted on border trees on the gap edges. All
trees within a 10 m wide buffer were visually inspected for damage, recording
their species, diameter at breast height (DBH) and location (above or below the
line). If damages were found, then the following additional parameters were
determined:
 what was damaged (crown, branches, bole, root collar, roots),
 surface area of damage (10-29; 30-49; 50-99; 100-199; ≥ 200 cm2),
 age of damage (old, new, old and new).

Results
Productivity benchmarks
Since felling and yarding proceeded together, felling time included a large
proportion of waiting time that occurred when the tree was hooked and
extracted. Furthermore, whole tree extraction implied that the feller only had to
fell the trees, without spending time on delimbing, measuring and crosscutting –
except for the occasional oversize trees. The study included 23.3 h of scheduled
feller work (i.e. worksite time), out of which only 6.8 h represented productive
work time. As a result, chainsaw utilization was 29.5%, although mechanical
availability reached 98%. The total delay factor of 238% was determined
[Spinelli and Visser 2008]. The main productive time (notch-cutting, wedging,
back-cutting, delimbing, bucking and cross-cutting, butt trimming) represented
6% of the total worksite time (fig. 2). Depending on whether delays were
excluded or not, productivity was estimated at 25.1 m 3ub per Productive Machine
Hour (PMH) or 10.5 m3ub per Scheduled Machine Hour (SMH).
The study also covered 29.5 h of scheduled yarder work, including machine
set up that accounted for 4.7 h. The productive time represented 23.0 h, for
a total utilization of 93%. Delays represented 5.5% of total worksite time and
were due to a major malfunction in the machine electronics and to the need
interaction between yarding and felling, which resulted in some waiting time.
Nevertheless, mechanical availability was very high and reached 96%. The total
delay factor was 7.0%, calculated as a ratio between delays and PMH.
Productivity was calculated at 6.86 m 3ub PMH-1 or 6.41 m3ub SMH-1 for an
average tree of 31 cm DBH.

30

Matevž MIHELIČ, Raffaele SPINELLI, Anton POJE

Fig. 1. Breakdown of worksite time

Productivity model for chainsaw felling
The number of valid observations collected during the tests was large enough to
develop reliable models for predicting cycle time. Regression analysis showed
that main productive time for felling was strongly correlated to tree DBH. The
relationship can be described by the equation:
Felling (s tree-1) = 0.192 DBH (cm)2 ˗ 4.998 DBH (cm) + 94.692

r2 = 0.734

and the relationship between DBH volume of felled trees can be expressed as:
Volumeub (m3) = 0.0009 × (DBH (cm))^2.4434

r2 = 0.912

Once the main productive time has been estimated, then delays can be calculated
using the felling delay factor. The sum of productive time and delay time will
represent actual scheduled time, which can be used to calculate a productivity
benchmark as a function of tree size.
Net productivity (excluding delays) was high, because the feller’s task only
included felling, with no or only minimal delimbing and cross-cutting. That,
combined with the large tree size was used to determine a net productivity of
25.1 m3ub h-1, excluding delays. However, supportive time and non-productive
time (delays) decreased scheduled productivity and brought it down to match the
productivity of the yarder.
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Productivity model for yarding
The model resolution was increased by splitting the cycle time into three main
tasks: outhaul, with an empty carriage; inhaul, with a loaded carriage; all other
tasks, which could also be defined as terminal tasks. Outhaul and inhaul time
was closely correlated with distance. Yet, this was the only strong correlation
that was found through regression analysis: contrary to expectation, no
correlation was found between load size and the duration of any tasks. That is
probably due to a relatively small load size, which averaged 0.88 m 3ub and varied
a great deal (SD = 0.63). Such a small load was well below the rated capacity of
the 3t carriage used for the study and may be the reason why load size was not
found to have any significant effect on the cycle time. Regression analysis
showed that cycle time could be predicted by the following equations:
Outhaul (s turn-1) = 0.252 Dist (m) + 45.360
Inhaul (s turn-1) = 0.318 Dist (m) + 58.560

r2 = 0.604
r2 = 0.658

Terminal time (s turn-1) = 281
Terminal time includes loading, unloading and other stationary tasks. This model
reflects productive time only and does not include delay time, which can be
estimated from productive time using the 7.0% delay factor mentioned above.
Using these equations, one could estimate productivity as a function of the
extraction distance (fig. 2), for the average load (0.88 m 3ub) and lateral yarding
distance (20 m).

Fig. 2. Yarder productivity (m3ub SMH-1) as a function of yarding distance
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Stand damage
Overall, 218 trees were inspected for damage. Of these, 176 were damaged in
some way, which represented an appalling 80%. In fact, the stand was denser on
the lower border of the gaps than it was on the upper border so that the inspected
trees were distributed unevenly and 126 were located on the lower buffer zone,
while only 92 were located on the upper buffer zone. Damaged trees were 73
and 103, respectively. Therefore, the incidence of damage was 79% and 82%
respectively for the forest above and below the gaps: table 4. However, a ChiSquare analysis showed that these differences had no statistical significance
(p = 0.496) and therefore, one cannot state that damage was heavier on the lower
portion of the forest.
In fact, much of the damage found in the survey was old. New damage
caused by the logging operation represented 27% of the total.
Table 4. Results of the tree damage survey
Above the
line

Results of tree damage survey

Below the
line

SUM

Number of trees
Undamaged trees
Trees with only old damages

19
51

23
66

42
117

Trees with new damage, but previously undamaged
Trees with old and new damage

11
11

9
28

20
39

SUM of all surveyed trees

92

126

218

Shares in %
Share of trees without damage %
Share of trees with only old damage %
Share of trees damaged for the first time by the
operation %
Share of all trees damaged by the operation%

20.7
55.4

18.3
52.4

19.3
53.7

12.0

7.1

9.2

23.9

29.4

27.1

Only 5% of the damage occurrences were located in the tree crown, while
most of them (73%) were located on the boles, root collar and roots. Logging
damage is especially frequent in these regions [Marchi et al. 2014], but that is
also true for wounds caused by rock fall, which are most frequent in the first 2 m
from the ground [Stoffel 2005]. Therefore, neither the position nor the
characteristics of the wounds point at a specific agent. However, the relatively
old age of most wounds, and the absence of logging in the past 80 years is
a powerful indicator that rock fall is the main cause of tree damage, and that
logging only inflicted an insignificant amount of damage.
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Class 5 damage (≥200 cm2) was dominant and represented over 70% of the
damage surveyed: table 5. In fact, severe damage was generally old, which can
be associated with the likely damage agent (large rocks) and also with the fact
that small-size old damage is likely to become invisible over time, as the tree
heals. New damage was distributed more evenly among severity classes, without
any of them being as dominant as old damage (fig 4). As for damage incidence,
no significant differences were found for damage severity between the upper and
lower buffers, therefore, the data were not reported separately for these two
zones.
Table 5. Damage severity
Damage

Area
(cm2)

Old

New

New & Old

Class 1

10-29

0

2

0

2

Class 2

30-49

3

6

1

10

5.7

Class 3

50-99

6

3

2

11

6.3

Class 4

100-199

23

2

2

27

15.3

Class 5

≥200

85

7

34

126

71.6

Total

%
1.1

Extensive previous damage also explained the relatively low quality of the
harvest, which was represented by a majority of low-grade assortments –
especially pulpwood in conifers and wood for boards and packaging in
broadleaves (56%), and also C grade sawlogs (28%), according to Slovenian
national standards for state-owned forests [Official Gazette 2011]. A and B grade
sawlogs only represented 16% of the harvest, with negative consequences on
owner revenues, and in general on the financial success of the harvesting
operation (fig 3).

Discussion
Many papers already offer detailed information about yarder performance under
a variety of work conditions [Lindroos and Cavalli 2016] and yet this study is
the first one that explicitly addresses forests with such a dominant protection
role to be the main factor in the selection of silvicultural treatment, harvesting
technology and harvesting technique. Despite its preliminary character, this
study contributes to filling an important knowledge gap, which makes it
especially valuable. In practical terms, the study offers a productivity benchmark
for forest managers, increasing their ability to correctly schedule and cost
maintenance operations in protection forests.
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Fig. 3. Breakdown of total harvest by log quality class

Comparisons with the results of other yarding studies conducted in the
European Alps indicate that the productivity recorded in this study is much
lower than reported elsewhere. As a matter of fact, a recent study of whole tree
yarding reports productivity figures between 20 and 26 m3 PMH-1 [Spinelli et al.
2017]. A similar yarding study where the less efficient short-wood system was
adopted also reports higher figures, varying from 12 to 17 m 3 PMH-1 [Spinelli et
al. 2015]. In that regard, readers must notice that this comparison is intentionally
presented in productive machine hours – not scheduled machine hours – in order
to reduce the uncontrolled variability caused by the erratic occurrence of delays
and by the differences in set-up and dismantle times due to specific terrain
features, independent from the silvicultural treatment. Even so, yarder
productivity as recorded in this study is 2 to 4 times lower than reported in other
comparable studies conducted under similar conditions, but without the strong
constraints imposed here by the dominant protection role of the forest being
treated. That seems to reduce productivity to the levels reported for much
smaller yarder types used in Mediterranean forests, such as the Turkish softwood
stands [Açar et al. 2010; Senturk et al. 2007] or the Southern Italian coppice
forests [Zimbalatti and Proto 2009].
That points to a marked loss of efficiency, which may be caused by the
relatively small load size and/or the long cycle when compared with the other
studies conducted under alpine conditions, mentioned above. These indicators
are highly characteristic of difficult conditions and the special attention paid to
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avoiding soil disturbance, which has led to lower travel speed and payload size
reduction. One could argue that short-wood extraction might have been a better
option compared with whole-tree harvesting. By reducing the load length, one
may have lifted it off the ground and prevented most of the soil disturbance,
while increasing load size at the same time. Of course, short-wood extraction
implies laborious stump site processing, but that might have had a limited effect
on felling productivity, considering that under the whole-tree harvesting
treatment the chainsaw operator was waiting idly most of the time, and
therefore, much additional capacity was available.
Under standard conditions, short-wood harvesting is substantially less
productive (and more expensive) than whole tree harvesting [Spinelli et al.
2008]. However, these were not standard work conditions and it is unlikely that
turning to short-wood harvesting would have caused a further significant drop in
productivity. In fact, removing the underutilized processor from the operation
may have allowed for some savings, while sparing valuable landing space that
had to be allocated to the piling of tops and branches.
Today short-wood harvesting can be completely mechanized even on steep
terrain, with the introduction of cable-assist technology that enables ground-based machinery to negotiate steep terrain [Visser et al. 2014]. However, cable-assist technology is also quite expensive, and its main advantage is in increased
worker safety rather than reduced harvesting cost [Visser and Stampfer 2015].
Furthermore, the specific conditions of protection forests may discourage use of
cable-assist technology, especially if one of the main concerns is rock-fall.
Obviously, driving heavy machines up and down the slope may turn into a major
cause for rocks sliding down the hill and reaching the road down below, and the
perpendicular offset of the line with high levels of lateral inclination is
unfavourable for such machinery.
Regardless of the mechanization level, stump-site processing would allow
the release of most of the nutrient on site, avoiding the risk of soil nutrient
depletion, which might have been especially high on a rocky site such as the one
covered by this study [Blanco 2012].

Conclusions
The main limitation of the study is in its preliminary and observational character.
The study was performed under the conditions of a commercial operation and
for this reason, it was impossible to organize a proper comparison between
silvicultural treatments (e.g. small gaps vs. diffused selection harvest) or
between alternative harvesting systems (e.g. whole-tree harvesting vs. short-wood harvesting). For the same reason, it was also impossible to test a wider
and organized range of extraction distances and load sizes, among other things.
Furthermore, the study covered one machine type and one crew, therefore, its
results can only be generalized with much caution. Other similar studies have
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met with the same limitations, also explained by their observational character. In
real practice, operators use specific techniques to deal with specific conditions,
which makes it impossible to organize proper scientific experiments.
Nevertheless, the information collected with this study is highly suggestive and
may provide a solid starting platform for exploring the increasingly important
issue of protection forest management, especially in the face of the effects of
climate change [Seidl et al. 2011]. Further studies should address the harvesting
of protection forests, and explore the full range of treatments, technologies and
techniques.
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MULTIVARIATE ANALYSIS OF THE VARIABILITY
IN THE DENSITY OF OVEN-DRY WOOD OF SILVER
BIRCH (BETULA PENDULA ROTH.) IN POLAND

This work presents the findings of a study concerning the variability in the density
of oven-dry silver birch wood, depending on the geographical placement of tree
stands, of the age and thickness of the trees, the influence of the forest habitat type
and interactions occurring between chosen factors. The study was carried out on
wood from trees aged approx. 30, 50 and 70 years old in 12 forest districts
located throughout Poland. Altogether 4777 wood samples taken from 306 trees
acquired on 51 test plots were measured. A significant influence of all the
examined factors on the variability of the density of the oven-dry wood of the
silver birch was proven. The highest mean values of the density of the birch wood
in an oven-dry state were found in the Forest District of Giżycko in fresh mixed
broadleaved forests – 669,85 kg/m3 and in the Forest District of Sokołów in fresh
broadleaved forests – 662,04 kg/m 3. For the entire examined material, mean
values of the density of oven-dry wood are increasing along with age. In all three
of the examined tree ages, the highest mean values were noted in the thinnest
trees.
Keywords: age of trees, forest habitat type, thickness of trees, geographical
situation, technical quality of wood, physical properties of wood

Introduction
In Polish forests, the share of broadleaved tree species, including silver birch, is
on the rise. The natural reaches of the Polish main forest forming tree species are
also undergoing changes. The changes on the market of the raw wood material in
Europe and in Poland, force the forest sector to conduct the monitoring of the
wood market in innovative ways and to analyse the changes in technologies of
the processing of woody raw material as well as the directions of its future uses.
The increase of the supply of wood from broadleaved trees on the European and
Polish markets is caused by, amongst other things, progressive global warming.
Hubert LACHOWICZ (hubert.lachowicz@wl.sggw.pl), Piotr PASCHALIS-JAKUBOWICZ (piotr.
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Dendrometry and Forest Productivity, Warsaw University of Life Sciences (SGGW),
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It particularly concerns the wood of silver birch, regarded in the central and
northeast part of Europe as one of the most important and most promising types
of wood for further processing and application both in the wood industry, as well
as the energy sector [Lachowicz 2015b]. Because of economic transformations
that occurred in Poland at the beginning of 90’s, in many places the agricultural
use of land has ceased due to low profitability of the production there. In many
cases in these areas, by way of secondary succession, silver birch forest stands
have formed. Because of the effects of these processes in the last 10 to 20 years,
a significant increase in the birch stands coverage has been observed. Those
stands will, in a few decades, become an essential part of the birch wood
resource base [Bijak et al. 2014; Zasada et al. 2014].
Density is the basic and most often determined property of wood which
indeed influences its fundamental physical, mechanical and technological
properties [Kokociński 2004]. Examples of findings in the density of wood in
conjunction with structural and mechanical properties for various species of
trees conducted in accordance with different methodological approaches can be
found in literature on the subject [Tomczak and Jelonek 2012; Wąsik et al.
2015]. Published results of the birch wood density largely concern the wood in
an air-dry state (moisture content 12 or 15%) or basic density [Hakkila 1966;
Hakkila 1979; Helińska-Raczkowska and Fabisiak 1995; Helińska-Raczkowska
1996; Fabisiak 2005; Fabisiak and Kocjan 2005; Möttönen and Luostarinen
2006; Repola 2006; Lachowicz 2015b; Wroniszewska 2015].
The analysis of the results of the foreign and Polish studies concerning the
technical quality of birch wood, show that these studies were based on unknown
criteria to select study materials [Vorreiter 1949; Kollmann 1951; Wanin 1953;
Trendelenburg and Mayer-Weglin 1955, Galewski and Korzeniowski 1958;
Kamiński and Laurow 1966; Miler 1961; Miler 1966; Krzysik 1978; Wagenführ
and Scheiber 2007]. Thus far, in Poland, there were no comprehensive studies
drawn up according to a uniform methodology which would concentrate on the
relations between geographical situation, age of trees, thickness of trees and the
habitat type of forest, and the technical quality of the birch wood.
From 2003 to 2007, in northeast Poland pilot scheme studies were conducted
which constituted an extensive introduction to current studies of the technical
quality of silver birch wood in accordance with the same methodology as in the
rest of Poland. Their completion means a unique database of one of the prime
forest forming tree species in Poland was created, as well as the north and
eastern part of Europe, which contains information, (the widest so far) about the
values of individual properties of birch wood [Lachowicz 2015a; Lachowicz
2015b].
This knowledge and the cognition of certain, so far not studied phenomena
concerning wood structure, can be useful not only for conducting scientific and
technological examinations, but also will have a noteworthy influence on further
rational, economic uses and in the implementation of innovative wood
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applications of this tree species, of which there is still relatively little knowledge
of. The results obtained and the analysis of the examined properties of wood,
including proven interdependence occurring between the location of tree stands,
the age of trees, their thickness, the forest habitat type and parameters of the
technical quality of the wood of the silver birch should provide significant
support in the creation of the State Forest’s marketing strategy.
The aim of this study is to examine the variability of the density of the wood
of the silver birch in an oven-dry state depending on the location (of the
geographical situation) of tree stands, the age of trees, the thickness of trees, the
type of habitat forest and interactions occurring between the chosen factors.

Materials and methods
The methodology of field works was based on the past experiences from earlier
conducted studies concerning the technical quality of silver birch wood in
northeast Poland [Lachowicz 2010a; Lachowicz 2010b; Lachowicz et al. 2014;
Lachowicz and Paschalis-Jakubowicz 2014].
The area of forests under the administration of the State Forests according to
habitat types of forest for birch as a dominant tree species amounted to:
80344.53 ha in fresh broadleaved forests, 77239.53 ha in fresh mixed
broadleaved forests, 44794.20 ha in moist mixed broadleaved forests and
35014.86 ha in fresh mixed coniferous forests. The merchantable volume of
forests under the administration of the State Forests according to habitat types of
forest for birch as a dominant tree species amounted to: 19849930 m3 in fresh
broadleaved forests, 17130048 m3 in fresh mixed broadleaved forests,
9233238 m3 in moist mixed broadleaved forests and 6092664 m3 in fresh mixed
coniferous forests.
This study was conducted on the forest stands under the administration of
the State Forests National Forest Holding (PGL LP). Based on the data from the
Bureau for Forest Management and Geodesy obtained in the form of tables of
area and merchantable volume (dated 1 st of January 2012) and of geographical
placement of forest districts in principal resource bases of birch, forest districts
which fulfilled the methodological criterion concerning the establishments of
test plots were chosen. The stands with birch trees of approx. 30, 50 and 70
years of age were chosen, in fresh broadleaved forest habitats (FBF) and fresh
mixed broadleaved forest habitats (FMBF). Those are the two types of habitat
where birch forest stands in Poland dominate in size and volume above all other
forest habitat types.
Forest habitat type (FHT) is a fundamental unit in the classification system
of forest habitats, that covers forest areas of similar habitat conditions resulting
from the fertility and the humidity of the soil, the similitude of climate and
landform features and its geological structure. The areas belonging to the same
forest habitat type are showing similar production capacity and silviculture
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[Forest Data Bank 2017]. In this work studies were conducted in the fresh
broadleaved forest (FBF) and fresh mixed broadleaved forest (FMBF) habitat
types. Fresh broadleaved forest (FBF) is a lowland forest habitat type (FHT) and
it covers very fertile and fresh forest habitats. It is found on sites with brown
soil, mainly leach, sometimes acidic or proper brown soil, proper lessive, with
mull type humus or the typical mull. Fresh mixed broadleaved forest (FMBF) is
a lowland forest habitat type (FHT) it covers fresh habitats of average fertility. It
is found on brown leach, podzol or acidic soils, proper fawn soils, spodic,
sometimes on podzoluvisols, proper podzol or rusty soils most of the time with
typical humus.

Fig. 1. Geographical layout of the Forests Districts where the test plots were located

Field studies were conducted in 12 Forest Districts spaced throughout
Poland in 3 tree age variations of approx. 30, 50 and 70 years old in the
following forest habitat types: Płońsk (FBF), Sokołów (FBF), Biała Podlaska
(FBF), Płaska (FBF), Górowo Iławeckie (FBF), Elbląg (FBF), Mircze (FBF),
Giżycko (FBF and FMBF), Bobolice (FBF and FMBF), Łobez (FBF and
FMBF), Lipinki (FBF and FMBF), Rudziniec (FBF and FMBF) (fig. 1). The age
of trees in each age class varied between: 30 (26- -33), 50 (40-53), 70 (66-72)
years old. The choice of forest stands, in which the test plots were to be
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established was preceded by the cross referencing of inventory notes found in
the District’s offices against the actual state of stands found on the site. The
superior quality of lumber in the selected forest stands allowed for the
preparation of the wood samples for further analysis. In total, the samples were
obtained from 51 test plots (including material from the 12 plots that were used
in the pilot scheme studies conducted in northeast Poland). Shortened inventory
descriptions of all forest stands were placed in the wider publications concerning
the quality of the birch lumber material in Poland [Lachowicz 2015a; Lachowicz
2015b].
On the test plots, the diameters of all trees of above 7 cm at breast height
were measured. The sample trees on the test plots were chosen using Hartig’s
method based on the mean DBH area with 3 thickness classes [Grochowski
1973]: class 1 – the trees with low DBH, 2 – the trees with average DBH, 3 – the
trees with high DBH.
From within each thickness class, 2 trees with DBH amounted to the mean
DBH area in the class were chosen and felled, which makes 6 trees from each
sample plot. In total sample materials were collected from 306 trees. Two or
three 50-centimetre-long trunk sections were cut out (below 1.3 metres height
point and 50-100 cm above it) then split open and marked appropriately. After
seasoning, when the wood moisture content reached the level of approximately
15%, the samples were formed for analysis of the studied properties. Samples
were collected and prepared in accordance with Polish Standards [PN-77/D-04227]. The density of the oven-dry wood was determined using block samples
that measured 20 × 20 × 30 mm (where the third measurement is taken in
a longitudinal direction) as per Polish Standards [PN-77/D-04101]. The
stereometrics measurements (in radial, tangential and longitudinal directions)
were taken using an electronic calliper with up to 0.01 mm accuracy level.
Weight was obtained with a technical weighing scales with an accuracy level of
0.001 g. The moisture content of the samples was measured in accordance with
Polish Standards [PN-77/D-04100]. The density of the silver birch wood in an
oven-dry state was determined for 4777 samples with the use of the following
formulae:
g 0=

m0
V0

g0 – density of oven-dry wood [kg/m3]
m0 – mass of oven-dry wood [kg]
V0 – volume of oven-dry wood [m3]
Due to the wide spectrum of analyses and the sheer number of samples
collected, it became necessary to adopt an appropriate statistical method that
would allow a credible evaluation of regularities appearing in the properties of
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birch wood representing different research subjects [Bruchwald 1989; Stanisz
2006; Kala 2009].
The results obtained were subjected to a statistical analysis, enabling the
determination of the influence of the location, the age of trees, the class of the
thickness of trees and the habitat type on mean values of the density of oven-dry
wood.
For this purpose, a two-way anova was used. The analysis of means was
carried out with the use of Tukey’s studentized range test. The significance of
the differences was evaluated by HSD (Honestly Significant Difference)
calculated for the confidence level of 95%.

Results and discussion
The oven-dry birch wood density properties were calculated in relation to the
location, tree age and the forest habitat type with the addition of the total values
of those properties for the complete set of data (tab. 1).
Table 1. The oven-dry birch wood density properties [kg/m 3] in relation to the
location and the age of the trees
Location –
Forestry District
1
Płońsk
FBF

2
Sokołów
FBF

3
Biała Podlaska
FBF

4
Płaska
FBF

Tree age

Number of
groups (N)

Mean

Minimum

Maximum

30

80

618.08

490.6

744.4

50

89

654.33

511.0

781.5

70
Total

96
265

661.62
646.03

576.6
490.6

744.4
781.5

30

93

659.98

529.1

762.4

50

96

676.88

552.5

766.9

70
Total

96
285

649.20
662.04

528.6
528.6

746.6
766.9

30

87

617.25

507.6

706.4

50

96

670.03

567.9

808.5

70
Total

90
273

654.31
648.03

568.5
507.6

735.7
808.5

30

93

622.56

536.9

723.9

50

96

605.77

511.0

746.4

70
Total

96
285

626.72
618.31

537.7
511.0

741.3
746.4
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Location –
Forestry District
5
Giżycko
FBF

6
Giżycko
FMBF

7
Górowo
Iławeckie
FBF

8
Elbląg
FBF

9
Mircze
FBF

10
Bobolice
FBF

11
Bobolice
FMBF

12
Łobez
FBF

Tree age

Number of
groups (N)

Mean

Minimum

Maximum

30

96

621.50

518.2

695.7

50

55

624.56

523.5

816.7

70
Total

96
247

658.06
636.39

573.2
518.2

757.1
816.7

30

96

638.41

519.3

778.5

50

96

679.03

553.3

780.2

70
Total

96
288

692.10
669.85

618.8
519.3

772.7
780.2

30

96

601.13

528.8

678.1

50

96

624.46

487.1

730.3

70
Total

94
286

654.76
626.59

525.7
487.1

758.2
758.2

30

96

613.57

478.9

750.1

50

96

612.50

551.8

689.8

70
Total

96
288

630.29
618.79

513.4
478.9

774.6
774.6

30

96

630.44

531.6

702.8

50

96

649.76

522.8

751.8

70
Total

96
288

635.22
638.48

570.1
522.8

778.1
778.1

30

95

601.42

472.5

680.8

50

96

627.88

528.3

729.1

70
Total

96
287

634.72
621.41

588.7
472.5

709.2
729.1

30

90

614.86

545.3

682.1

50

95

594.69

462.6

689.0

70
Total

95
280

640.01
616.55

510.8
462.6

729.8
729.8

30

87

566.37

467.8

669.5

50

96

657.98

532.2

777.1

70
Total

96
279

671.74
634.15

600.0
467.8

813.3
813.3
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Location –
Forestry District

Tree age

Number of
groups (N)

Mean

Minimum

Maximum

30

91

579.98

490.0

650.9

50

96

607.48

553.8

683.8

70
Total

96
283

646.51
611.88

577.3
490.0

721.9
721.9

30

89

595.35

504.5

677.5

50

96

631.96

555.6

763.5

70
Total

96
281

650.17
626.58

583.9
504.5

740.6
763.5

30

95

590.61

460.0

687.8

50

96

646.16

529.1

737.9

70
Total

96
287

674.47
637.24

579.0
460.0

765.6
765.6

30

96

590.21

519.0

715.8

50

96

626.20

519.5

757.7

70
Total

96
288

634.61
617.01

582.5
519.0

721.4
757.7

30

95

643.43

527.0

763.3

50

96

625.76

485.2

743.0

70
Total

96
287

665.05
644.75

585.3
485.2

810.8
810.8

FBF

3352

632.62

467.8

816.7

FMBF

1425

636.24

460.0

810.8

Age 30

1571

612.29

460.0

778.5

Age 50

1583

636.45

462.6

816.7

Age 70

1623

651.73

510.8

813.3

Total

4777

633.70

460.0

816.7

13
Łobez
FMBF

14
Lipinki
FBF

15
Lipinki
FMBF

16
Rudziniec
FBF

17
Rudziniec
FMBF

The lowest mean value of density of the oven-dry birch wood in relation to
the age of the tree – 566.37 kg/m3 was registered for 30-year-old birch trees in
the Łobez District in an FBF habitat, the highest – 692.10 kg/m3 for 70-year-old
birch trees that grew in a FMBF habitat type forest in the Giżycko District.
The lowest mean value of density of the oven-dry birch wood in relation to
geographical location was found in the Łobez District in an FBF habitat and was
calculated to be – 611.88 kg/m3 while the highest – 669.85 kg/m3 was found in
the Giżycko District in a FMBF habitat type forest. A rise of 9.47% was
observed.
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The average values of density for the complete set of analysed data in
relation to forest habitat types differed from each other slightly, reaching 632.62
kg/m3 in an FBF habitat type and 636.24 kg/m3 in an FMBF habitat type.
The rise of oven-dry wood density values was noted in relation to the age of
the trees. The lowest average density values were found in 30-year-old trees –
612.29 kg/m3, higher in 50-year-old trees – 636.45 kg/m3 and the highest in 70-year-old birch trees – 651.73 kg/m3.
The mean density of oven-dry silver birch wood for the entire analysed
material amounted to 633.70 kg/m3. The lowest density of a single test sample
determined in the analysed material was 460,0 kg/m3 and it originated from 30-year-old birch trees growing in fresh mixed broadleaved forest type habitats and
the highest – 816.7 kg/m3 from 50-year-old trees in a fresh broadleaved forest
type habitat.
It was shown that the geographical location of the test plots and the age of
the trees as well as interactions between them generated statistically significant
differences in the studied material, in the average values of wood density in the
analysed groups (tab. 2).
Table 2. Influence of the location and the age of trees and interaction of these
properties on the density of oven-dry wood (two factorial variance analysis)
Degrees of
freedom

F
empirical

Source of
variance

Sum of
squares

Intercept

1902807838.3

1

1902807838.3

856312.6

< 0.0001 *

Location

1241894.0

16

77618.4

34.9

< 0.0001 *

Mean squares

p-Value

Age

1271117.5

2

635558.8

286.0

< 0.0001 *

Location-Age
(interaction)

1054873.2

32

32964.8

14.8

< 0.0001 *

Error

10501620.8

4726

2222.1

*Statistically significant at the 0.05 level.

The columns of table 3 show the groups of locations that did not display
statistically significant differences in the values of wood density. Forest Districts
where trees of the lowest values of mean density of oven-dry wood are growing,
whilst at the same time not differing significantly between each other are: Łobez
(FMBF), Bobolice (FMBF and FBF), Rudziniec (FBF), Płaska, Elbląg, Lipinki
(FBF) and Górowo Iławeckie. The highest wood density values were found in
the District of Giżycko in FMBF and Sokołów in FBF.
The comparison of oven-dry wood density values between different tree ages
has shown statistically significant differences between all groups. The average
values of the studied properties rise with age (fig. 2).
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Table 3. Groups of homogeneous locations in terms of the mean density values of
oven-dry wood
Location

Mean

1

Łobez – FMBF

611.88

****

Bobolice – FMBF

616.55

****

Rudziniec – FBF

617.01

****

Płaska – FBF

618.31

****

Elbląg – FBF

618.79

****

Bobolice – FBF

621.41

****

2

3

4

5

6

****

Lipinki – FBF

626.58

****

****

****

Górowo Iławeckie – FBF

626.59

****

****

****

Łobez – FBF

634.15

****

****

****

Giżycko – FBF

636.39

****

****

****

Lipinki – FMBF

637.24

****

****

Mircze – FBF

638.48

****

****

Rudziniec – FMBF

644.75

****

Płońsk – FBF

646.03

****

Biała Podlaska – FBF

648.03

****

Sokołów – FBF
Giżycko – FMBF

662.04
669.85

Fig. 2. Mean values of oven-dry wood density in different tree ages

****
****

****
****
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Analysis of the relation between the density of oven-dry wood, and the
location of the test plots and the age, demonstrated the existence of
homogeneous groups of a very complicated nature for which it is hard to show
a general rule (fig. 3). In the forest districts of Płońsk, Płaska, Giżycko in FBF
and FMBF habitats, Górowo Iławeckie, Elbląg and Bobolice, Łobez, Lipinki and
Rudziniec, on both studied forest type habitats the highest mean density was
noted for the oldest trees – 70-year-old. Among those mentioned in the Forest
Districts of Płaska, Elbląg, Bobolice in FMBF and Rudziniec FMBF higher
mean density in the wood from 30-year-old trees in comparison to the wood
from 50-year-old birch trees were noted. Forest Districts where the highest
density of oven-dry wood from 50-year-old trees was found are: Sokołów, Biała
Podlaska i Mircze. Among these, in the District of Sokołów, the lowest mean
density was noted for the wood from 70-year-old trees and, in the District of
Biała Podlaska and Mircze, for wood from 30-year-old trees.

Fig. 3. The average values of oven-dry wood density and their standard errors in
relation to the location and age

The analysis of the correlation between the value of oven-dry wood density
and the age of trees, thickness class and interactions between these factors
demonstrated that statistically significant differences exist between the average
values of the analysed properties (tab. 4). Only in the case of the youngest trees
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was no correlation noted between the thickness class and the density of oven-dry
wood. The values of wood density differed along with the age and, in the oldest
analysed trees, the average density values for the samples representing each
thickness class shows statistically significant differences between each other.
The statistics characterising wood density divided in to thickness classes in
relation to age are shown in table 5. In all three of the examined ages the highest
mean density of oven-dry birch wood was noted in the thinnest trees. For the 30
and 70-year-old trees the value of the studied property is diminishing along with
the increase in their thickness. In 50-year-old birch trees the average thickness of
trees has a lower mean density than the thickest trees.
Table 4. Influence of the age of trees and the class of the thickness and interaction
of these properties on the density of oven-dry wood (two factorial variance analysis)
Source of
variance

Sum of
squares

Intercept

1914872852.
6

Age

Degrees of
freedom

Mean squares

F empirical

p-Value

1

1914872852.6

730185.6

< 0.0001 *

1253797.6

2

626898.8

239.1

< 0.0001 *

Thickness class

149071.0

2

74535.5

28.4

< 0.0001 *

Age-Thickness
class
(interaction)

148175.6

4

37043.9

14.1

< 0.0001 *

12503826.9

4768

2622.4

Error

*Statistically significant at the 0.05 level.

Table 5. Properties of the density of oven-dry wood of different ages and classes of
the tree thickness

Age

30

50

70
Total

Thickness class

Number of groups
(N)

Mean

Standard deviation

1

484

614.74

50.10

2
3

544
543

614.27
608.13

45.69
50.44

1

526

645.07

60.88

2
3

523
534

624.18
639.98

58.52
50.72

1

537

664.65

46.42

2
3

544
542

650.48
640.20

42.14
53.61

4777

633.70

54.27
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In Forest Districts where the properties of the wood of birch trees in fresh
broadleaved forest and fresh mixed broadleaved forest habitats were studied, the
analysis of the relation between the oven-dry wood density and the location of
the test plots and forest type habitat were carried out. It was proved that both
factors together with the interactions between them generate statistically
significant differences in the average values of density among the analysed
groups (tab. 6).
Table 6. Influence of the location and the FHT (Forest Habitat Type) and
interaction of these properties on the density of oven-dry wood (two factorial
variance analysis)
Source of
variance

Sum of squares

Intercept

1117540030.9

Location

Degrees of
freedom

Mean squares

F empirical

p-Value

1

1117540030.9

453566.5

< 0.0001 *

378170.3

4

94542.6

38.4

< 0.0001 *

FHT

56044.5

1

56044.5

22.7

< 0.0001 *

Location-FHT
(interactions)

294973.3

4

73743.3

29.9

< 0.0001 *

Error

6891512.8

2797

2463.9

*Statistically significant at the 0.05 level.

Table 7 shows the results of the grouping of the test plot locations with the
inclusion of FHT. Statistically significant differences among the mean densities
in the examined forest habitat types exist in the Forest Districts of Giżycko,
Łobez and Rudziniec. A Higher mean density of oven-dry wood was determined
in the samples originating from trees that grew in the fresh mixed broadleaved
forest habitat type forests in the Forest Districts of Giżycko, Lipinki and
Rudziniec and decreased with the rise in the habitat’s fertility in fresh
broadleaved forest type habitats. In northwest Poland, in the Forest Districts of
Bobolice and Łobez, completely opposite tendencies were observed. Together
with the rise of habitat’s fertility from FMBF to FBF the average values of wood
density were increasing.
The issue of the oven-dry density of birch wood is not frequently raised.
Furthermore, if it is mentioned in most cases the same records are repeated, i.e.
the mean value is 610 kg/m3. These values are quoted by: Kollmann [1951],
Galewski and Korzeniowski [1958], Krzysik [1978], Surmiński [1979] and
Wagenführ and Scheiber [2007]. In the literature only Trendelenburg and Mayer-Wegelin [1955] present different values regarding four locations: for Austria
(q0) is 671 kg/m3, for Germany 655 kg/m3 (Starnberg) and 600 kg/m3 (Planegg),
2 locations nearby Munich, for Latvia 610 kg/m3 and for Finland 600 kg/m3.
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Table 7. Homogeneous groups in terms of the average value of the oven-dry wood
density shown for the location and FHT
Location

FHT

Mean

1

2

Łobez

FMBF

611.88

****

Bobolice

FMBF

616.55

****

****

Rudziniec

FBF

617.01

****

****

Bobolice

FBF

621.41

****

****

Lipinki

FBF

626.58

Łobez

FBF

634.15

****

****

Giżycko

FBF

636.39

****

****

Lipinki

FMBF

637.24

****

****

Rudziniec

FMBF

644.75

Giżycko

FMBF

669.85

****

3

4

5

6

****
****

****
****

****
****

The mean density of oven-dry wood of silver birch for the entire examined
material amounted to 633.7 kg/m3. The lowest density of a single sample
determined in the studied material was 460.0 kg/m3, the highest – 816.7 kg/m3.
The average value of wood density for the entire tested material was higher by
13.7-33.7 kg/m3 from the values shown by other authors. Vorreiter [1949]
reports the mean density of oven-dry wood at the level of 600 kg/m3; Kollmann
[1951] – 610 (460–800) kg/m3; Wanin [1953] – 620 kg/m3; Galewski and
Korzeniowski [1958] – 610 (460–800) kg/m3; Kamiński and Laurow [1966] –
610 kg/m3; Krzysik [1978] – 610 (460–800) kg/m 3; Wagenführ and Scheiber
[2007] – 610 (460–800) kg/m3.
Only Miler [1966] has reported a higher density of oven-dry wood of silver
birch in Poland. The birch wood density calculated by him – 710 kg/m3 at a 15%
moisture content was higher than the average determined in this study. The wood
for Miler’s studies originated in the Forest District of Gniezno and had an
average age of 52 years. Higher values of oven-dry density by 37 kg/m3 were
obtained in Austria and by 21 kg/m3 in Starnberg (Germany) than the mean
value obtained for the entire country of Poland. These values are similar to those
obtained in the Forest Districts of Giżycko in FMBF (669,85 kg/m 3) and
Sokołów in FBF (662.04 kg/m3) located in the northeast of Poland.
The minimum values obtained in this study were identical, and maximum
values were higher by 16.7 kg/m3 than those cited by the other authors.
As a comparison, in this study, depending on the age, the following average
values of density were obtained: for 30-year-old trees – 650.6 kg/m 3, 50-year-old
– 671.9 kg/m3 and for 70-year-old – 683.0 kg/m3.
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Conclusions
The following list of conclusions can be formed based on the analysis of the
oven-dry silver birch wood density depending on the geographical location of
the stands, the age of trees, the tree thickness, forest habitat type and the
interactions between those factors:
1. The location, the age of trees, the tree thickness as well as forest habitat
type and the interactions between those factors, had a considerable
influence on the density of the oven-dry silver birch wood in Poland.
2. The highest average values of the completely dry birch wood were found in
the wood in the Forest District of Giżycko in FMBF – 669.85 kg/m 3 and in
Sokołów in FBF – 662.04 kg/m3.
3. For the entire examined material, the average values of the oven-dry wood
density rise together with age. In all three ages the highest average values of
oven-dry wood density were observed in the thinnest trees.
4. With a few exceptions, the birch wood originating from the eastern parts of
Poland displays higher average values of oven-dry wood density which, in
turn, leads to an increase in carbon accumulation. This applies to 50 and 70-year-old birch stands.
5. It seems necessary to broaden the study of the variability of the birch wood
density, in accordance with the methodology of this study, on to different
forest habitat types. Such studies could significantly deepen the knowledge
of the technical quality of birch wood in Poland.
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STEM QUALITY OF QUERCUS CERRIS TREES
FROM KOSOVO FOR THE SAWMILLING INDUSTRY

Quercus cerris is an important species in the forests of Kosovo with a potential
high economic value, although there is little information on the stem quality for
the saw-milling industry. This study brings data on wood properties, particularly
on heartwood, sapwood and bark development within Q. cerris trees grown in two
sites in Kosovo, where mature trees were felled, and discs taken at different stem
height levels.
The average radial growth rate was 1.21 and 1.76 mm yr -1 for both sites.
Heartwood decreased from the tree base upwards with a proportion of 53% and
43% until 5 m of height in the two sites. The radial width of sapwood was higher
at the stem base (on average 44 mm) and afterwards approximately constant at
32 mm. The taper was low at an average 3.3 mm m -1 between 3.3 and 7.3 m of
height. Bark represented on average 16.4% of the total stem cross-section and
contained a substantial proportion of rhytidome (51% of the total bark area
proportion at stem base and 41% at 9.3 m).
Q. cerris in Kosovo showed good potential as a timber species for the supply
of stem wood to the saw-milling industry, allowing good yields of heartwood-only
sawn wood components. The bark should also be considered for complementary
valorization.
Keywords: Quercus cerris, heartwood, sapwood, bark, ring width, growth rate,
taper

Introduction
Quercus cerris, the Turkey oak, is native to the southern, central and
southeastern part of Europe, extending into southwestern Asia [Danielewicz et
al. 2014]. It is a large, fast-growing deciduous tree, tolerating a range of soil
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types and is able to quickly colonize open areas. It can withstand air pollution, is
relatively tolerant to drought and has an attractive appearance, thereby often
being planted as an ornamental in urban areas [Preston et al. 2002; Sterry 2007].
The Turkey oak may represent an important forest resource in its natural
habitat regions or in areas where it was introduced [de Rigo et al. 2006]. It is
useful for reforestation, erosion control and soil conservation [Mert et al. 2016]
as well as a potential cork provider [Sen et al. 2011; Sen et al. 2016].
Regarding the timber value of the species, the wood has been used mainly
for low-value applications, such as firewood and railway sleepers, and has not
been considered for more demanding applications e.g. carpentry, due to its low
dimensional stability and low durability, mainly of the sapwood [Giordano 1981]
and difficulties with gluing [Lavisci et al. 1991]. The colour differences between
the dark heartwood and the light sapwood and their irregular margins also
contribute to the under-valuation of the species, but some studies were recently
made to improve the wood properties and to homogenize surface colour by using
heat and steaming treatments [Tolvaj and Molnart 2006; Todaro 2012; Todaro et
al. 2012; Todaro et al. 2013]. Other properties of Turkey oak wood were also
investigated, e.g. density and moisture [Monaco et al. 2011] and bending
strength [Karastergiou et al. 2005].
Overall, there is little information on the Turkey oak wood, namely
regarding the species stem quality for the saw-milling industry, e.g. the within-tree development of heartwood and ring width. In general, heartwood has
a higher natural durability and aesthetic value and is therefore preferred for
wood products [Pereira et al. 2003]. The development of heartwood and the
sapwood was not characterized for Q. cerris. This information is of interest for
stem quality evaluation for use in saw-milling for the production of wood
components [Sousa et al. 2013].
This study brings data on heartwood and sapwood development within
Q. cerris trees grown in two sites in Kosovo, in view of increasing the value of
its exploitation as a timber species for the saw-milling industry. It also includes
an analysis of bark content anticipating its possible valorization under a full
resource use approach.
In Kosovo, forests cover 481 000 ha, representing 44.7% of the total area of
the country, and are dominated by broadleaved trees, covering up to 93 % of the
total forest area [Tomter at al. 2013]. The growing stock includes mainly Fagus
and Quercus spp that account for 46% and 23% of the volume respectively.
Q. cerris is the major oak species with 4.28 billion m 3, followed by Q. petrea
with 3.67 billion m3 and other oak species with 1.29 billion m 3. The national
forest inventory from 2002 estimated the annual allowable cut at around 900 000
m3/year gross, of which 55% is fuelwood [Mitchell 2009]. However, in the past
decade, the annual allowable cut calculated and legally available for harvesting
through the current system of forest management planning was under 200 000
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m3/year [Harou and Hajredini 2009]. Due to the country's recent history, exact
statistical data on timber harvesting is still scarce and difficult to obtain.
The development of a wood products industry is recognized as an important
component for enhancing the economic growth of Kosovo. Today the wood
industry only uses roundwood for producing lumber in sawmills (over one
hundred mills located over the country) and for firewood. A production increase
of sawn products from beech and oak is possible given the potential supply
surplus, but will require an effective availability of quality logs [Bajraktari et al.
2014] as well as a sustainable production of fuelwood [Bouriaud et al. 2014].
The overall objective is to enrich the raw-material supply to the wood
industry and to improve the economic and technological performance of
Q. cerris trees for quality timber products.
The main objective is the assessment of the stem quality of Q. cerris trees,
through the study of tree growth and ring width, heartwood and sapwood
variation, bark development and taper.

Materials and methods
The data regarding the location and tree are displayed in table 1.
The study was based on 10 mature trees of Quercus cerris L. sampled from
two stands in Blinaja and Duboçak, in Kosovo. Both stands were harvested to
produce logs for the saw-milling industry.
Table 1. Data regarding location and trees
Site KB
Coordinates
Climate
Annual average air
temperature
Average annual
precipitation
DBH (average)
Total tree height (m)

Site KD

42°51’20’’ – 42°51’23’’ N
42°30’31’’ – 42°30’38’’ N
and 20°43’50’’ – 20°44’02” E,
and 20°59’06’’ – 20°59’152” E,
at 817-885 m of altitude
at 650-697 m of altitude
moderate continental climate and continental climate
11.3°C (-1.7°C – 21.4°C)

10.4°C (-1.5°C – 20.7°C)

609.8 mm

604.8 mm

243.9 mm

214.3 mm

17.8 m

11.1 m

Results and discussion
The sampled Q. cerris trees were representative of the wood supply to the saw-milling industry in Kosovo. The stem showed distinct tree rings that were
visible to the naked eye. The wood is ring porous (fig. 1) with wide pores in the
earlywood in comparison to the small pores in latewood, that allowed distinct
ring boundaries and easy ring counting and measurement. The heartwood was
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clearly singled out from the sapwood by a darker brown color. In the bark, it was
possible to make the distinction between the phloem and the rhytidome in the
cross-section; the rhytidome showed large longitudinal running fissures (fig. 1).

Fig. 1. Part of a stem cross-section of Quercus cerris Lam. showing the colour
differences between heartwood and sapwood, the visible annual rings and the bark
with distinction between phloem (to the inside) and rhytidome (to the outside)

Tree growth and ring width
The within-tree variation of radial growth is exemplified in figure 2 for both
sites, by plotting the cumulative radial dimensions measured along the stem as
a function of tree height.
The radial growth in the trees measured at breast height from the two sites is
shown in figure 3 as the mean ring width from pith to bark. The cambial ages
attained on average was 66 and 80 years at breast height respectively in KB and
KD. Overall, there was a radial variation of ring width with a steady decrease
along the first 15 rings and afterwards maintaining a rather constant mean value
in spite of the inter-annual fluctuations.
Table 2 displays data for both sites, on mean annual ring width, mean annual
ring for the initial growth in the first 20 years from pith, and mean annual ring
for the mature growth in the 45 to 65 years of cambial age.
In both sites, the mature growth rate was similar, but the initial growth was
considerably higher at KB than at KD.
The radial variation of the annual growth rate found here for Q. cerris was
similar to previous reports for the same species: a growth rate of 2.2-2.9 mm in
the first 15 years and 1.5-1.7 mm afterwards until 25 years [Manetti 2002]. For
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Ring width (mm)
Ring width (mm

Fig. 2. Radial dimensional variation at different height levels along the stem for the
Quercus cerris trees from KD
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Fig. 3. Variation of average tree ring width with cambial age at 1.3 m of height of
Quercus cerris trees at the two sites

45-58-year-old Q. cerris trees sampled in Italy, the mean annual radius
increment was 2.3 mm [Corona et al. 1995]. The values are also similar to those
reported for other oaks: Corcuera et al. [2006] found a radial ring width decrease
of approximately 1.6 mm to 0.5 mm for a cambial age of 35-41 years in
Q. pyrenaica; Sousa et al. [2013] reported a decrease in ring width from 2.8-1.2 mm to 1.5-1.0 mm for cambial ages of 30-40 years for Q. faginea while
widths between 1.5 mm and 1.9 mm were reported for Q. petraea and Q. robur
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[Zhang et al. 1993; Degron and Nepveu 1996]. Tree ring width in Q. suber also
showed a decrease in cambial age with an average of 3.3 mm in the beginning of
cambial activity to an average of 1.1 mm at 26 years of age [Leal et al. 2008].
Table 2. Tree growth variables for Quercus cerris trees (mean ± standard deviation)
from two sites KB and KD in Kosovo measured at 1.3 m height: RW - mean annual
ring width; IRW - mean annual ring for the initial growth in the first 20 years from
pith; MRW – mean annual ring for the mature growth in the 45 to 65 years of
cambial age
Annual growth rate (mm yr-1)
Site KB
RW

1.76 (0.57)

IRW

2.22 (0.62)

MRW

1.34 (0.28)

In spite of the radial variations of ring width found in the sampled Q. cerris
trees, the overall variations were of small magnitude and therefore the stem
showed considerable homogeneity. This indicates that the within-tree variation
of properties will not be detrimental to the product value.
Heartwood and sapwood variation
Heartwood was present in all the trees until the maximal sampling height of
9.3 m. The vertical development of heartwood (fig. 4) was similar in all the
trees, decreasing from the tree base upwards, with the heartwood profile
following closely that of the stemwood.
The variation of the heartwood diameter was highly significant in relation to
site and height level (P < 0.001), but not to their interaction. The heartwood
diameter was related to tree diameter at any height level (fig. 4); in fact, the
diameter of heartwood in Q. cerris was strongly correlated with the stem
diameter (R2 = 0.83 and 0.88 in KB and KD, p < 0.0001). This result shows the
possibility of modelling heartwood dimensions in Q. cerris standing trees by the
measurement of tree diameter.
The correlation of the heartwood diameter with tree diameter has been
reported for several species, e.g. Acacia melanoxylon [Knapic et al. 2006],
Eucalyptus globulus [Gominho and Pereira 2000; Gominho and Pereira 2005],
Pinus pinaster [Pinto et al. 2004] and P. canariensis [Climent et al. 2003].
The proportion of heartwood in the total stemwood cross-section remained
stable in the lower part of the stem until about 5 m of tree height, after which it
decreased to the upper height levels (table 3).
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Fig. 4. Variation of heartwood radius and sapwood radial width with Quercus cerris
tree diameters at different height levels at two sites (KB and KD) in Kosovo
Table 3. Variation along the tree height of Quercus cerris trees at two sites (KB and
KD): total stemwood cross-sectional area (cm2), heartwood proportion and
sapwood width. Mean (standard deviation)
Site KB

Site KD

Height
level

Cross-section
wood area
(cm2)

Heartwood
proportion
(% of wood
area)

Sapwood
width
(mm)

Cross-section
wood area
(cm2)

Heartwood
proportion
(% of wood
area)

Sapwood
width
(mm)

Base
1.3 m
3.3 m
5.3 m
7.3 m
9.3 m

756.9 (122.7)
469.9 (75.1)
407.2 (59.5)
371.4 (65.8)
333.3 (66.6)
285.9 (61.4)

52.5 (5.9)
57.2 (5.7)
54.4 (6.6)
51.2 (6.9)
48.1 (7.7)
43.6 (9.3)

42.5 (5.4)
29.7 (3.6)
29.7 (3.9)
30.9 (4.6)
31.3 (4.4)
32.7 (5.1)

511.3 (181.6)
333.8 (86.5)
281.2 (77.2)
234.0 (73.9)
196.9 (66.2)
155.9 (64.5)

40.7 (8.6)
43.2 (7.8)
43.9 (9.8)
41.1 (11.8)
37.0 (11.5)
25.6 (11.9)

46.3 (13.3)
35.6 (8.7)
32.2 (9.6)
31.6 (10.2)
34.4 (10.1)
35.1 (11.2)
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There was a difference between the sites in the average heartwood
proportion with the trees from KB showing more heartwood than the trees from
KD: the average proportion until 5 m of height was 53% and 43% respectively.
The radial width of sapwood was higher at the stem base, where it
represented on average 44 mm (table 3) and afterwards was approximately
constant at 32 mm. There were no significant differences in sapwood
development between the trees of both sites (fig. 4) but the analysis of variance
showed that site (P = 0.005) and height level (P < 0.001) were significant factors
of variation, but not their interaction.
The within-tree axial variations of heartwood and sapwood are in agreement
with previous results for most species [Hillis 1987] e.g. for Q. faginea [Sousa et
al. 2013]. The results also corroborate the theoretical background that,
heartwood formation is a cumulative process that increases during tree growth,
as required by the physiological conditions of the species, to maintain an
approximately constant sapwood width [Bamber 1976]. In the case of the
sampled Q. cerris trees, the sapwood area (at 1.3 m) averaged 199.30 cm 2 in
KB, and 191.86 cm2 in KD (table 3) while the average sapwood width of 3-4 cm
is similar to values reported for other oaks e.g. Q. faginea (2-5 cm) [Sousa et al.
2013], Q. petraea (2 cm) [Granier et al. 1994] and Q. robur (3 cm) [Čermák et
al. 1991]. The relatively small radial dimension of the sapwood of Q. cerris trees
allow the production of sawn wood components that are mostly constituted by
the more valuable heartwood.
Bark development
Bark represented on average 16.4% of the total overbark stem cross-section,
with slightly higher values for the trees of KD in relation to KB (table 4). The
mean bark proportion decreased from the base to the dbh level; it remained
constant until the upper sampled level in KB representing 14% of the total area,
while in KD it increased along the tree from 16% at bh to 20% at 9.3 m. Within
the tree, the bark thickness was highest at the stem base (14.4 mm and 13.2 mm
in KB and KD respectively) (table 4).
The analysis of the variance of bark thickness showed the significant
influence of stem height level (P = 0.451) but not of site or their interaction. The
analysis for bark proportion showed that the site (P < 0.001), stem height level
(P = 0.005) and their interaction (P = 0.020) were significant factors of variation.
This can be explained by the fact that there is a difference in age between the
two sites.
The bark structure showed that the rhytidome proportion was highest at the
stem base where it represented on average 51% of the total bark area (table 4).
Rhytidome proportion decreased for the upper tree levels; at 9.3 m, it
represented on average 41% of the total bark area.
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Table 4. Variation along the tree height of Quercus cerris trees at two sites (KB and
KD) of bark proportion, thickness, and rhytidome content. Mean ± standard
deviation
Site KB

Site KD

Height
level

Bark
(% of total
stem area)

Bark
thickness
(mm)

Rhytidome
(% of bark)

Bark
(% of total
stem area)

Bark
thickness
(mm)

Rhytidome
(% of bark)

Base
1.3 m

16.8 (3.0)
14.4 (1.0)

14.4 (2.2)
10.0 (1.8)

53.5 (3.2)
52.8 (4.2)

18.2 (2.4)
16.3 (1.2)

13.2 (2.6)
9.6 (0.8)

49.4 (6.0)
46.6 (5.1)

3.3 m

14.1 (0.9)

8.9 (1.1)

47.8 (3.9)

16.9 (1.1)

9.0 (0.8)

45.6 (5.9)

5.3 m

14.1 (0.4)

8.6 (1.0)

43.5 (5.9)

18.1 (1.5)

8.9 (0.6)

46.0 (8.4)

7.3 m
9.3 m

14.4 (0.4)
14.6 (1.0)

8.2 (0.9)
7.9 (1.2)

41.1 (4.4)
40.6 (5.4)

18.8 (1.6)
20.1 (1.1)

8.5 (1.1)
8.0 (1.3)

43.9 (5.7)
41.7 (2.7)

The analysis of variance of the proportion of rhytidome in the bark showed
a highly significant effect of stem height level (P < 0,001) and a significant
effect of site (P = 0.366) and their interaction (P = 0.346).
Bark development in trees is a cumulative process and the formation of
rhytidome is age dependent. This explains the fact that the bark thickness was
highest at the stem base and contained the highest proportion of rhytidome.
Taper
Stemwood taper and heartwood taper for the different logs are summarized in
table 5.
Table 5. Stemwood and heartwood taper, in mm/m, between different stem height
levels (mean ± standard deviation) of Quercus cerris trees in two locations (KB and
KD) in Kosovo

Height level

Base-1.3 m
1.3-3.3 m
3.3-5.3 m
5.3-7.3 m
7.3-9.3 m

Stemwood taper (mm/m)

Heartwood taper
(mm/m)

Site KB

Site KD

Site KB

25.1 (2.3)
4.2 (0.7)
2.6 (1.3)
2.9 (1.3)
3.0 (1.7)

18.0 (8.4)
4.2 (1.2)
4.2 (2.2)
3.6 (0.5)
4.5 (0.8)

15.1 (2.8)
4.2 (0.5)
3.2 (0.9)
3.1 (0.8)
3.7 (0.7)

Taper was highest for the butt log especially from the base to 1.3 m height
and higher for the trees in KB than in KD (25 vs. 18 mm·m -1). The central logs
showed a very small taper e.g. from 3.3 to 7.3 m, taper averaged 2.8 and
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3.9 mm·m-1 respectively in KB and KD. The heartwood showed similar taper
values, namely for the tree base (table 5).
Overall the stems had a small conicity and very low taper values which
stresses the stem quality of Q. cerris for sawn wood components with a potential
low material loss from stem edges. The values compare favourably in relation to
e.g. Q. suber stems with an average of 24 mm·m-1 taper [Knapic et al. 2011;
Bembenek et al. 2013]. Moreover, lower taper may facilitate mechanized
harvesting of hardwoods. In the case of better trunk quality (lower taper), we can
expect higher accuracy of bucking and lower damage to the outer layer of
roundwood [Bembenek et al. 2015].

Conclusions
Q. cerris trees grown in Kosovo showed good potential as a timber species for
the supply of stemwood to the saw-milling industry. The growth rates were like
those of other oaks and the stems showed an overall low radial heterogeneity of
ring width as well as a very low taper.
The Q. cerris trees contained a substantial proportion of heartwood and the
sapwood width was, on average 4 cm with small axial variation, therefore,
allowing potentially good yields of heartwood-only sawn wood components.
The bark content was high, especially in the lower part of the stem where it
included a high proportion of rhytidome and should therefore be considered for
complementary valorization.
The wood of Q. cerris showed suitable characteristics for the production of
lumber in sawmills, hence contributing to a possible further enhancement of the
wood products industry in Kosovo.
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AN EVALUATION OF THE INFLUENCE OF HEAT
TREATMENT ON THE PRESERVATIVE RETENTION
IN ASH WOOD (FRAXINUS EXCELSIOR L.)

As high temperature followed by preservation may cause many different,
sometimes contrary changes in wood properties, the aim of this paper was to
determine the retention and possible distribution of copper containing
preservative in ash wood with an X-ray spectrometer. Two solutions
corresponding to the final retention 2 and 4 kg/m 3 were applied as preservative
for model laboratory scale low-pressure preservation of ash wood. Before
preservation was made, samples were heat treated for 2 or 6 hours at 180°C,
apart from the control samples. The mapping option of the X-ray spectrometer
was applied and the surface on the half-cut cross-section was analysed. Copper
was acknowledged as the retention indicator. On the basis of the results obtained,
it can be assumed that the heat treatment improves the treatability of samples with
the parameters used. Longer treatment durations increase the uptake of the
preparation solutions.
Keywords: ash wood, heat treatment, preservation, preservative retention, XRF,
Cu

Introduction
The heat treatment of wood increases its dimensional stability and biological
durability, without the necessity of application of additional chemicals [Yildiz et
al. 2006]. It is also applied to raise aesthetical properties of the material.
However, some of the mechanical properties deteriorate for example tensile
strength, modulus of rupture and modulus of elasticity all decrease [Boonstra et
al. 1998]. It was indicated that the physical parameters of modified wood
decrease more rapidly when the conditions of modification are more severe, e.g.
when the air environment instead of anaerobic conditions are applied or a closed
system without atmosphere exchange [Stamm 1956]. In practice, wood is most
often treated in the temperature range of 160°C to 220°C (manufacturers and
Tomasz ZIELENKIEWICZ (tomasz_zielenkiewicz@sggw.pl), Warsaw University of Life
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R&D institutions like VTT Technical Research Centre of Finland or different
literature sources e.g. Wang et al. [2013] or Percin et al. [2015]) during
a specified time. Detailed parameters of the process are dependent mainly on the
final application of the modified material, the level of its conversion and size of
the particular elements. Thermal modification may be performed in different
non-oxidative environments (superheated steam, nitrogen, oil, combustion
gases), employed to avoid material degradation.
Manufacturers, experienced with different applications of their products
(oak, ash, beech and pine are the tree species most often heat treated in Poland)
in outdoor conditions (garden furniture, terraces, facades) and as indoor floor
materials and furniture concluded that these woods should be additionally
preserved against insects and fungi, especially species where durability is still
insufficient despite the heat treatment. The process of preservation after heat
treatment will give different effects, because heat treatment results in changes of
the hygroscopic properties of wood. It reduces equilibrium moisture content
(EMC) as well as tangential and radial swelling. Permeability of heat-treated
wood is significantly lower in comparison to untreated one [Finish Thermowood
Association 2003]. The plasticisation of lignin leading to a reorganization of the
lignocellulosic polymeric components of wood seems to be the most probable
explanation of the wettability change. High temperatures, generally used for
wood heat treatment, are not necessary to modify its hydrophilic properties,
which can be modified at lower temperatures [Hakkou et al. 2005].
The process of wood preservation has been widely examined for decades
[MacLean 1952] and this topic is still inexhaustible [Mohareb et al. 2010;
Helsen et al. 2007]. The heat treatment of wood was the issue studied by
Chaouch et al. [2010], Gunduz et al. [2010] and Hill [2006]. However, the
influence of both modification techniques (applied simultaneously) on wood
properties has not often been examined. The preservation of heat-treated wood
may be problematic because treatment causes the increase of hydrophobic
properties (mainly a decrease of EMC of about 50%) and a following difficulty
of wood penetration with water based preparations [Yildiz and Gümüşkaya
2007] as it consists in diffusion rather than capillary effects. Bastani et al. [2015]
denoted that heat treatment had no effect on apparent sessile drop contact angles
in Scots pine and beech suggesting difficulties with impregnation. According to
Kwon and Ayrilmis [2016] the thickness swelling and water absorption of the
specimens significantly decrease with increasing treatment temperature, in
particular at 190°C. There were some attempts to preserve heat-treated wood
with classic oils for surface saturation realized by the submersion in chosen
preservatives or pressure preservation with the application of autoclaves. Kartal
et al. [2008] assumed that the addition of preservative (containing boron) before
the heat treatment at high temperatures would protect the examined wood of
Japanese cedar (Cryptomeria japonica) against the loss of strength. But the
results were not unequivocal, they were highly dependent on the treatment
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temperature. Strength changes are caused by the decomposition of wood
components – depolymerisation of carbohydrates with the acetic acid molecule
splitting off from acetyl branches and hemicelluloses content decrease, which
increases the Klason lignin content. Tomak et al. [2011a and 2011b] studied the
influence of heat treatment in oil of beech and pine wood with the addition of
boron based preservative. The coefficient of the preservative absorption in heat-treated wood was 20% higher than in unmodified wood. However, results
obtained by Ahmed et al. [2013] indicates that thermally modified samples had
lower treatability than control samples. More structural changes after thermal
modification, especially in birch, significantly reduced the preservative uptake
and distribution.
According to Jin and Archer [1991] copper ions react with functional groups
such as carboxyl, carbonyl and phenolic hydroxyl and become immobile in the
wood. Heat treatment might influence the amount of copper ions leached from
treated wood because of various chemical changes in the wood.
Systematic investigation of the influence of heat treatment on the retention
and distribution of the preservative is still to be done. As high temperature, and
different types of preservatives may cause many different, sometimes contrary
changes in wood properties (dependent also on wood species), the first aim of
this paper was to determine the influence of heat treatment of two different
durations on the retention of preservative containing copper in the ash wood
structure. The second purpose was to show the possible distribution of
preparation in the structure of ash wood samples with the application of the
mapping option of an X-ray fluorescence spectrometer, which cannot be found
in current literature.

Materials and methods
The wood samples used for analysis were obtained from ash (Fraxinus
excelsior L.) wood, the part of the heartwood without colouring. Its chemical
composition was as follows: 81.8% of holocellulose (with the application of
sodium chlorite) including 47.3% of cellulose (determined with Kürschner-Hoffer method) and 34.5% of hemicelluloses [Gawron 2012]. Samples with
dimensions of 40 mm × 40 mm × 50 mm (parallel to the grain), as shown in
figure 1, were divided into 3 groups of 4. Group 1 was treated as control one
(samples 1-4). Group 2 was heat treated in the air at a temperature of 180±5°C
for up to 2 hours (samples 5-8). Group 3 was heat treated in the same conditions
with the duration increased to 6 hours (samples 9-12). The process of the
thermal modification was performed in a laboratory oven with thermo-circulation. It consisted of: (stage 1) initial wood drying at 100 ±1°C for
a duration of 12 hours; (stage 2) achieving a temperature of 130°C with a 15°C/h
gradient and initial warming of the material for 1 hour; (stage 3) achieving the
treatment temperature of 180°C with a10°C/h gradient; (stage 4) final warming
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at 180°C within 2 or 6 hours; (stage 5) cooling of the material until the ambient
temperature is reached with a 10°C/h gradient. All stages of the experiment were
performed in the air atmosphere.

Fig. 1. Samples dimensions and grain orientation

Samples from each group were then preserved with a watersoluble
preparation, pH – 9.6 ±0.5, containing the following active substances: 5% of
boric acid, 16.3% of copper (II) hydroxycarbonate and 3.5% of Cu-HDO. Two
samples from each group were treated with the solution corresponding to a final
content of 2 kg of the preparation in 1m3 of wood (sample numbers 1, 2, 5, 6, 9,
10) and 4 kg/m3 (sample numbers 3, 4, 7, 8, 11, 12). A model process of pressure
preservation was used, applied earlier in previous paper [Gołofit et al. 2012].
All of the samples were placed in beakers with solutions. The beakers were
placed in a Shell Lab vacuum dryer and pressure was reduced to 10 kPa. After
20 minutes, the pressure was raised to atmospheric pressure level and samples
were left in the solution for a further 20 minutes.
The final contents of 2 and 4 kg/m3 were achieved using the following
procedure: samples with the earlier specified dimensions were subjected to
a model pressure preservation process with distilled water. After determining the
amount of water which penetrated the samples (weighting), the final
concentration of the preparation was calculated: 5 g/1000 g of water for the final
content of 2 kg/m3 of wood and 10 g/1000 g of water for the final content of
4 kg/m3.
Preserved samples were then half-cut parallel to the grain. The obtained
surfaces were analysed by the mapping method available in XRF Spectro Midex
M spectrometer. The mapping was performed with a resolution of 23 × 18 and
each measuring point (screen 2 mm × 2 mm) was exposed for 30 seconds.
In order to compare preservative retention, copper on the analysed surfaces
was examined. The results of the described measurements were so-called
impulse counts of copper. For each surface, the average copper impulse counts
were calculated. Additionally, values for both halves of each sample were
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averaged. The comparison of the calculated values allowed the influence of heat
treatment on the preservative retention to be determined.

Results and discussion
Figures 2A and 2B present the gradient of copper impulse counts on the cross-section of samples no 1 and 3 correspondingly from group 1 (control samples
preserved without heat treatment). On both graphs, impulse counts values in the
range of 10000-20000 and 20000-30000 are dominant. This second range is
much more visible for in sample no 3. This is caused by a higher concentration
of the preservative. Longitudinal areas of higher impulse counts (reaching deep
inside the sample structure) are observable on both figures. This is probably
enhanced by the fact that ash is the studied species. The phenomenon of deep
longitudinal penetration of ash wood was observed by Zielenkiewicz et al.
[2013].
Figure 2C shows the copper concentration map (isocurves) on the crosssection of sample no 5 which was heat treated for 2 hours at a temperature of
180°C before preservation. The longitudinal areas of raised copper content are
visible as in previous figures. However, there are much more of them in relation
to the control samples, additionally an area with the range of impulse counts of
30000-40000 appears. It means that heat treatment caused the extension of free
spaces availability or an increase in the volume of these spaces, because of the
destruction of the tracheid walls, ray tissues and pit deaspiration [Awoyemi and
Jones 2011]. It is also suggested that thermal degradation of the hemicelluloses
makes the entire polymer complex more permeable for liquids [Terziev and
Daniel 2002], because of the significant pectins degradation. This effect is more
easily visible in figure 2D, where the results obtained for sample 7 are presented
(preserved in a solution with a higher concentration).
The increase of the heat treatment duration to 6 hours causes broadening of
areas with raised copper impulse counts value. It may be observed in the figures
2E and 2F (correspondingly sample no 9 and 11). Copper impulse counts
increase especially in case of sample number 11.
Observations made on the basis of figures 2A and 2F are similar to the
comparison of the average impulse counts for all surfaces. This is shown in
figure 3. A significant influence of heat treatment on the preservative retention is
visible for samples preserved with a preparation with lower concentration (grey
columns) as well as for ones preserved with higher concentrated preparation
(black columns). Differences are more significant in the case of the preparation
with a higher concentration. It is important to note the dependence of the
element content in wood on its impulse counts (it is visible in fig. 3). This was
stated for example in the paper by Zielenkiewicz et al. [2012]. That is why the
percentage change of the impulse counts value is not equal to the percentage
change of the element content.
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Fig. 2. Copper concentration gradient on the cross-section of: A – sample 1 (control,
retention 2 kg/m3), B – sample 3 (control, retention 4 kg/m 3), C – sample 5 (heat
treatment duration 2 h, retention 2 kg/m 3), D – sample 7 (heat treatment duration
2 h, retention 4 kg/m3), E – sample 9 (heat treatment duration 6 h, retention
2 kg/m3), F – sample 11 (heat treatment duration 6 h, retention 4 kg/m3)

The presented results are not consistent with the theory of the flow of
preservative migration in a preserved sample. However, they are similar to the
conclusions of Tomak et al. [2011b], who stated that heat treated wood absorbs
as much as 20% more preservative than untreated wood, even though the other
type of preservative was applied and other species (beech and pine) were
examined. Comparing this to thermally modified samples by Ahmed et al.
[2013] which showed lower treatability than the control ones, authors stated that
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more structural changes after heat treatment significantly reduced the uptake and
changed the distribution of the preservative. Perhaps it is due to the different
type of preservative and species used, but thermal wood modification caused
lower copper retention (higher leakage) in research carried out by Wang et al.
[2013]. It may be related to the degradation and depolymerization of the cell
wall components during the treatment.

Fig. 3. Mean copper impulse counts on analysed cross-sections of control and heat
treated samples (1 and 2 mean two surfaces of the same sample obtained after half-cutting)

Conclusion
The presented results suggest that ash wood may be activated by the heat
treatment to absorb more of the preservative. The evaporation of water during
heat treatment and probably the degradation of the fibrous structure, are
responsible for the increase of space volume available for preservative. Such an
effect allows the application of a preservative with a lower concentration in
relation to wood, which was not heat treated at all. Additional analysis must be
made, however, in order to determine the percentage increase of preservative
content. Moreover, the economic aspect of the eventual heat treatment process
should be examined.
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It is stated in literature that solvent retention may be increased after heat
treatment. Our studies show that it also concerns the solutions of preservative
containing copper.
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Levent GURLEYEN, Bruno ESTEVES, Umit AYATA, Tugba GURLEYEN,
Hamza CINAR

THE EFFECTS OF HEAT TREATMENT ON COLOUR
AND GLOSSINESS OF SOME COMMERCIAL WOODS
IN TURKEY

In this study, hornbeam (Carpinus betulus L.), poplar (Populus deltoides),
chestnut (Castanea sativa Mill.) and Uludağ fir (Abies bornmülleriana Mattf.)
were heat treated at 212°C for 1 hour and 2 hours by the ThermoWood ® method.
Colour and glossiness were determined and compared with untreated samples.
Results showed that lightness (L*) decreased for all tested samples and that the
decrease was higher with more intense treatments. Colour parameter a*
(red/green) initially increased with heat treatment, then decreasing afterwards.
The colour parameter b* (yellow/blue) on the other hand, decreased for
Hornbeam and Chestnut and increased for Poplar and Uludag fir. Generally, the
glossiness decreased with heat treatment for both measurements, along and
across the grain. All factors and interactions were found to be significant
(according to α = 0.05) with the exception of interaction (AB) for parallel (//)
glossiness in 60°. The highest total colour change was achieved for Hornbeam
(ΔE* = 41.58).
Keywords: ThermoWood, heat treatment, wood, glossiness, colour

Introduction
Wood modification methods are used to improve wood properties without the
introduction of harmful chemicals into the wood. These methods are usually
divided into heat treatment, which includes treatments like Thermowood ®,
Plato®, OHT® or Perdure®, chemical modifications like acetylation (Accoya ®)
and impregnation modifications like furfurylation (Kebony®) [Esteves and
Pereira 2009]. The most widespread wood modification procedure is heat
Levent GURLEYEN (lgurleyen@hotmail.com), Yigilca Multi-Program Anatolian High School,
Yigilca/Duzce, Turkey; Bruno ESTEVES (bruno@demad.estv.ipv.pt), Superior School of
Technology, Polytechnic Institute of Viseu, Viseu, Portugal; Umit AYATA (umitayata@
atauni.edu.tr), Forestry and Forest Products, Oltu Vocation School, Ataturk University,
Oltu/Erzurum, Turkey; Tugba GURLEYEN (tugbagurleyen@duzce.edu.tr), Department of
Furniture and Decoration, Vocational High School, Duzce University, Duzce, Turkey;
Hamza CINAR (hamzacinar@gazi.edu.tr), Department of Wood Products Industrial
Engineering, Technology Faculty, Gazi University, Ankara, Turkey

82

Levent GURLEYEN, Bruno ESTEVES, Umit AYATA, Tugba GURLEYEN, Hamza CINAR

treatment, probably because it is simple with no added chemicals and can be
applied to all kinds of wood. On the other hand, processes like furfurylation and
acetylation that use high quantities of chemicals are not suitable for some
species. The most important properties improved by these treatments are
dimensional stability [Viitaniemi et al. 1997; Tjeerdsma et al. 1998a; Bekhta and
Niemz 2003; Esteves et al. 2007] and durability [Tjeerdsma et al. 1998a;
Kamdem et al. 2002; Hakkou et al. 2006; Boonstra et al. 2007; Dubey 2010]. On
the other hand, heat treatments deteriorate mechanical properties [Kim et al.
1998; Kubojima et al. 2000; Bekhta and Niemz 2003; Esteves et al. 2007;
Kocaefe et al. 2008; Dubey 2010].
The CIELAB method created by the Commission International de l’
Éclairage is used in most wood colour studies, probably because it is a simple
method that can easily describe colour changes. This method quantifies colour
by a three axes system: lightness (L*) from 0% (black) and 100% (white), a*
from green (-a) to red (+a), and b* from blue (-b) to yellow (+b), these last two
are called the chroma coordinates [Esteves et al. 2008]. From the aesthetic point
of view, colour changes are also important for the consumers. Colour changes
are also often linked to other wood properties and can be used to determine the
treatment intensity to achieve the desired properties. According to Bourgois et al.
[1991], there is a close relationship between chemical modifications and some
colour parameters. Bekhta and Niemz [2003] found strong correlations between
total colour difference and both modulus of elasticity and bending strength for
heat treated spruce wood while Brischke et al. [2007] reported good linear
correlation between a cumulated measure of L* and b* and the heat treatment
intensity for spruce (Picea abies Karst.), pine (Pinus sylvestris L.), and beech
(Fagus sylvatica L.). Esteves et al. [2008] reported that lightness decrease was
related to chemical changes, with good correlations with glucose (R 2 = 0.96),
hemicelluloses (R2 = 0.92) and lignin (R2 = 0.86). Todorovic et al. [2012] used
colour changes due to heat treatment to predict the mass loss, density loss, and
modulus of rupture (MOR) in both sapwood and heartwood and concluded that
the PLS-R showed the best results and presented the highest coefficients of
determination.
The darker colour obtained from heat treatment has been attributed to several
factors like the formation of coloured degradation products from hemicelluloses
[Sundqvist 2002; Sehlstedt-Persson 2003] or to extractives [Sundqvist and
Morén 2002]. Other authors attribute the heat-treated colour, to oxidation
products such as quinones that are formed during treatment [Tjeerdsma et al.
1998b; Mitsui et al. 2001; Bekhta and Niemz 2003; Sehlstedt-Persson 2003] and
also suggested that the change in colour resulting from hemicellulose
degradation might be due to a hydrolysis reaction similar to a Maillard reaction,
which is a well-known process in the food industry. The change in glossiness has
also been reported in the last few years. In accordance with Aksoy et al. [2011],
heat treatment caused a decrease in gloss values of Scots pine. Similar results
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were presented by Korkut et al. [2013] for wild cherry wood and Karamanoglu
and Akyildiz [2013] for Anatolian black pine, Calabrian pine, Sessile oak and
Chestnut woods. Different results were attained by Bekhta et al. [2014] with
thermally densified wood; however, the obtained increase in glossiness was
attributed to densification, rather than to heat treatment. These authors also
reported that gloss measurements for all investigated wood species, when
measured along the grain were higher than those measured across the grain.
The objective of this work was to determine the effects of heat treatment on
the colour and glossiness of some commercial woods in Turkey. The colour
parameters (L*, a*, b*, ΔE*, ΔL*, Δa*, and Δb*) and glossiness (parallel and
perpendicular to the grain at 20°, 60°, and 85°) of heat treated and untreated
hornbeam (Carpinus betulus L.), poplar (Populus deltoides), chestnut (Castanea
sativa Mill.) and Uludag fir (Abies borülleriana Mattf.) were determined.
Although glossiness measurement is usually done in just one angle in
accordance to the surface brightness, measurements were made at 20°, 60° and
85º to determine if the heat treatment has any special effect in one of these
angles.

Materials and methods
Materials
All wood species (hornbeam (Carpinus betulus L.), poplar (Populus deltoides),
chestnut (Castanea sativa Mill.) and Uludag fir (Abies bornmülleriana
Mattf.) were obtained from organized industrial zones of Duzce forest products.
Approximately the same amount of all wood specimens measuring 100 mm by
100 mm by 10 mm were used for colour and glossiness measurements. Three
samples were prepared for each experiment and they were derived from the
sapwood of the logs since the heat treatment is usually applied to wood from
young trees. All wood species samples were conditioned to 12% MC (moisture
content) in a special room at 20°C (±2) and 65% (±5) RH (relative humidity)
[ISO 554:1976].
Heat treatment process
The ThermoWood® process was applied to air-dried wood in a Novawood
factory in Gerede, Bolu, Turkey, following a schedule commonly used for
hardwoods. The boards were introduced inside the kiln where there was a fast
increase in temperature with heat and steam and less than 3 to 5% oxygen until
100°C was attained, followed by a slower increase up to 130°C. At this stage,
the wood nearly reaches zero moisture content . Afterwards, the heat treatment
was carried out at 212°C for 1 or 2 hours. The temperature of the wooden
materials was then decreased to about 60°C by water spraying. Usually, the
moisture level reaches about 6%. The duration of the cooling and conditioning
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steps takes between 24 to 30 hours in accordance to the width and thickness of
the wooden material [ThermoWood Handbook 2003].
Methods
The colour change of all wood species heat treated, and untreated control was
analysed by a spectrophotometer (Datacolour 110, Datacolour Technology
Suzhou Co., Ltd., China) (wavelength resolution 10 nm, measurement geometry
D/8°) with a D65 standard illuminant. Colour parameters were measured in the
centre of each sample using ten replicates of each heat treated and untreated
control sample and an average value was reported. The CIELAB system is
characterized by three parameters, L*, a*, and b*. The L* axis represents
lightness, +a* is the red, minus a* for green, +b* for yellow, minus b* for blue,
and L* varies from 100 (white) to zero (black) [Zhang et al. 2009]. The
corresponding variations ΔL*, Δa* and Δb* with heat treatments were calculated
using the untreated control as a reference (equations 2, 3, 4). The total colour
difference (ΔE*) between heat treated and untreated control was calculated using
equation 1.
ΔE* = [(ΔL*)² + (Δa*)² + (Δb*)²]1/2
ΔL* = L*heat treated – L*reference,
Δb* = b*heat treated – b*reference,
Δa* = a*heat treated – a*reference

(1)
(2)
(3)
(4)

The glossiness change of all wood species heat treated, and untreated control
was analysed with a gloss meter (Novo-Gloss Trio, Rhopoint Instruments Ltd.,
UK) (20°, 60° and 85°) [ISO 2813:1994].
Statistical Analysis
Statistical evaluations were calculated by a SPSS 17.0 Software Package
program (IBM, USA). In total, 450 colour measurements were done (3 treatment
durations × 4 wood types × 10 measurement × 3 colour parameter (L*, a* and
b*) = 360 measurement). In relation to glossiness 720 measurements were done
(3 heat treatment × 4 wood types × 10 measurement × 2 glossiness parameter
(perpendicular (⊥) and parallel (||)) × 3 gloss degree (20°, 60° and 85°) = 720
measurement). In total, 1080 measurements were done in this research.

Results and discussion
Changes in colour and glossiness
The results of the variance analysis of L*, a*, b*, perpendicular (⊥) and parallel
(||) glossiness at 20°, 60° and 85° for heat treated and untreated wood from
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hornbeam (Carpinus betulus L.), poplar (Populus deltoides), chestnut (Castanea
sativa Mill.), and Uludag fir (Abies bornmülleriana Mattf.) are given in table 1.
Table 1. Results of the variance analysis of glossiness and colour values
Test

L*

a*

b*

⊥20

o

o

⊥60

⊥85o

||20o

||60

o

||85

o

Factors

Sum of
Squares

Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error
Wood types (A)
Treatment duration(B)
Interaction (AB)
Error

2721.891
36855.450
181.119
59.512
3.792
1011.111
184.078
7.403
838.721
19.736
561.603
52.249
7.216
45.875
0.456
1.292
60.882
38.711
15.948
17.714
183.714
2.928
20.706
23.372
3.601
54.121
0.477
0.701
113.269
39.333
2.069
27.716
5221.626
75.561
86.161
279.185

Degree of
Freedom
3
2
6
108
3
2
6
108
3
2
6
108
3
2
6
108
3
2
6
108
3
2
6
108
3
2
6
108
3
2
6
108
3
2
6
108

Mean Square

F Number

P < 0.05

907.297
18427.725
30.186
0.551
1.264
505.556
30.680
0.069
279.574
9.868
93.600
0.484
2.405
22.938
0.076
0.012
20.294
19.356
2.658
0.164
61.238
1.464
3.451
0.216
1.200
27.061
0.079
0.006
37.756
19.667
0.345
0.257
1740.542
37.781
14.360
2.585

1646.536
33442.095
54.782

0.000*
0.000*
0.000*

18.439
7375.548
447.587

0.000*
0.000*
0.000*

577.891
20.398
193.476

0.000*
0.000*
0.000*

201.074
1917.383
6.355

0.000*
0.000*
0.000*

123.730
118.009
16.205

0.000*
0.000*
0.000*

282.975
6.765
15.947

0.000*
0.002*
0.000*

184.926
4169.106
12.244

0.000*
0.000*
0.000*

147.123
76.634
1.344

0.000*
0.000*
0.244**

673.312
14.615
5.555

0.000*
0.000*
0.000*

*Significant at 95% confidence level.
**Insignificant.

Only the interaction (AB) for parallel (||) glossiness in 60° was found to be
insignificant, all other factors and interactions were found to be significant
(according to α = 0.05). This shows that wood types and treatment duration play
an important role in colour and glossiness proving that the treatment has to be
tailored to each species in order to achieve the desired final properties. The
highest error was observed for glossiness at an 85º angle due to the high
dispersion of results at this angle as stated before [Ayata et al. 2017].
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The colour and glossiness of untreated and heat-treated woods are presented
in table 2. As expected, lightness (L*) decreased with heat treatment for all the
tested species corresponding to the darkening of the wood surface. The highest
decrease was observed for Hornbeam with a decrease from 78.51 to 37.57 which
corresponded to a 52% decrease in relation to initial lightness. The smallest
decrease (42%) was attained for Uludag fir (84.32 to 48.90). These results are in
accordance with the changes presented by several authors like Bekhta and
Niemz [2003] for Spruce, Esteves et al. [2008] with Pinus pinaster and
Eucalyptus globulus, Aksoy et al. [2011] for Scots pine, Karamanoglu and
Akyildiz [2013] for Anatolian black pine, Calabrian pine, Sessile oak and
Chestnut woods.
Overall a* increases in the first hour of the treatment decreasing afterwards.
The changes in b* differ a lot for all of the treated samples. Generally, b*
decreases for Hornbeam and Chestnut and increases for Poplar and Uludag fir.
Similar changes in chroma parameters have been reported before by several
authors [Esteves et al. 2008; Aksoy et al. 2011; Chen et al. 2012].
In accordance with the results, there is a significant difference in L* between
wood treated for 1 hour or 2 hours for Hornbeam and Poplar as can be seen in
table 2. Nevertheless, for chestnut and Uludag fir, this does not happen, probably
because the main changes in lightness happened in the first hour of treatment at
212°C. In relation to chroma parameters, only for the Uludag fir are the
differences between 1 h and 2 h treatment not significant.
The changes in colour due to heat treatment can be attributed to the fact that
the duration and high temperatures of treatment applied to the wood cause
a change in its chemical structure. The cellulose, hemicellulose and lignin
structures become different. Some studies indicate that there is a close relation
between lightness decrease and chemical composition. For instance, Esteves et
al. [2008] found good correlations between chemical changes in glucose
(R2 = 0.96) and hemicelluloses (R2 = 0.92). They also found a weaker relation
with lignin (R2 = 0.86). These results show that the changes in cellulose and
hemicelluloses play an important role in the colour changes due to heat
treatment. This is in accordance with several authors who attribute colour
changes with heat treatment to the formation of coloured degradation products
from hemicelluloses [Sundqvist and Morén 2002; Sehlstedt-Persson 2003].
Nevertheless, the changes in colour are most likely due to the sum of several
factors which include the formation of degradation products and the migration of
extractives to the surface.
The specular gloss is the amount of light that is reflected by a given surface
when it focuses a light with a given angle of incidence. The light that is reflected
from the surface depends on the uniformity, the smooth or rough surface as well
as the refractive index of the finishing. Higher incidence angles correspond to
higher glossiness. That is why gloss is usually measured at a 20° angle for more
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Table 2. Colour parameters and glossiness results
Woodt
ype
WT1

WT2

WT3

WT4
Woodt
ype
WT1

WT2

WT3

WT4
Woodt
ype
WT1

WT2

WT3

WT4

Duration
TW0
TW1
TW2
TW0
TW1
TW2
TW0
TW1
TW2
TW0
TW1
TW2

L*
Mean

a*

HG

Min

C

78.51 (0.59)
38.38H (1.27)
37.57I (0.82)
83.52B (0.95)
48.51F (0.25)
43.93G (0.56)
73.27D (0.69)
37.72HI (0.59)
37.52I (0.34)
84.32A* (0.78)
49.50E (0.58)
48.90EF (0.90)

77.57
36.37
36.51
81.66
47.96
43.03
72.07
36.72
36.75
83.44
48.51
47.52

Max

Mean

79.21
40.04
39.18
84.81
48.89
44.85
74.22
38.31
38.06
86.13
50.36
50.03

I

HG

Min

3.72 (0.16)
10.02D (0.27)
9.46E (0.27)
1.57K (0.61)
11.24A* (0.18)
10.66B (0.14)
6.72H (0.28)
9.12F (0.22)
8.55G (0.10)
3.41J (0.25)
10.58BC (0.08)
10.38C (0.12)

⊥ 20o

b*

3.37
9.53
9.01
0.73
10.86
10.40
6.17
8.88
8.37
2.94
10.49
10.14

Max
3.91
10.39
9.71
2.69
11.50
10.85
7.16
9.57
8.65
3.68
10.78
10.53

Mean

HG

D

19.08 (0.48)
15.55F (0.87)
14.62G (0.64)
17.87E (1.44)
22.70B (0.42)
20.70C (0.44)
19.30D (0.30)
15.29F (0.60)
13.72H (0.22)
18.79D (0.49)
23.79A (0.62)
24.35A* (0.92)

⊥ 60o

Min
18.30
14.00
13.78
15.35
21.71
20.19
18.91
14.49
13.27
17.95
22.85
22.76

⊥ 85o

Duration

MeanHG

Min

Max

MeanHG

Min

Max

MeanHG

Min

TW0
TW1
TW2
TW0
TW1
TW2
TW0
TW1
TW2
TW0
TW1
TW2

2.51B (0.12)
1.24E (0.05)
1.06F (0.12)
2.72A* (0.09)
1.46D (0.12)
1.34E (0.14)
1.96C (0.13)
0.85G (0.11)
0.80G (0.00)
2.71A (0.10)
1.26E (0.07)
1.31E (0.17)

2.30
1.20
0.90
2.60
1.20
1.20
1.80
0.60
0.80
2.60
1.20
1.00

2.70
1.30
1.30
2.90
1.60
1.60
2.20
1.00
0.80
2.90
1.40
1.60

5.98A* (0.70)
5.06B (0.35)
3.34EF (0.66)
4.03C (0.17)
3.25EFG (0.31)
3.11FG (0.32)
3.55DE (0.43)
2.73H (0.55)
2.88GH (0.11)
3.88CD (0.27)
2.63H (0.12)
2.68H (0.32)

5.00
4.50
2.50
3.80
2.80
2.60
3.10
1.80
2.70
3.60
2.40
2.00

7.00
5.60
4.20
4.20
3.60
3.50
4.40
3.40
3.10
4.30
2.80
2.90

5.22A* (0.94)
5.18A (0.46)
3.41B (0.43)
1.53DE (0.13)
1.75DE (0.23)
1.91CD (0.16)
1.92CD (0.32)
2.29C (1.01)
2.25C (0.14)
1.30E (0.13)
1.55DE (0.12)
1.67DE (0.24)

3.60
4.60
2.50
1.40
1.40
1.70
1.50
1.40
2.10
1.20
1.40
1.30

Duration
TW0
TW1
TW2
TW0
TW1
TW2
TW0
TW1
TW2
TW0
TW1
TW2

|| 20o
Mean
B

HG

2.35 (0.11)
0.84F (0.07)
0.78F (0.06)
2.56A* (0.05)
1.06D (0.05)
0.96E (0.13)
1.90C (0.07)
0.69G (0.07)
0.65G (0.07)
2.39B (0.06)
1.03DE (0.07)
1.00DE (0.12)

|| 60o

Min
2.20
0.80
0.70
2.50
1.00
0.90
1.80
0.60
0.60
2.30
1.00
0.90

Max
2.50
1.00
0.90
2.60
1.10
1.30
2.00
0.80
0.80
2.50
1.20
1.30

Mean
A*

HG

7.23 (0.89)
5.84B (0.54)
5.50B (0.75)
4.74C (0.15)
3.84D (0.33)
3.80D (0.35)
4.55C (0.67)
3.67D (0.61)
3.41D (0.24)
4.76C (0.30)
3.46D (0.18)
3.40D (0.44)

|| 85o
Min
6.10
5.00
4.30
4.60
3.20
3.10
3.70
2.80
3.10
4.30
3.20
2.40

Max

Mean
B

HG

8.40 17.48 (2.75)
6.80 21.50A* (2.55)
6.30 20.43A (2.66)
5.00
3.16E (0.68)
4.30
3.83E (0.44)
4.20
6.50C (0.95)
5.60
5.72C (1.63)
4.60
6.43C (1.75)
3.90
5.41CD (0.83)
5.20
3.01E (0.69)
3.70
3.86E (0.84)
3.80 4.16DE (0.85)

Min
13.30
16.30
15.80
2.30
2.90
5.20
3.80
4.00
4.10
2.00
2.60
2.30

Values in parentheses are standard deviations, HG: Homogeneous group, WT 1:
Hornbeam, WT2: Poplar, WT 3: Chestnut, WT4: Uludag fir, TW0: Control, TW1:
212°C for 1 hour, TW2: 212°C for 2 hours, *: Maximum value, Mean: Average

bright surfaces, 60° for medium brightness and 85° for low brightness. At 20°
and 60° glossiness generally decreases with heat treatment for both
measurements, along and across the grain. This shows that glossiness decreases
with heat treatment. Similar results were presented before for different wood
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species [Aksoy et al. 2011; Korkut et al. 2013; Karamanoglu and Akyildiz 2013;
Bekhta et al. 2014]. In relation to 85°, there is no clear trend probably due to the
high dispersion of results seen in table 1. The main differences between parallel
and perpendicular glossiness were that generally glossiness was higher along the
grain for 20° but smaller for 60° and 85°.
Total colour differences (ΔE*) were calculated and presented in table 3. The
highest increase in colour was observed for Hornbeam (ΔE* = 41.58), followed
by poplar (ΔE* = 40.72), Uludag fir (ΔE* = 36.52) and Chestnut (ΔE* = 36.23).
Table 3. Colour changes (ΔE*) of heat treated wood at 212°C for 1 hour and 2
hours
Wood types
Hornbeam (Carpinus betulus L.)
Poplar (Populus deltoides)
Chestnut (Castanea sativa Mill.)
Uludag fir (Abies bornmülleriana Mattf.)

Duration

ΔE*

212°C – 1 hour

40.77

212°C – 2 hours

41.58

212°C – 1 hour

36.64

212°C – 2 hours

40.72

212°C – 1 hour

35.86

212°C – 2 hours

36.23

212°C – 1 hour

35.90

212°C – 2 hours

36.52

Conclusions
1. Colour changes depend on the species and the intensity of the treatment.
Colour is suitable for quality control if a study is made for each species
individually.
2. Lightness (L*) decreases while a* increases initially decreasing afterwards
with heat treatment. The b* decreases for Hornbeam and Chestnut and
increases for Poplar and Uludag fir.
3. The highest total colour change was achieved for Hornbeam.
4. Generally, glossiness decreases with heat treatment for both measurements,
along and across the grain.

References
Aksoy A., Deveci M., Baysal E., Toker H. [2011]: Colour and gloss changes of Scots pine
after heat modification. Wood Research 56 [3]: 329-336
Ayata U., Gurleyen L., Esteves B. [2017]: Effect of heat treatment on the surface of selected
exotic wood species. Drewno 60 [199]: 105-116. DOI: 10.12841/wood.1644-3985.198.
08
Bekhta P., Niemz P. [2003]: Effect of high temperature on the change in colour, dimensional
stability and mechanical properties of spruce wood. Holzforschung 57 [5]: 539-546

The effects of heat treatment on colour and glossiness of some commercial woods in Turkey

89

Bekhta P., Proszyk S., Lis B., Krystofiak T. [2014]: Gloss of thermally densified alder
(Alnus glutinosa Goertn.), beech (Fagus sylvatica L.), birch (Betula verrucosa Ehrh.),
and pine (Pinus sylvestris L.) wood veneers. European Journal of Wood and Wood
Products 72 [6]: 799-808. DOI: 10.1007/s00107-014-0843-3
Boonstra M., Van Acker J., Kegel E., Stevens M. [2007]: Optimisation of a two-stage heat
treatment process: durability aspects. Wood Science and Technology 41 [1]: 31-57
Bourgois J., Janin G., Guyonnet R. [1991]: Measuring colour: A method of studying and
optimising the chemical transformations of thermally-treated wood. Holzforschung 45
[5]: 377-382
Brischke C., Welzbacher C.R., Brandt K., Rapp A.O. [2007]: Quality control of thermally
modified timber: Interrelationship between heat treatment intensities and CIE L* a* b*
colour data on homogenized wood samples. Holzforschung 61 [1]: 19-22. DOI.org/
10.1515/HF.2007.004
Chen Y., Fan Y., Gao J., Stark N.M. [2012]: The effect of heat treatment on the chemical
and colour change of black locust (Robinia pseudoacacia) wood flour. BioResources 7
[1]: 1157-1170
Dubey M.K. [2010]: Improvements in stability, durability and mechanical properties of
Radiata Pine wood after heat-treatment in a vegetable oil. The University of Canterbury,
Christchurch, New Zealand [PhD thesis]
Esteves B.M., Pereira H. [2009]: Wood modification by heat treatment: A review.
BioResources 4 [1]: 370-404
Esteves B., Marques A.V., Domingos I., Pereira H. [2007]: Influence of steam heating on
the properties of pine (Pinus pinaster) and eucalypt (Eucalyptus globulus) wood. Wood
Science and Technology 41 [3] : 193-207. DOI: 10.1007/s00226-006-0099-0
Esteves B., Marques A.V., Domingos I., Pereira H. [2008]: Heat-induced colour changes of
pine (Pinus pinaster) and eucalypt (Eucalyptus globulus) wood. Wood Science and
Technology 42 [5]: 369-384. DOI: 10.1007/s00226-007-0157-2
Hakkou M., Petrissans M., Gerardin P., Zoulalian A. [2006]: Investigations of the reasons
for fungal durability of heat-treated beech wood. Polymer Degradation and Stability 91
[2]: 393-397. DOI: 10.1016/j.polymdegradstab.2005.04.042
Kamdem D.P., Pizzi A., Jermannaud A. [2002]: Durability of heat-treated wood. Holz als
Roh- und Werkstoff 60 [1]: 1-6. DOI: 10.1007/s00107-001-0261-1
Karamanoglu M., Akyildiz M.H. [2013]: Colour, gloss and hardness properties of heat
treated wood exposed to accelerated weathering. Pro Ligno 9 [4]: 729-738
Kim G.H., Yun K.E., Kim J.J. [1998]: Effect of heat treatment on the decay resistance and
the bending properties of radiata pine sapwood. Material und Organismen 32 [2]: 101108
Kocaefe D., Poncsak S., Boluk Y. [2008]: Effect of thermal treatment on the chemical
composition and mechanical properties of birch and aspen. BioResources 3 [2]: 517-537
Korkut D.S., Hiziroglu S., Aytin A. [2013]: Effect of heat treatment on surface
characteristics of wild cherry wood. BioResources 8 [2]: 1582-1590
Kubojima Y., Okano T., Ohta M. [2000]: Bending strength and toughness of heat-treated
wood. Journal of Wood Science 46 [1]: 8-15. DOI: 10.1007/BF00779547
Mitsui K., Takada H., Sugiyama M., Hasegawa R. [2001]: Changes in the properties of
light-irradiated wood with heat treatment. Part 1. Effect of treatment conditions on the
change in colour. Holzforschung 55 [6]: 601-605. DOI: 10.1515/HF.2001.098
Sehlstedt-Persson M. [2003]: Colour responses to heat treatment of extractives and sap from
pine and spruce. Proceedings of: 8th International IUFRO Wood Drying Conference:
459-464

90

Levent GURLEYEN, Bruno ESTEVES, Umit AYATA, Tugba GURLEYEN, Hamza CINAR

Sundqvist B. [2002]: Colour response of Scots pine (Pinus sylvestris), Norway spruce
(Picea abies) and birch (Betula pubescens) subjected to heat treatment in capillary phase.
Holz als Roh- und Werkstoff 60: 106-114. DOI: 10.1007/s00107-001-0273-x
Sundqvist B., Morén T. [2002]: The influence of wood polymers and extractives on wood
colour induced by hydrothermal treatment. Holz als Roh- und Werkstoff 60: 375-376.
DOI: 10.1007/s00107-002-0320-2
ThermoWood Handbook [2003]: ThermoWood® Handbook [accessed: 28.02.2017].
Available from: http://www.vanhoorebeke.com/docs/Thermo-wood%20handboek.pdf
Tjeerdsma B.F., Boonstra M., Militz H. [1998a]: Thermal modification of non-durable
wood species. 2. Improved wood properties of thermal treated wood. Proceedings of:
The International Research Group on Wood Preservation, Section 4-Processes, 29th
Annual Meeting, Maastricht
Tjeerdsma B.F., Boonstra M., Pizzi A., Tekely P., Militz H. [1998b]: Characterisation of
thermally modified wood: molecular reasons for wood performance improvement. Holz
als Roh- und Werkstoff 56: 149-153
Todorovic N.V., Popović Z., Milić G., Popadić R. [2012]: Estimation of heat-treated
beechwood properties by colour change. BioResources 7 [1]: 799-815
Viitaniemi P., Jamsa S., Ek P., Viitanen H. [1997]: Method for improving biodegradation
resistance and dimensional stability of cellulosic products. US Patent No. 5678324
[accessed: 15.02.2006]. Available from: http://www.thermowood.fi.ThermoWood
Zhang J., Kamdem D.P., Temiz A. [2009]: Weathering of copper-amine treated wood.
Applied Surface Science 256 [3]: 842-846. DOI: 10.1016/j.apsusc.2009.08.071

List of standards
ISO 554:1976 Standard atmospheres for conditioning and/or testing – Specifications,
International Organization for Standardization
ISO 2813:1994 Paints and varnishes – Determination of specular gloss of non-metallic paint
films at 20 degrees, 60 degrees and 85 degrees, International Organization for
Standardization

Acknowledgements
The authors would like to thank ASD Laminat Factory in Duzce – Turkey for the
all the colour (L*, a* and b*) and glossiness measurements and the Novawood
factory in Gerede, Bolu, Turkey for the heat treatment.

Submission date: 26.05.2017
Online publication date: 30.03.2018

Drewno 2018, Vol. 61, No. 201
DOI: 10.12841/wood.1644-3985.247.02

Ozlem OZGENC, Sefa DURMAZ, Ismail HAKKI BOYACI,
Haslet EKSI-KOCAK

ATR-FTIR SPECTROSCOPIC ANALYSIS OF THERMALLY
MODIFIED WOOD DEGRADED BY ROT FUNGI

The resistance of thermally modified oriental spruce, Scots pine, and oriental
beech wood samples against fungi is investigated under different temperatures.
Thermally modified wood samples are subjected to brown-rot fungi or white-rot
fungi. In the control samples, 32-43% of the total mass losses are caused by
fungal degradation, but only 0.47-0.78% was caused by the thermally modified
wood samples. The changes in the wood cell walls main components, in the wood
samples were analysed via attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy. The thermally modified and the control wood samples’
spectra after the decay test exhibit different intensities. Thermal modification
increases wood’s resistance against decay by removing hemicellulose polymers
from the wood cell wall. The resistance against the decay of thermally modified
wood is quite high due to the loss of hemicellulose polymers in the wood cell wall.
The thermally modified wood structure was also investigated via scanning
electron microscopy (SEM) after decay testing. SEM images clearly elucidate that
fungal degradation was not effective on the thermally modified wood samples.
Conclusively, our study reveals that thermal modification improves some wood’s
resistance in Turkey against fungal activity.
Keywords: ATR-FTIR spectroscopy; decay test; thermal modification; SEM;
wood durability

Introduction
Thermal modification (TM) is a useful technique for protecting wood from
fungal decay by changing its chemical composition [Akgül et al. 2007].
According to Windeisen et al. [2007], the modification of the chemical structure
of lignin, cellulose, and hemicellulose blocks reabsorbing of water molecules,
which tend to attach themselves between as well as within the wood cell wall
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polymers [Boonstra et al. 2006a; 2006b; Boonstra et al. 2007]. The changes in
the relative amounts of crystalline and amorphous cellulose due to thermal
modification also improves the wood’s dimensional stability, thereby reducing
wood shrinkage and swelling [Brito et al. 2008; Calonega et al. 2010].
Consequently, by increasing its dimensional stability and decreasing its
hygroscopicity, TM increases the wood’s biological resistance against fungi
[Daniel 2003; Kačiková et al. 2013]. Furthermore, the alteration of the wood
substrate’s chemical structure through TM changes hinders several processes
involved in fungal decay and the enzymatic systems’ supporting metabolism
[Boonstra and Tjeedsma 2006]. The physical and chemical degradation of wood
exposed to decay is altered according to the type of fungus. Brown rot is mainly
caused by basidiomycete fungus, which is a prominent degrader of wood cell
wall components [Durmaz et al. 2016]. White rot is caused by the decay of
lignin and structural carbohydrates at a similar rate in the wood structure,
resulting in cell wall degradation [Pandey and Pitman 2004; Hakkou et al. 2006].
TM increases wood durability against rot fungi. Several studies reported
improvements to wood’s resistance to fungal decay by changing its chemical
structure through TM [Gündüz et al. 2008; Irbe et al. 2011]. In particular, the
lignin content was reported to increase due to thermal modification, but the
reduction of the holocellulose content is caused by dehydration reactions, which
depend on the decrease of the carbon content or of the O/C ratio [Kotilainen et
al. 2000; Kamdem et al. 2002; Kačiková et al. 2013].
Bazyar [2012] found that the oil TM process increases decay resistance by
improving the physical properties of wood such as its equilibrium moisture
content and volumetric shrinkage. Some research demonstrated that due to
thermal modification, hydroxyl groups diminished and were replaced with
hydrophobic acetyl groups resulting in cross-linking along fibres [Korkut et al.
2008a; 2008b; Kačiková et al. 2013].
Several studies investigated thermally modified wood using SEM
microscopy. TM caused small cracks between tracheids in some softwood and
hardwood species, but the margo fibrils appeared undamaged. The ray
parenchyma pit membranes, bordered pits, and large window pit membranes
were not damaged in thermally modified wood [Boonstra et al. 2006a; 2006b].
The objective of the present research is to investigate the effect of TM on the
fungal resistance of different wood species of Turkey. For this purpose, oriental
spruce, oriental beech, and Scots pine samples were selected and TM using the
ThermoWood® process. Sapwood was used in this study due to its low
resistance against fungal resistance in comparison to heartwood. Changes in the
chemical structure of the wood were examined with attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy. The effect of fungal
degradation was monitored via scanning electron microscopy (SEM). The results
could provide primary information to the industry and academic environment
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with regards to the chemical behaviour and decay resistance of Turkey’s wood
species, which are enhanced using the ThermoWood process.

Materials and methods
Preparation of wood samples
As raw materials, oriental beech (Fagus orientalis L.), oriental spruce (Picea
orientalis L.), and Scots pine (Pinus sylvestris L.) wood samples were acquired
from the Black Sea Region in Turkey. Defect-free samples with dimensions of
300 mm (length) × 70 mm (wide) × 20 mm (thick) from sapwood of these three
species were placed in a climate room at 20°C and 65% relative humidity (RH)
until their moisture content reached approximately 12%. A LOYKA NSP-100
MC meter (AKYOL Company, Istanbul, Turkey) was used to determine the
moisture content of the three wood species.
Thermal modification (TM) process
TM was then applied to four samples from each species in an oven. The
temperature was controlled with ±1°C sensitivity, at two different temperatures
(oriental beech at 190°C for 90 min; oriental spruce and Scots pine at 212°C for
90 min) under a steam atmosphere (ThermoWood process) in an industrial plant,
in Novawood, Gerede, Turkey.
Decay test
The thermally modified wood samples were cut into pieces with dimensions of
0.5 × 1.0 × 2.5 cm (tangential × radial × longitudinal) for decay testing. Straight-grained, defect-free sapwood samples were then placed in an oven at 103°C to
determine the oven-dry weight before the decay test. Then, the samples were
conditioned at 20°C and 65% RH until they reached a constant weight (about
two weeks). Subsequently, all wood samples were sterilized in an autoclave at
120°C for 30 min. The prepared wood samples were exposed to white-rot fungi
(Trametes versicolor (L.) Lloyd (Mad-697)) for beech and brown-rot fungi
(Coniophera puteana (L.) (Schumach.) P. Karst. (Mad-515)) for spruce and
Scots pine for 90 days, according to EN 113 standards. After the decay test, the
oven-dried weights of the decayed samples were determined, and the mass loss
of the samples was calculated by dry weight before and after the decay test.
Fungi were grown on a 4.8% malt extract agar medium. The media were
steam-sterilized at 120°C for 20 min before being poured into petri dishes. After
inoculation, the petri dishes were held at 23 ±2°C and 65 ±5% RH so that the
fungi could spread over the entire surface of the petri dishes. After the specimens
were steam-sterilized under the same conditions, the fungal test was initiated.
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ATR-FTIR spectroscopic measurements
The ATR-FTIR spectra were recorded using a Thermo Nicolet iS50 FTIR
(Thermo Fisher Scientific Co., Waltham, MA, USA) spectrometer equipped with
a single bounce diamond crystal and a deuterated triglycine sulphate detector.
The FTIR spectra of all wood samples were determined in the range of 4000-400 cm−1 with a resolution of 4 cm−1. Each spectrum was collected after 32
scans in the absorbance mode. The ATR-FTIR spectra of wood samples were
analysed using the OMNICTM software (Thermo Electron Corporation,
Madison, WI, USA). The peak heights, constructed by connecting the lowest
data points on either side of the peak, were measured from the baseline. The
intensities of the lignin-associated band were rationed against the carbohydrate
band in unmodified and thermally modified samples for the decay test [Pandey
and Nagvani 2007].
Scanning electron microscopy (SEM)
For SEM (Zeiss Evo LS10, Germany), test and control samples were oven-dried
and coated with gold under vacuum to increase conductivity (Emitech SC7620,
France). The microscope was operated at 5 kV. The thermally modified and
unmodified wood structures and the degradation caused by fungi were observed.

Results and discussion
Mass loss data
Thermal modification (TM) is an important modification method that causes
both physical and chemical changes. Mass loss occurs due to the TM, which
results in a decrease of the mechanical properties of the wood [Korkut et al.
2008a; 2008b]. Additionally, a part of the hemicellulose is also soluble under
high temperatures [Nuopponen et al. 2003; Esteves et al. 2013]. The
deacetylation of hemicelluloses triggers acetic acid formation, which catalyses
depolymerization reactions and results in wood mass loss [Windeisen et al.
2007; Esteves et al. 2013]. Table 1 displays the wood mass-loss percentage
following the TM process.
Table 1. The mass loss of the thermal modified wood samples
Mass loss of thermal modified wood (%)
Oriental beech

Scots pine

14.3 ±1.1

17.3 ±0.8

The mean mass-loss percentages for unmodified and thermally modified
wood samples exposed to C. putuena, for pine and spruce wood samples, and

ATR-FTIR spectroscopic analysis of thermally modified wood degraded by rot fungi

95

T. versicolor, for beech wood samples, are given in table 2. After the decay test,
the measured wood mass losses in unmodified samples are around 32-42%,
confirming the virulence of fungi under the test conditions [Eriksson et al.
2012]. The mean mass losses for unmodified pine and spruce by C. putuena are
32.16% and 42.23%, respectively. They are 0.78% and 0.53% for thermally
modified pine and spruce wood samples, respectively, after fungal exposure.
Meanwhile, the mean mass losses in unmodified and thermally modified beech
decayed by T. versicolor are 32.32% and 0.47%, respectively.
Brown and white decay fungi are important fungus species that damage the
wood significantly [Daniel 2003; Ek et al. 2009]. The chemical changes as a
result of the TM prevent the fungus from destroying the wood. High temperature
causes the degradation of a significant portion of the hemicellulose and
amorphous cellulose [Nuopponen et al. 2005; Kocaefe et al. 2008; Awoyemi and
Jones 2011; Esteves et al. 2013]. As a result, a decrease in the free hydroxyl
groups occurs, which affects the wood wetting phenomenon [Esteves et al. 2013;
Özgenç et al. 2017]. Therefore, it can be stated that the TM modifies the main
components of the wood cell wall (cellulose, hemicellulose, and lignin) and
improves the resistance of wood against fungal decay [Boonstra and Tjeedsma
2006; Lekounougou et al. 2009]. The results of this study show the protective
effect of TM of Turkey’s wood species against fungal decay.
ATR-FTIR spectroscopic studies
The chemical composition of the wood cell wall has also been examined through
ATR-FTIR spectroscopy due to the easy sample preparation, requiring a small
sample size and rapid analysis [Ferraz et al. 2000; Pandey and Nagvani 2007;
Özgenç et al. 2017]. In this study, FTIR data was obtained to characterize the
FTIR bands belonging to thermally modified and unmodified wood samples.
The ATR-FTIR spectra of decayed unmodified and thermally modified beech,
pine, and spruce wood showed differences in the characteristic bands of the
wood cell wall components (figs. 1-3). The IR spectra of wood species include
a strong hydrogen-bonded (OH) stretching absorption and a prominent C-H
stretching vibration between 4000-400 cm−1 [Kotilainen et al. 2000]. Therefore,
there are many well-defined peaks in the fingerprint region of 1800-800 cm −1.
The assigned peaks in this region are: 1730-1731 cm−1 for unconjugated C=O in
xylans (hemicellulose) [Kotilainen et al. 2000; Nuopponen 2005; Kocaefe et al.
2008]; 1593, 1598, and 1595 cm−1 for conjugated C-O stretching [Naumann et
al. 2005; Rowell 2012; Durmaz et al. 2016]; 1506-1509 cm−1 for aromatic
skeletal in lignin [Nuopponen et al. 2003; 2005; Mohareb et al. 2012]; 1451-1456 cm−1 and 1422-1424 cm−1 for C-H deformation in lignin and
carbohydrates [Kihara et al. 2002; Ishimaru et al. 2007; Mohareb et al. 2012];
1368-1372 cm−1 C-H deformation in cellulose and hemicellulose [Nuopponen
2005 ; Kocaefe et al. 2008]; 1316-1326 cm−1 for C-H vibration in cellulose and
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C1-O vibration in syringyl derivatives [Kocaefe et al. 2008]; 1265 cm −1 for
guiacyl ring breathing, C-O stretch in lignin, and C-O linkage in guiacyl
aromatic methoxyl groups [Kotilainen et al. 2000]; 1234 cm −1 for syringyl ring
and C-O stretch in lignin and xylan [Kotilainen et al. 2000]; 1156, 1155, and
1155 cm−1 for C-O-C vibration in cellulose and hemicellulose [Nuopponen et al.
2003; 2005]; 1050-1051 cm−1 for C-O stretch in cellulose and hemicellulose
[Hakkou et al. 2006]; 895-897 cm−1 for C1-H group vibration in cellulose and
hemicellulose [Nuopponen et al. 2003; 2005; Hakkou et al. 2006]. The average
mass losses and intensity ratios of the lignin-associated band with the
carbohydrate band in unmodified and thermally modified samples for the decay
test are shown in table 2.
ATR-FTIR spectroscopic analysis of beech wood
The ATR-FTIR spectra of undecayed and decayed beech samples that were
exposed to decay by T. versicolor for 90 days are shown in figure 1. The
difference between the intensities of the spectra is remarkable. White-rot fungi
primarily decay lignin [Mohebby 2005], but also polysaccharide in the wood cell
wall. In fact, in unmodified beech (fig. 1), the intensity reduction of the
carbohydrate bands at 1731, 1372, 1156, and 897 cm −1 after exposure to white-

Fig. 1. ATR-FTIR spectra of thermal modified and unmodified beech samples after
the decay test. (a): unmodified beech, (b): unmodified beech exposed to
T. versicolor, (c): thermal modified beech, and (d): thermal modified beech exposed
to T. versicolor
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Table 2. Average mass losses and ratios of the intensity of the lignin-associated band
with the carbohydrate band in thermal modified and unmodified samples for the
decay test

Wood
species

Beech

Decayed
or
undecayed

Decayed

Undecayed

Pine

Decayed

Undecayed

Spruce

Decayed

Undecayed

Fungus

Average
mass loss
(%)

32.32 ±9.3

Relative intensities of aromatic skelatel
vibration (la)b against typical bands for
carbohydrates
la/I1731

la/l1372

la/l1156

la/l897

0.55
(0.022)

1.12
(0.011)

0.89
(0.014)

1.39
(0.009)

Untreated

T. versicolor

Treated

T. versicolor

0.47 ±0.08

0.80
(0.020)

1.6
(0.010)

1.27
(0.012)

2.13
(0.007)

Untreated

–

–

0.76
(0.026)

1.48
(0.013)

1.27
(0.015)

1.89
(0.010)

Treated

–

–

0.60
(0.023)

1.22
(0.012)

1.09
(0.013)

1.53
(0.009)

la/I1731

la/l1368

la/l1155

la/l897

Untreated

C. puteana

32.16 ±8.9

6.20
(0.008)

5.23
(0.010)

3.46
(0.014)

9.28
(0.005)

Treated

C. puteana

0.78 ±0.1

3.34
(0.010)

3.06
(0.010)

1.74
(0.018)

4.90
(0.006)

Untreated

–

–

1.27
(0.017)

1.54
(0.014)

0.97
(0.023)

2.24
(0.010)

Treated

–

–

2.18
(0.011)

2.21
(0.011)

1.31
(0.018)

3.58
(0.006)

la/I1730

la/l1368

la/l1155

la/l895

Untreated

C. puteana

42.23 ±11.2

8.96
(0.006)

7.48
(0.007)

9.16
(0.006)

17.65
(0.003)

Treated

C. puteana

0.53 ±0.09

2.17
(0.009)

2.75
(0.007)

1.55
(0.013)

3.91
(0.005)

Untreated

–

–

2.21
(0.013)

2.02
(0.015)

1.47
(0.020)

2.95
(0.010)

Treated

–

–

1.20
(0.013)

1.47
(0.011)

0.88
(0.017)

2.13
(0.007)

a

Quantities given in the parentheses correspond to values calculated from the band area
measurements. The values above the parentheses are ratios based on peak heights. Beech
1506 cm−1; Pine 1509 cm−1; Spruce 1508 cm−1.

-rot fungi is greater than that of thermally modified beech wood. TM also
reduces the intensities of the carbohydrate peaks. The variation between the
intensities of unmodified and thermally modified beech wood peaks after decay
testing indicates that thermally modified wood shows increased resistance to
T. versicolor.
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Furthermore, the average relative intensities of the lignin peak at 1506 cm −1
(for beech) against the carbohydrate peaks at 1731, 1372, 1156, and 897 cm −1
are calculated using the peak height ratios to clarify the changes in the wood cell
walls main component, which are summarized in table 2 [Pandey and Pitman
2003]. It is determined that the values of I1506 /I1731, I1506 / I1372, I1506
/I1156 and I1506 /I897 for unmodified beech wood are higher than those for
thermally modified beech wood.. This is because the decrease in the absorption
band at 1506 cm−1 is mainly due to the condensation reactions and splitting of
the aliphatic side chains in the lignin in thermally modified beech wood. The
decrease in the absorption band at 1731 cm−1 leads to a decrease in the amount
of absorbed water in cellulose [Kotilainen et al. 2000; Kocaefe et al. 2008]. The
TM chemically modifies the main components of wood; thus, these
modifications alter or block the decay mechanism in this study. The white rot
species T. versicolor is unable to attack beech wood treated at 190°C, indicating
that the chemical modification of the wood’s main components increases its
resistance.
ATR-FTIR spectroscopic analysis of Scots pine wood
Figure 2 shows the ATR-FTIR spectra of the Scots pine samples decayed by
C. putuena and those of the undecayed samples. The relative intensities of the
bands belonging to various wood cell wall components are summarized in
table 2, where the differences are striking. C. putuena, as a brown-rot fungus,
has the characteristic capacity to depolymerize and extinguish cellulose and
hemicellulose in the wood cell wall [Moore and Owen 2001; Mohebby 2005;
Mburu et al. 2007]. It can also modify the lignin in the wood cell wall [Moore
and Owen 2001]. As seen in figure 2, TM decreases the intensity of
hemicellulose and cellulose (1731 and 897 cm−1), whereas there is no significant
difference in the intensity of the lignin peaks (1509, 1598, 1265, and 1155 cm −1).
However, TM also triggers condensation reactions and splitting of the aliphatic
side chains in the lignin, which changes the intensity of the lignin peaks [Korkut
et al. 2008a; Nuopponen et al. 2013].
The height ratios of the lignin and carbohydrate peaks (I1506 /I1731, I1506 /
I1372, I1506 /I1156, I1506 /I897) are also estimated, in order to evaluate the
effect of TM. It is found that TM degrades the hemicellulose in the wood cell
wall and results in condensation reactions, which affect the intensity of the lignin
peaks. The carbohydrate bands in thermally modified wood degrade only a little.
Conversely, the control samples show significant degradation. In the thermally
modified wood, after the decay test, the intensities of the absorption bands at
1598, 1509, 1451, 1424, 1265, and 1026 cm−1 are considerably higher, and the
well-resolved lignin bands at 1222 and 1104cm−1 increase. The relative lignin
content in the wood cell wall increases due to carbohydrate degradation,
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affecting the intensity of the lignin bands [Chaouch et al. 2010; Fackler et al.
2010].

Fig. 2. ATR-FTIR spectra thermal modified and unmodified pine samples after the
decay test. (a): unmodified pine, (b): unmodified pine exposed to C. puteana, (c):
thermal modified pine, and (d): thermal modified pine exposed to C. puteana

ATR-FTIR spectroscopic analysis of spruce wood
Figure 3 shows the ATR-FTIR spectra of spruce samples undecayed and decayed
by C. putuena for 90 days. The reduction in the intensity of the lignin bands at
1508 and 1265 cm−1 and of xylan bands at 1730 cm−1 for unmodified spruce is
more significant than that of thermally modified spruce samples. Hemicellulose
is soluble due to the TM [Chaouch et al. 2010]. Organic acid (acetic acid, formic
acid) formation degrades the hemicellulose and the cellulose structure during the
TM process [Kocaefe et al. 2008; Özgenç et al. 2017]. The condensation
reaction and the degradation of the aliphatic side chain in the lignin structure
causes a reduction in the intensity of the lignin bands. Additionally, the lignin in
the decayed wood is chemically altered by the brown-rot fungus [Kotilainen et
al. 2000].
The height ratios of the lignin and the carbohydrate peaks (I1508 /I1730,
I1508 / I1368, I1508 /I1155, I1508 /I895) are also calculated to determine the
effect of high temperature on the wood structure. The obtained results show that
the reduction in the ratio of thermally modified spruce is not significant after the
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decay process, whereas there is a striking change in the ratio of unmodified
spruce wood samples after the decay test.

Fig. 3. ATR-FTIR spectra of thermal modified and unmodified spruce samples after
the decay test. (a): unmodified spruce, (b): unmodified spruce exposed to
C. puteana, (c): unmodified spruce, and (d): unmodified spruce exposed to
C. puteana

The mass losses and the ATR-FTIR spectral results indicate that TM
improves the resistance of wood against white-rot (T. versicolor) and brown-rot
fungi (C. putuena). The molecular formation responsible for the improvement of
rot resistance in thermal modification wood was previously reported by several
researchers [Pandey and Pitman 2003; Ek et al. 2009; Chaouch et al. 2010;
Mohareb et al. 2012]. During the TM process, some molecules such as furfural,
hydroxylmethyl furfural, acids, methanol, and other condensation products can
disappear [Zheng et al. 2012]. In addition, carbohydrates may be modified,
and/or toxic compounds may be formed [Lekounougou et al. 2009]. Therefore,
the fungal enzymatic system does not recognize the substratum after the TM and
cannot degrade the wood cell wall components [Boonstra and Tjeedsma 2006].
Another major requirement for fungal growth in wood is the presence of free
water on the surfaces of the cell luminas [Durmaz et al. 2016; Özgenç et al.
2017]. However, the peaks at the 1506-1509 cm −1 band in figures 1-3
demonstrate the breaking of the aliphatic side chains in lignin and the formation
of new cross-linking. New cross-linking in lignin decreases the hygroscopicity
of wood [Gündüz et al. 2008].
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SEM Images
After TM, the fungal resistance of the different wood species was determined.
Spruce and pine wood samples were exposed to C. puteana, whereas beech
wood samples were exposed to T. versicolor. The SEM images of the thermally
modified wood samples exposed to fungi appear in figure 4.

Fig. 4. SEM images of thermal modified wood samples after the decay test: a) beech
wood, b) spruce wood, and c) pine wood

In previous studies, the changes in the anatomical structure of the wood by
TM were investigated by SEM analysis [Boonstra et al. 2006a; 2006b; Li et al.
2011]. The sapwoods of Scots pine after TM reveal some damage to parenchyma
cells in the rays and epithelial cells; whereas the radial cracks in spruce sapwood
occur mainly in impermeable wood, as indicated by SEM analysis [Boonstra et
al. 2006a; 2006b]. Besides, the collapse of the vessels and some deformation of
the libriform fibres have been observed through SEM analysis in thermally
modified beech wood [Boonstra et al. 2006a; Popescu et al. 2010].
The SEM images are interpreted through comparison with the normal wood
structure, which is known from previous studies. Indeed, the wood structure is
well preserved, and fungal degradation is inhibited after TM. After the decay
test, the wood samples tend to be fibrous because of the extensive degradation
[Pandey and Pitman 2003; 2004].
As shown in figure 4, fungal hyphae are located in the wood tracheid and
vessels. Fungal hyphae secrete enzymes and/or low molecular agents at the
contact with the tertiary wall, effect a degradation of the wood samples [Moore
and Owen 2001; Li et al. 2011]. They bear pit membranes and spread over the
other wood cell lumens. In fact, the pit membranes and the cell wall structure are
preserved from the decay process because of the TM, which improves the
wood’s properties.
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Conclusions
Thermal modification (TM) is one of the most preferred methods for improving
wood properties. This study investigated the influence of TM on the fungal
resistance of different wood species. SEM images clearly indicated how the TM
inhibited fungal activity. The cell wall structure changed through TM, hindering
the spread of fungal hyphae over the wood structure. Nondegraded pit structure
showed the effectiveness of TM against fungal activity. ATR-FTIR spectroscopy
was also used to compare relatively qualitative and quantitative changes in the
lignin and carbohydrate components between unmodified and thermally
modified wood decayed by T. versicolor and C. putuena. Improvement of decay
resistance is associated with the modification during the TM process. High
temperature leads to the modification of lignin and decomposition of a large
portion of the hemicellulose in the wood cell wall in the thermally modified
beech, Scots pine, and spruce wood samples. ATR-FTIR spectra results exhibited
that there were significant differences between decayed and undecayed thermal
modified wood samples after the decay test. This study clearly reveals that
modification at high temperature definitely improves wood resistance, which
provides more benefits in its service. FTIR spectra could be used for explaining
the chemical changes in the wood structure and thus for evaluating wood for its
service life span in future studies. Main conclusions, concise summary of
research results.
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NANOCOMPOSITE WOOD COATING FILM PARAMETER
STABILITY AFTER SHORT TERM INTENSIVE UV+IR
IRRADIATION

A study of the colour parameters, gloss retention, illuminance under glass plate
and surface hardness of clear waterborne acrylic coating films containing
inorganic nanoparticles during a UV+IR ageing test was carried out. Two
different coating mixtures with CeO2 and ZnO nanoparticles (5%) were prepared
and applied on clear glass plates. Intensive UV+IR irradiation of samples of film
coatings was divided into 6 cycles and performed for 30 hours in total. It was
found that inorganic nanoparticles had a significant impact on the overall colour
stability of the coating films as well as on the coating gloss retention. Inorganic
nanoparticles influenced the transparency properties and the coating film surface
hardness.
Keywords: clear acrylic coating film, inorganic nanoparticles, UV+IR
irradiation, colour stability, gloss retention, hardness

Introduction
In order to reduce the surface discolouration of outdoor wood products,
inorganic UV (ultraviolet light) absorbers can be incorporated into the structure
of various clear organic wood coatings [Rowell 2012]. It is known that up to
5% of inorganic nanoparticle additives can significantly increase the
photostability of wood coating parameters [Cristea et al. 2010].
Waterborne wood coatings are resistant to colour changes and are more
environmentally friendly to use [Talbert 2008]. Despite that, waterborne coatings
are denoted by higher surface stress compared to solvent-based composition
coatings [Wicks et al. 2007]. With the objection to the reduction of the UV
impact on the stability of acrylic coatings, metal oxide nanoparticle additives can
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be used [Cristea et al. 2010; Schaller et al. 2012]. This way, resistance against
UV+IR irradiation (which causes yellowing and total discolouration) can also be
improved [Krystofiak et al. 2012].
The size of nanoparticles is important regarding the dissipation of
short-wave radiation and absorbance of a wider range of UV spectrum [Saadat-Monfareda et al. 2012]. The smaller size yields better intensity, transparency,
higher surface energy and photocatalytic activity of the nanoparticles [Faure
et al. 2013; Khan et al. 2013]. The most widely used compounds are CeO 2, ZnO
and TiO2 nanoparticles absorbing UV rays by virtue of their electronic structure
[Kubacka et al. 2012], e.g., ZnO nanoparticles absorb the 250-400 nm part of the
UV spectrum [Hong et al 2009; Talam et al. 2012]. When UV radiation energy
increases, electron-hole pairs start to form. This photo-oxidation reaction causes
the formation of free radicals which influence the decomposition of organic
molecules [Wang et al. 2009]. CeO2 nanoparticles also absorb UV radiation and
have lower photocatalytic activity than ZnO [Lima et al. 2012; Herrling et al.
2013], but this type of nanoparticle results in discolouration (yellowing) of the
coating [Cui et al. 2007; Tessier et al. 2008]. Cristea et al. [2012] observed that
ZnO nanoparticles retain the colour and the gloss stability for a longer UV
radiation period. Meanwhile, Cayton et al. [2010] discovered that an increase in
the concentration of ZnO nanoparticles also improves the absorbance of UV rays
at 375 nm wavelength. Adding 1% of ZnO nanoparticles to the coating structure
increases the UV light absorbance up to 81%; meanwhile, with the use of 3% of
ZnO nanoparticles, the absorbance increases 1.2 times as well – yet, as a result,
the white undertone for the coating dramatically increases too (up to 4 times),
whereas the transparency of the coating film highly reduces. It was confirmed by
Lowry et al. [2008] that upon increasing the number of inorganic nanoparticles
into the coating structure, resistance against UV rays also improves. With the
change of the concentration of the nanoparticles in acrylic wood coating films,
the elasticity of the nanocomposite coating also changes [Forsthuber et al. 2013].
There is little scholarly literature available which considers the ageing
method, focusing on the significance of the additional thermal influence of
infrared radiation on coating films. Due to this, the recommended high
concentration (5%) of CeO2 and ZnO nanoparticles was chosen. The aim of this
work is to evaluate such properties of nanocomposite waterborne clear acrylic
wood coating films as colour and gloss stability. To determine the changes in the
coating transparency and hardness during intensive UV+IR irradiation.

Materials and methods
For our research, the following commercial clear waterborne acrylic wood
coating was chosen: viscosity 107-113 KU (by Stormer), solid content 38% ±1%
by weight, specific gravity 1020 kg/m3 ±30 kg/m3, gloss 27-33 by Gardner 60°.
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Two different coating mixtures containing inorganic nanoparticles were
produced by using the mechanical mixing method. Coating samples without
inorganic nanoparticles (AK) were selected as a reference group. The following
types of coating mixtures were used: AKZ – an AK coating containing 5% of
ZnO nanoparticle dispersion (particle size: 20 nm); AKC – an AK coating
containing 5% of CeO2 nanoparticle dispersion (particle size: 10 nm).
In advance, prepared mixtures of the coatings were applied onto clear glass
plates with dimensions of 45 × 45 × 5 mm by using a special film applicator
frame. The wet film thickness did not exceed 200 µm. After the application of
the coatings, the samples were conditioned at a temperature of 23°C ±2°C and
a relative humidity of 50% ±5% for 72 hours. In total, five samples for each
coating system were prepared.
Ultraviolet light combined with infrared radiation (UV+IR) ageing test
For the irradiation test, an ultraviolet light (UV) and infrared radiation (IR)
quartz lamp (UV+IR) system was used according to the Standard of the
Republic of Poland No. [PN-88/F-06100/07:1988]. The radiation energy of
the quartz lamp (model Famed, type VT-4) did not exceed 740 W. The distance
between the coating samples and the quartz lamp was 400 mm. The irradiation
process was divided into 6 cycles of 0, 1, 3, 6, 10, 20 and 30 hours.
Colour measurements
Colour measurements were performed in five constant spots per sample
according to the CIE L*a*b* system. In order to evaluate the colour change,
a DATACOLOR 600 reflection spectrophotometer and the white background
were used. For the measurements, L*, a*, b* coordinates were chosen, where L*
represents the lightness parameter within the range from white (100) to black
(0), parameters a* and b* being a* red (+) to green (–) and b* yellow (+) to blue
(–). L*, a*, b* values were used so that to calculate colour change ∆E* as
a function of UV+IR irradiation duration with the following equation (1):

Δ E∗= √ ( Δ L∗)2+( Δ a∗)2 +( Δ b∗)2

(1)

where ΔL*, Δa*, Δb* are the differences between the initial and the final values
after UV+IR irradiation of L*, a*, b* parameters, respectively.
Gloss measurements
The gloss values of the coating films were determined in five sectors by using a
portable photoelectric gloss meter PICO GLOSS 503 by Gardner [ISO
2813:2014] at 60° incidence angle. For the measurements, a special template and
the white background were used. Gloss retention was calculated as the
percentage change in the gloss values during the UV+IR ageing test respective
to the initial values.
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Illuminance measurements and transparency evaluation
The illuminance under the glass plate parameter, which describes the change of
the property of transparency in accordance to the size of illumination was
evaluated in five measurement spots per sample by using a special measurement
stand consisting of a light source and a light flow meter Luksomierz type L-02.
Hardness measurements
The surface hardness gradient of the coating films was determined by using
a Persoz pendulum damping tester (model 299/300) by taking into account the
numerical values of oscillation in terms of the relevant ISO standard [ISO
1522:2006]. For each sample, two measurement sectors were selected.

Results and discussion
The type of inorganic nanoparticles in the coating mixture influenced L*, a*, b*
colour parameters of the initial coating film as well as ΔL*, Δa*, Δb* parameters
during intensive UV+IR irradiation (see table 1 and table 2). The sample group
containing 5% ZnO nanoparticles yielded a slightly light undertone to
waterborne clear acrylic coating films; whereas CeO 2 (5%) delivered a yellow
undertone. Similar results of nanoparticle impact on the initial colour of 2K
polyurethane clear coating were observed by Schaller et al. [2012]. During
intensive 30 h of UV+IR irradiation, the smallest change of ΔL* was found in
the AKZ group, where the lightness parameter was 1.5-1.9 times more stable
in comparison to other examined sample groups. Intensive UV+IR irradiation
caused the trend of the rise of the green colour (Δa*) parameter. After 6 hours of
irradiation, Δa* parameter started to increase up to constant values, yet, no
change to the red shift was observed. Higher stability of Δa* was determined in
the AKZ group (up to 5.6 times). It was noticed that during the first 6 hours of
irradiation, the coating films featured an intensive peak to the yellow shift (Δb*),
while only ZnO nanoparticles exerted significant influence on the control of the
stability of the coating trend shift to the yellowish hue (up to 3.9 times). From
the 6th hour of the UV+IR irradiation test onwards, the Δb* parameter started to
stabilize across all the sample groups.
Intensive UV+IR irradiation time and inorganic nanoparticle additives had
an impact on the overall colour change of the coating films (fig. 1). The highest
values of the ΔE* parameter after 30 hours of irradiation were observed in the
AK group where the difference between the overall colour change of the clear
coating film samples group and AKZ was 2.6 times higher, and, in comparison
with the AKC sample group, it was 1.3 times higher. Despite that, both coating
groups with inorganic nanoparticles showed promising colour protection against
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Table 1. Colour parameter L*, a*, b* mean values before UV+IR irradiation test
Sample group

Additive

AK

Parameter

Non-irradiated

L*

80.89 (0.73)

a*
b*

-0.85 (0.25)
-5.99 (0.97)

L*

80.19 (0.57)

a*
b*

-1.15 (0.12)
-3.91 (0.94)

L*

69.95 (1.58)

a*

-0.14 (0.27)

b*

4.89 (1.01)

–

AKZ

ZnO (5%)

AKC

CeO2 (5%)

Standard deviation (SD) values of L*, a*, b* parameters are shown in parentheses.

Table 2. Impact of UV+IR irradiation on the colour parameters ΔL*, Δa* and Δb*
mean values
Sample
Parameter
group

AK

AKZ

AKC

1 hour

3 hour

6 hour

10 hour

20 hour

30 hour

DL*

-0.95 (0.27) -0.62 (0.49) -1.42 (0.49) -1.39 (0.49) -1.45 (0.41) -2.40 (1.42)

Da*

-1.43 (0.31) -2.26 (0.82) -2.27 (1.16) -2.05 (1.38) -1.79 (1.37) -1.73 (1.44)

Db*

4.26 (0.95) 6.99 (2.52) 7.83 (3.48) 7.61 (4.23) 7.04 (4.25) 6.97 (4.43)

DE*

4.60 (1.00) 7.39 (2.66) 8.33 (3.57) 8.06 (4.37) 7.52 (4.29) 7.86 (4.37)

DL*

-0.43 (0.40) -0.55 (0.36) -1.00 (0.52) -1.09 (0.49) -1.13 (0.43) -1.34 (0.81)

Da*

-0.02 (0.14) -0.22 (0.12) -0.26 (0.14) -0.23 (0.13) -0.27 (0.28) -0.31 (0.17)

Db*

0.39 (0.28) 1.30 (0.29) 1.92 (0.34) 2.14 (0.35) 2.48 (0.30) 2.58 (0.62)

DE*

0.68 (0.35) 1.48 (0.25) 2.25 (0.26) 2.47 (0.25) 2.79 (0.25) 3.07 (0.41)

DL*

-0.71 (0.31) -0.83 (0.27) -1.39 (0.59) -1.35 (0.40) -1.49 (0.48) -0.99 (0.82)

Da*

-0.19 (0.05) -0.63 (0.08) -0.97 (0.12) -1.02 (0.21) -1.05 (0.27) -0.68 (1.08)

Db*

1.20 (0.29) 2.70 (0.52) 4.42 (0.61) 5.00 (0.86) 5.39 (1.07) 5.41 (1.08)

DE*

1.45 (0.26) 2.91 (0.45) 4.77 (0.62) 5.29 (0.88) 5.71 (1.09) 5.95 (1.14)

SD values are shown in parentheses.
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Fig. 1. Coating films overall colour change ΔE* during UV+IR irradiation

a short and intensive period of UV+IR irradiation. Comparable results were
presented in a study by Nowaczyk-Organista [2009], where the overall colour
change ΔE* protection against UV irradiation was investigated in the acrylic
lacquer product group containing 4% of ZnO nanoparticles. A similar tendency
was also observed in this work, but in our case, 1 percentage point more of the
same type ZnO nanoparticle dispersion compound in the AK coating
composition was used. The addition of ZnO nanoparticles provided stability to
the most promising colour of the coating film in comparison to the other sample
groups. As mentioned above, CeO2 nanoparticles exerted influence on the initial
coating film colour due to the yellow undertone alone [Schaller et al. 2012;
Khan et al. 2013]. Yet, the AKC samples group maintained the high coating
colour deviation stability while undergoing UV+IR irradiation.
Figure 2 illustrates coating film gloss retention performance during the 30 h
of intensive UV+IR irradiation. The retention of the sample gloss parameter was
different when compared to the colour measurements, during which, the
intensive rising ΔE* peak was mainly maintained up to the 6 hours of irradiation.
During the first phase of the test (0-3 h), the UV+IR irradiation intensity and the
high surface temperature had an apparent impact on the different gloss
performance and expedited the decrease of glossiness.This may be caused by the
interchain crosslinking formatting between the adjacent chain of free radicals as
well as by the subsequent loss of the surface gloss, which, after 3 hours, started
to increase due to the polymer chain breakdown [Posp íšil and Nešpurek 2010;
Hang et al. 2015]. The difference between the gloss retention values after 30 h of
UV+IR irradiation was 1.3 (AKC) – 1.6 (AKZ) times higher when compared to
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the AK sample group. It is assumed that inorganic nanoparticles exerted
a positive influence on waterborne clear acrylic coating film gloss retention.

Fig. 2. Effect of UV+IR irradiation time on the gloss retention of coating films

Hu et al. [2009] and Mirabedini et al. [2011] remarked that various methods
of sample ageing affect the differences of the loss of the coating film gloss.
Nevertheless, comparable results were observed in the study by Miklečić et al.
[2017], where the highest stability level regarding the loss of the gloss of
nanocomposite waterborne polyacrylate coating films after longterm artificial
and natural weathering were observed in the coating film groups containing ZnO
(2% and 4%) nanoparticles. The tested coating systems showed a significantly
higher resistance to UV+IR irradiation than furniture lacquer coatings (1 h
normative requirements in accordance with PN-88/F-06100/07:1988 standard).
Schaller et al. [2012] and Faure et al. [2013] note that inorganic
nanoparticles show a significant impact on the initial transparency of coating
films. It was also observed that ZnO (5%) nanoparticles reduced the initial
coating film illuminance up to 1.5 times whereas CeO 2 (5%) nanoparticle
additives decreased this number by 1.4 times, respectively (fig. 3). A similar
trend of the initial transparency loss due to the impact of ZnO nanoparticle
additives was found in the experimental study by Grüneberger et al. [2015],
where the opaqueness of acrylic coatings increased along with the concentration
of ZnO nanoparticles (from 0.7% to 9.1%) in the structure of the coating film. In
this study, the coating film illuminance under the glass plate parameter and the
visual transparency were mostly reduced in the clear coating group
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(by 1.4 times). Meanwhile, the reduction of the visual transparency of the AKZ
and AKC coatings was significantly slower during the UV+IR ageing test.
Despite the overall thermal impact, the loss of the nanocomposite coating film
illuminance was only up to 1.1 times. During UV+IR irradiation, the most
promising visual transparency levels were observed in the coating group
containing CeO2 nanoparticles.

Fig. 3. Dependence of the coating film illuminance parameter on UV+IR irradiation

With the increase of the time of UV+IR irradiation, the coating film surface
hardness gradient also increased (fig. 4). During the UV+IR irradiation test,
inorganic nanoparticles had a significant impact on the initial coating hardness
gradient (according to ANOVA statistical analysis); also, an influence was
observed on the performance of coating films. A similar trend was detected in
the study of Vaja et al. [2012], where the addition of ZnO nanoparticles
increased the hardness of the acrylic coating by 5%. In this work, the change
between the initial hardness gradient of clear coating films and the
nanocomposite coatings was 4.8% (for AKC) and 5.9% (for AKZ). Meanwhile,
the coating film hardness gradient after 30 h of UV+IR irradiation for the AK
sample group increased by 1.3 times, whereas for the coatings containing ZnO
or CeO2 nanoparticles, it went up by 1.3-1.4 times, respectively. Due to the
inhomogeneity of the coating films, which is a consequence of the degradation
mechanism, the hardness gradient during the ageing process can increase [Wicks
et al. 2007; Cristea et al. 2012]. On the other hand, during the degradation of
nanocomposite coatings, inorganic nanoparticles can shift and produce a higher
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nano additive concentration near the coating surface [Cristea et al. 2011]. This
can theoretically explain the increased hardness gradient in nanocomposite
coatings after 30 h of UV+IR irradiation in comparison with the clear
AK coating group.

Fig. 4. Influence of UV+IR irradiation time on the hardness of a coating film

Conclusions
1. The combined ultraviolet light (UV) and infrared radiation (IR) ageing
method can be used with the intention to evaluate the physical and
mechanical properties of the resistance of nanocomposite wood coatings.
2. Additives of inorganic (5% of ZnO or CeO2) nanoparticles exerted influence
on the initial clear colour of a waterborne acrylic coating film and also made
a significant impact (up to 2.6 times) on the overall colour stability ΔE* of
coating films during 30 h of intensive UV+IR irradiation.
3. Surface gloss retention was obtained in the coating sample groups
containing CeO2 and, especially, ZnO nanoparticles; the gloss retention
parameter changed only by 5.4% in the AKZ group.
4. Inorganic nanoparticle additives had an impact on the acrylic coating film
illuminance parameter and its performance during the UV+IR test. In order
to preferably understand the impact of UV+IR irradiation on the wood
coating film transparency, more profound analysis should be carried out and
novel methodologies should be developed, e.g. UV-VIS transmission
spectroscopy should be devised.
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5. A significant influence of inorganic nanoparticles on the hardness gradient
of the initial coating films as well as on their performance was observed
during the 30 h of UV+IR irradiation test. A closer linear dependence on the
irradiation time was observed in the AKZ group (R = 0.95).
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UNIFIED ANISOTROPIC STRENGTH CRITERION
RANK TWO FOR FIBROUS MATERIALS LIKE WOOD

Wood is a fibrous orthotropic material additionally characterized with sign-sensitivity. Thus, determining the universal conditions of its strength constitutes
a complex task.
In their work, the authors present the anisotropic generalization of the Huber
criterion which is closer to Norris’s proposal, as opposed to Hill (and Hofmann)
and Mises proposal. The obtained criterion incorporates conditions which are
additionally imposed on a special case of Tsai-Wu criterion for composite
materials.
Keywords: Huber criterion, anisotropic strength criteria of: Mises, Hill, Norris,
Hoffman, Tsai-Wu, interaction term, effort’s deviator, tensioncompression asymmetry, support crushing, American sweetgum

Introduction
Wood as an anisotropic and sign-sensitive material is difficult to describe
mechanically. The state of stress is described with the stress tensor of σij = σji,
whose off-diagonal components are shearing stresses τij = σij for i ≠ j (τii = 0) in
the classical sense. The indexes which occur here, have the values of 1, 2 and 3,
and in the case of wood they can be connected with the anatomic (longitudinal
L, radial R and tangential T) directions respectively. If at least two independent
components of stress are non-zero, the subject of the effort of the material
(wood) arises. The answer to this question is the strength criteria or failure
criteria. These criteria can be divided into isotropic and anisotropic.

Grzegorz KOCZAN (gkoczan@fuw.edu.pl), Paweł KOZAKIEWICZ (pawel_kozakiewicz@sggw.
pl), Departament of Wood Technology, SGGW, Warsaw, Poland
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The two most essential isotropic criteria refer to shear stresses. The measure
of material effort in the Coulomb-Tresca criterion is twice the maximum value
of the shear stress [Tresca 1864] 1. For a flat state of compression, this criterion
equals the following inequality:
2

2

(σ 11−σ 22) +4 τ 12⩽r

2

(1a)

∣(σ 11 +σ 22 )/ 2± √ (σ 11−σ 22) / 4+τ ∣⩽r
2

2
12

(1b)

where: r – strength of material. The second condition (1b) applies when,
2
σ 11 σ 22⩾τ 12
, which means that the maximum shear stress exceeds the initial
plane considered here. This nonanalytical condition (1b) can also be presented as
the following:
2

2

τ 212−σ 11 σ 22±r (σ 11 +σ 22)⩽r 2

(σ 11 +σ 22) / 4⩽r ,

(1b.1)

An interesting thing here is the occurrence of the first rank expressions in
stresses2.
The second isotropic criterion refers to the work of shear stresses. Huber’s
criterion [Huber 1904] stipulates that the measure of the material’s effort in
a complex state is a value of normal stress which gives the same distortion strain
energy as the stress state. Therefore:
2

2

2

(σ 22−σ 33) +(σ 33−σ 11) +(σ 11−σ 22)
+3(τ 223 +τ 231+ τ 212)⩽r 2
2

(2)

or equivalently:
2
2
2
σ 211+ σ 222+ σ 233−σ 22 σ 33−σ 33 σ 11−σ 11 σ 22+3(τ 223 +τ 31
+τ 12)⩽r

(2.1)

The first to use the distortion strain energy and to publish this criterion was
a renowned Polish engineer Maximilian Huber [Timoshenko 1953]3. Huber is
also famous for his theory of steel-reinforced concrete, which he called
orthotropic [Huber 1921; Huber 1929] and what made it similar to wood.
Nine years after the formation of the criterion by Huber it was independently
confirmed by von Mises4. Mises also noticed that it can be described using
a second invariant J2 of the deviator stress tensor in the following form:
3 J 2 (σ ij )⩽r

2

(2.2)

Where the left side equals the left side in (2) or (2.1).

It is not about the maximum value of τ12 but the maximum value of the largest τ 'i' j' component of
all the coordinate systems.
2
The ± sign makes the criterion symmetrical for both compression and tension.
3
The same idea was proposed by Maxwell in 1856, in a letter to Thomson. This letter was
published in 1936 [e.g. Kordzikowski 2012].
4
In 1924 it was also confirmed by Hencky (20 years after Huber).
1
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An interesting criterion based on (non-deviatoric) main invariants I1, I2, I3
was proposed by Matsuoka and Nakai [1985] 5. This work does not encompass
the third rank criteria however, so it is not going to be discussed here.
The criteria (1) and (2) makes them applicable to elastic-plastic isotropic
materials, but wood is anisotropic. The first ever anisotropic criterion was
introduced by von Mises [1928]:
2

2

2

A σ 11+ B σ 22 +C σ 33−F σ 22 σ 33−G σ 33 σ 11−H σ 11 σ 22+
2
2
2
+L τ 23+M τ 31 + N τ 12⩽1

(3)

This criterion is well discussed in the presentation by Zahr Vinuela and Perez
Castellanos [2015]. It is evident that Mises was generalising the isotropic
criterion in version (2.1) and not in version (2), and not in his original version
(2.2).
Another route of generalisation chosen by Hill, was when he decreased the
number of parameters in his criterion [Hill 1948] 6.
2

2

2

F ( σ 22−σ 33) +G (σ 33−σ 11) + H (σ 11−σ 22 )
2
2
2
+ L τ 23 +M τ 31 +N τ 12⩽1 (4)
2
We can see that Hill was generalising the isotropic criterion in version (2) 7.
Yet another criterion was proposed by Norris 14 years later. It had a structure
of three two-dimensional sections [Norris 1962].
2
σ 11
σ 222 σ 11 σ 22 τ 212
+
−
+ 2 ⩽1
2
2
XY
X
Y
T
σ 222 σ 233 σ 22 σ 33 τ 223
+ 2−
+ 2 ⩽1
2
YZ
Y
Z
R
2
2
σ 33 σ 11 σ 33 σ 11 τ 231
+ 2−
+ 2 ⩽1
2
ZX
Z
X
S

(5a)
(5b)
(5c)

Hill’s criterion (4) used for monotropic materials 8 in a stress plane parallel to
the monotropic axis, has the following form [Azzi and Tsai 1965]:

σ 211 σ 222 σ 11 σ 22 τ 212
+
−
+ 2 ⩽1
X2 Y2
X2
T

(6a)

And in a stress plane perpendicular to the monotropic axis:

(

)

σ 222 σ 233
τ 223
2
1
+
−
−
σ
σ
+
⩽1,
22 33
2
2
2
2
2
Y
Y
Y
X
R
5

1
4
1
= 2− 2
2
R Y
X

However, the authors used signs J1, J2, J3, which are usually ascribed to the deviator.
Hill’s criterion contains 6 parameters, and Mises 9 independent parameters.
7
The coefficients in (4) are twice as high than the original coefficients in Hill’s criterion.
8
Wood is approximately transversely isotropic (monotropic).
6

(6b)
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The case (6b) was implicitly given by Hill [1948], while case (6a) was
explicitly stated by Azzi and Tsai 18 years later. Therefore, the formula (6a) is
called the Azzi-Tsai criterion [e.g. Guindos 2014] (or Tsai-Hill criterion [e.g.
Kolios and Proia 2012]), and its general monotropic case of the Hill criterion is
called the Tsai-Hill criterion [e.g. Camanho 2002]. An example of the
application of criterion (6a) for beech plywood can be found in Makowski
[2013].
None of these criteria takes into consideration the differences in compression
and tension strength9 (strength sign-sensitivity). The first general and theoretical
criterion (6a) containing a solution to this problem was proposed in 1966
[Gol’denblat and Kopnov 1966]10. A simplified version of this solution was
presented by Hoffman when he expanded Hill’s criterion by first rank terms
[Hoffman 1967]:
2

2

2

F ( σ 22−σ 33) +G (σ 33−σ 11) + H (σ 11−σ 22 )
2
2
2
+ L τ 23 +M τ 31 +N τ 12+
2
+K σ 11 +P σ 22 +Q σ 33⩽1

(7)

Analogically, Tsai and Wu expanded Mises criterion by additionally using
a matrix form [Tsai and Wu 1971]:
1
2
F i σ ii + F ij σ ii σ jj + F ijij τ ij ⩽1
2

(8)

Where summation convention was used together with superscript ij=9−i− j
conforming to the Voigt extended cyclic notation for shear stresses 11. The
expanded version of the criterion is:
2

2

2

F 1 σ 11+ F 2 σ 22 + F 3 σ 33 + F 11σ 11+ F 22 σ 2 +F 33 σ 33 +2 F 23σ 22 σ 33+
2
2
2
+2 F 31 σ 33 σ 11+2 F 12σ 11 σ 22 + F 44τ 23+ F 55τ 31 +F 66 τ 12⩽1

(8.1)

This criterion contains a certain ambiguity in how it determines interaction
coefficients, which are not defined by strengths only in L, R and T directions.
Thus, we should additionally measure the strength for biaxial and equibiaxial
stresses (σ22 = σ33 or σ33 = σ11 or σ11 = σ22). Another method is to assume the
following interaction coefficients:

2 F ij =−√ F ii F jj ,

i≠ j

(9)

It must be emphasized that condition (9) does not result from the criterion
formula (8.1), therefore it is regarded here as a separate but not autonomous
criterion. It is sometimes called a criterion for closed-cell PVC cellular foam
In a non-analytical approach, separated signs R±∥ , R±⊥ [e.g. Garab and Szalai 2010].
According to [Kyzioł 2009] their criterion is practically equivalent to Tsai-Wu (8), but it’s
probably not true.
11
Strong equality of (8) and (8.1) is our contribution, where Fij=Fji, τii=0.
9

10
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[Abrate 2008] or a criterion for composite materials. It is also frequently and
wrongly called Tsai-Wu criterion [e.g. Gdoutos and Daniel 2008, Cabrero and
Gebremedhin 2010] or more precisely the simplified Tsai-Wu criterion
[Feldhusen and Krishnamoorthy 2009]. In terms of interaction, this version of
the criterion conforms to Norris’s criterion and does not conform to Hill’s (and
Azzi-Tsai) criterion. We have not found in the literature of the subject
a derivation of condition (9), and it is regarded only as an assumption. For
instance, in DeTeresa and Larsen [2001] other interaction terms are postulated,
and in Cowin [1979], van der Put [1982] and Liu [1984] still others. In
a publication on Douglas-fir laminated veneer Clouston et al. [1998] we read:
Despite these efforts (with Hankinson’s formula 12) a standard method of
determining F12 was never established. A thorough discussion about older
strength criteria regarding wood was presented in Clouston [1995]. A synthesis
of more advanced research on wood also including the criteria of the third rank
was presented by van der Put [2015].

Materials and methods
The first part of the methodology refers to the theory. Its role in solving technical
problems was emphasized by one of the pioneers of the strengths hypotheses
M. Huber [Huber 1912; Huber 1927]. The second, experimental part of the
methodology is focused on a description of the experimental tests aiming at
determining the 2F12-type interaction coefficient.
Assumptions of mathematical research
It was postulated that the criterion f({σij}) ≤ 1 should meet the following
assumptions:
i.

Be an anisotropic generalisation of Huber’s criterion. (Norris’s criterion
as three two-dimensional formulae does not meet this condition.)
ii. Anisotropic coefficients should stand directly next to the stresses as
a measure of directional effort. (This condition is not met by Mises and
Hill’s criteria, but is met by Norris’s criterion).
iii. Asymmetry for compression and tension should be considered (sign-sensitivity), thanks to the first rank terms in stresses (like Gol’denblat-Kopnov, Hoffman, Tsai-Wu).
iv. They should not contain free parameters exceeding beyond the
measurements of the main components of stress. (This condition is not
met by the general Mises and Tsai-Wu criteria.)

12

Hankinson’s formula does not conform with (9) [Clouston 1995].
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v. In general, non-trivial additional conditions should not be needed. In
other words, we wish to build an autonomous criterion. (This condition
is not met by a simplified Tsai-Wu criterion).
vi. It should be possible to write in an unambiguous and compact index
form. (A condition met by the Tsai-Wu criterion after adjustments by the
authors).
vii. It should be possible to write it using functions determined by main or
deviator invariants. (A condition met only by Huber’s criterion).
Essentially, only assumption iv. requires experimental verification.
The parameters found in the formula of the criterion were determined based
on directional strength. In the case of normal stress, there are only two
conditions necessary for tension and compression, e.g.:
max

+

f (σ 11 =+R 11 ,0, 0, 0, 0, 0)=1,
+

min

−

f (σ 11 =−R11 , 0, 0, 0, 0, 0,)=1

(10)

−

where: R11 , R11 – tension strength and compression strength parallel to the
grain. In the case of shear stresses, single conditions are sufficient, e.g.:
max

f (0, 0, 0,0, 0, τ 12 = R12 )=1

(11)

where: R12 – shear strength parallel to the grain in the tangential plane.
±
±
In the case of monotropy with axle 1, apart from conditions R22 = R33 ,
max
R12= R31=τ 31 the following relation occurs:
f (0, σ 22= R23 , σ 33=−R23 ,0, 0, 0)=1

(12)

max

where R23=τ 23 is the shear strength across the monotropy axis13.
The key role in the differentiation of anisotropic strength criteria is played by
biaxial stresses. The strength for biaxial shear state can be described as follows:
−

−

−

−

f (σ 11=ε 11 R11 , σ 22=ε 22 R22 , 0, 0,0, 0)=1

(13)

−
−
where ε 11 < 0, ε 22 < 0 are the measure of destructive effort in both directions of
compression (hence the negative marks). The values of these measures may be
different for different strength criteria and they depend first and foremost on the
interaction terms like 2F12. An example of biaxial tensions are the tensions
occurring under the head in the bending test [Bodig and Jayne 1993]. In this
work it is assumed that in such cases, the strength criterion should allow states
of the following efforts:
−

−

∣ε 11∣>90  ∧ ∣ε 22∣>60 

(14)

Otherwise, compression would decrease the bending strength by at least 10%,
which has not been observed. Analysis of conditions (13) and (14) requires
proportions between the strengths for the main wood grain directions.
13

The above condition arises from Mohr’s circle on isotopic plane 23 (RT).
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−

=a≈2,

R 11
−

R 22

=b≈5

(15)

Condition (14) and values (15) will be further discussed. Relations (14) may
discredit the criteria type (4), (6) and (7) in opposition to the Norris-type criteria
(5) and (9). While criteria (3) and (8) do not produce any predictions here in the
sense that they do not determine the interaction coefficients.
Types of experimental tests
The main purpose of the experimental tests was to show the existence of effort
states determined by conditions (14) which discredit part of the strength criteria.
These states were determined by carrying out crushing tests under a cylindrical
head of American sweetgum wood (Liquidambar styraciflua L.). The main
indentation occurred during a standard destructive bending test (span 24 cm,
fig. 1a). Comparative measurements were performed on the undamaged sections
of the broken samples. The tests consisted of a perpendicular compression of the
wood with the head during non-destructive 14 bending with a small span of the
supports (span 10 cm, fig. 1b) and compression with a full bottom support
(fig. 1c).

a)
b)
c)
Fig. 1. Three ways of testing crushing under the cylindrical head: a) static bending
(test I), b) short beam compression (test II), c) full bottom support compression
perpendicular to the grain (test III)

In the first set of tests on II and III, the force applied was identical to test I
and in the second set of these tests, the force was 4/3 times greater to get
a similar indentation. The indentation surface was regarded as a trapezoid whose
dimensions were measured with a digital calliper.
The measurement tests performed allowed us to compare the obtained
indentations in analogous conditions [Smith et al. 1985]15. The key difference
was that the geometric assumptions for the longitudinal compression stress in
test II was about 2.4 times (span ratio) or 1.8 times (3/4 of span ratio) smaller
than in test I, and it did not occur in test III at all.
The bending strength was determined by the standard PN-D-04103:1977,
which complies with ISO 3133:1975, but is not equivalent to it. The specimens
had a size of 20 × 20 × 300 mm with a span length of 240 mm and a radius of
14
15

In the sense that there is no fracture, but a plastic indentation occurred [Hering et al. 2012].
Other tests such as the standard compression or measurement of hardness would be less relevant.
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the supports of 15 mm. While the norms [ISO 3133:1975; ISO 13061-3:2014]
predict a twice greater size of the pressing head (radius 30 mm), which accounts
for the main difference between the PN-D-04103:1977 norm which is still used
in Poland. The small radius of the pressing head is an additional stimulus for
these tests.
The samples’ moisture content was determined using the stereometric
method in accordance to ISO 13061-1:2014 and density using the dried-weighed
method in accordance to ISO 13061-2:2014.

Results and discussion
Results of mathematical research
The authors’ strength criterion (ad. vii.) for wood, based on the invariant J2 for
the mean effort deviator and function of the first invariant I1 is as follows:

σ ij
σ
+ I 1 ii ⩽1
Rij
Ri

( ) ( )

3J2

(16)

where the J2 (…) invariant is determined by (2.2) in relation to (2) or (2.1), and
function I1(σii)= σ11+σ22+σ33. Parameters Rij= Rji are the measure of mean
strengths for all six independent components of stresses in wood’s anatomic
directions, and Ri is the measure of compression-tension symmetry approaching
± ∞ for the total symmetry (1/Ri → 0). This criterion is based on mean efforts
σij/Rij in the function of the J2 deviator, and not on the stresses σij alone.
However, the invariant I1 has other (higher) normalizing coefficients Ri. The
2
above element and the lack of square in the first rank invariant (I1 versus I 1 ) are
the two basic differences in criterion (16) from formula “(19)” found in Doyoyo
and Wierzbicki [2003]16. While the prototype version of their formula [Gioux et
al. 2000] differs in having J2 raised to the 1/2 power, i.e. square root.
An indicator (ad. vi.), equivalent form of criterion (16) is as follows:
3
σ ii σ jj
1
−
∑
4 i , j=1 Rii R jj

(

2

)

3
τ ij2
1
+
+
∑
2 i , j =1 Rij2

3

∑
i =1

σ ii
⩽ 1
Ri

(16.1)

In a partially expanded version, the formula is:

16

Other differences include the 3D aspect of criterion (16) and the lack of an additional constant η.
Moreover, their criterion “(19)” does not account for sign-sensitivity, and their criterion “(12)”
accounts for sign-sensitivity but not full anisotropy (for aluminium).
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In the fully expanded form, it is:

σ 211 σ 222 σ 233 σ 22 σ 33 σ 33 σ 11 σ 11 σ 22
+ 2 + 2 −
−
−
+
2
R11 R 22 R33 R 22 R 33 R33 R11 R11 R 22
2
τ 2 τ 31
τ 212 σ 11 σ 22 σ33
+ 23
+
+
+
+
+ ⩽1
2
2
2
R 23 R31 R12 R1 R2 R3

(16.3)

According to (10), the coefficients of this criterion have a simple interpretation:
R11= √ R 11 R11 ,
+

−

1
1
1
= +− − ,
R1 R11 R11

max

R12=τ 12

(17)

which is analogous for the other components Rij and Ri. Thus, R11 can be
regarded as the geometric mean of tension and compression strength, and R1 can
be treated as a connection in parallel of two resistors, one of which is negative.
In the case of monotropy in (12), an additional condition occurs:
R23=

R22

√3

√R
=

+
22

−

R 22

√3

(18)

The value √ 3 in this relation is the same as for Huber’s criterion (2) and Norris’s
criterion (5b) and is smaller than value 2 resulting from the Coulomb-Tresca
criterion (1).
Results of the experimental test
The shape of the specimen fracture in bending and the accompanying
indentation (test I) are presented in figure 2. This picture also presents
comparative indentations obtained with the two methods (tests II and III).

Fig. 2. A comparison of indentations of American sweetgum wood obtained in:
bending test I (in the middle of both beams), short beam compression test II (on the
left), full support compression test III (on the right)
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The main results of the three parts of the tests are presented in table 1. They
show that the width of the indentations from the breaking test (12 mm) are
greater by 1/3 than that of the full support compression test (9 mm). After
considering the occurring forces, it means that the average perpendicular stress
in bending is 65% of the stress in compression alone. It is worth adding that this
is still a lowered value, because the wood indentation in test I was widened due
to the curvature of the bending beam17.
The values from the table are presented in figure 3 against the four strength
criteria.
Table 1. Test results for three methods of compressing American sweetgum wood
Moisture content (8.3 ±0.3) %
Density (596 ±33) kg/m3
Parallel compression (72 ±3) Mpa

Test I
Crushing
(  , || )
in static bending

Test II
Compression
(  , half ||)
short beam

Test III
Compression
( )
full support

Number of measurements

22

44

44

Used force F [N]

2809 ±147

3195 ±466

3335 ±537

Indentation width [mm]

11.9 ±1.5

10.3 ±1.9

9.1 ±1.4

Average stress σ22 [MPa]

-12.1 ±2,0

-15.8 ±2.5

-18.6 ±2.5

-65 ±5

-85 ±6

-100 (-95 ±5)

≈ -90 ±10

-47 ±7

≈ 0 ±5

Average effort ε

−
22

[%] (relative test III)

Estimate effort ε

−
11

[%]

The experimental results are presented with the standard deviation as small
ellipses and the criteria as large ellipses. Straight segments in the graph shot the
critical condition (14).
Discussion of results
Figure 3 shows that test I allowed us to determine the states which conform to
the critical condition (14). At the same time Hill’s criterion, which anticipates
−
−
−
−
that ε 11 =−90  , ε 22 =−54  or ε 11 =−86  , ε 22 =−60  , is inconsistent
with this condition. Moreover, the transition from Hill’s criterion to Hoffman’s
criterion, which accounts for the sign-sensitivity of wood, only makes things
worse. Norris’s criterion meets condition (14) because it assumes a high (even
too high) strength at the biaxial compression. The transition from Norris’s
criterion to our criterion (16), which accounts for sign-sensitivity, moves us
closer to the experimental points.

17

Nevertheless, it is a higher value than that resulting from Hill and Hoffman’s criteria.
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Fig. 3. The measuring points of the three compression methods against the stress
diagrams relating to compression x=ε −11 [%], y=ε −22 [%] in accordance with
different strength criteria

Despite the fact that Hill’s criterion is close to the experimental points, the
point in test I is almost entirely outside the area or strength of this criterion.
Introducing here compression-tension asymmetry (Hoffman’s criterion) takes us
away from this experimental point, as well as from the area which meets
condition (14).
The experimental advantage of Norris’s criterion over Hill’s criterion was
obtained in a work from 1985 for paperboard [Rowlands et al. 1985] 18, while it
was criticised in van der Put [2015]. The authors of Mascia and Simoni [2013]
claim that Hoffman’s criterion works the best for two species of Brazilian wood.
Thus, it is difficult to determine which criterion is the best only on the basis of
experiments and with no theoretical guidelines. However, according to the
authors, the bidirectional compression measurements best fit the criterion (16)
among those considered.
Discussion of assumptions about wood
The issue of wood anisotropy is a very complex one and synthetic conclusions
require the acceptance of some simplified assumptions. The basic assumption
was the strength monotropy of wood, i.e. identifying strength in transverse
18

The authors consider Norris’s criterion to be a Hill criterion-type.
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directions: radial and tangential (about 5% precision for diffuse-porous species).
Next, the proportions between the main strengths of the directions of wood were
assumed (15). The first equality of compression strength and tension strength
perpendicular to the grain is a consequence of the lack of fibres in these
directions and is met by wood (including American sweetgum) up to 20% (acc.
to Green et al. [1999]). The middle proportion a ≈ 2 is true for e.g. Norway
maple (Acer platanoides L.), wych elm (Ulmus glabra Huds.) or European larch
(Larix decidua Mill.) (acc. to Krzysik [1978]). According to the same source, the
lowest a=1.6 is achieved by hornbeam (Carpinus betulus L.) and one of the
highest a=3.2 is achieved by European birch (Betula pendula Roth.). The last
proportion b≈5 is maintained for white oak (Quercus alba L.), true hickory
shagbark (Carya ovata (Mill.) K. Koch) and sugar maple (Acer saccharum
Marsh.) (acc. to Green et al. [1999]) 19. According to the same source, one of the
lowest values is b = 4.4 for hickory pecan nutmeg and the highest is b = 15 for
black cottonwood (Populus trichocarpa Hock.). Here, also b ≈ 10 for many
wood species, including American sweetgum wood. However, in mean stress
measurements under the head, this factor was b = 3.9. A change in the values of
parameter a and parameter b in the discussed spectrum is:
1.6⩽a⩽3.2 , 3.9⩽b⩽15

(19)

This does not have a considerable effect on the research results, which was
tested on the graph in fig. 4 (see sliders).
Now we will analyse more closely condition (14) which is critical for this
work. The biaxial state of bidirectional compression (13) occurs during bending
tests, directly under the loading head. Already in Koczan and Kozakiewicz
[2017], it was noted that Hill’s criterion (4) or the Azzi-Tsai criterion (6a) seem
to be contradicting the experiment, but Norris’s criterion (5) does not. Hill’s
−
−
criterion (Azzi-Tsai’s criterion) assumes, e.g.: ε 11 =−100  , ε 22 =−20  or
ε −11 =ε −22=−75 . While the Norris criterion does not impose such restrictions:
ε −11 =ε −22 =−100  or ε −11 =−115  , ε −22 =−58  (just like in the Huber
criterion). This means that according to Norris’s criterion, compression under the
head does not have to influence the bending strength of wood. Hill’s criterion
does not give that possibility. According to the Baumann graphs of the
measurements of stress in bending and according to the Thunell model
[Kollmann and Cote 1984], the first value of 90% can be assumed in (14).
A tolerance of -10% here, is a gesture towards competitive criteria. Another
value for (14) is estimated on the basis of the assumption in accordance with
measurements which follow PN-D-04103:1977 that the width contact w of the
beam with the head is less than 15 mm (acc. to DIN 52186:1978 it equals the
thickness of the beam h = 20 mm):

19

At the same time the sources Krzysik [1978] and Green et al. [1999] do not contain all the data.
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where β is the ratio of bending and compression strengths parallel to the grain.
A tolerance of -7% is another gesture towards competitive criteria.

Conclusions
We were able to form a strength criterion using invariants (16) or an equivalent
index form (16.1) which meet all the theoretical conditions assumed in the
methodology i-vii. The advantage of a generalized version of Huber’s criterion
over Hill’s criterion (4) and Hoffman’s criterion (7) is comparing (subtraction)
wood efforts in different grain directions instead of comparing stresses. The
maximum stress parallel to the grain is disproportional to the maximum stress
perpendicular to the grain and may be ab = 10 times greater (and even 30 times
greater).
This theoretical advantage was initially experimentally verified, using
American sweetgum wood as an example, for the state of bidirectional
compression under the loading head in bending tests. If criterion (16) turns out
to be insufficient for bidirectional tension, it will be necessary to search for more
general criteria like Gol’denblat-Kopnov or the third rank criteria [van der Put
2015]. In this situation using Tsai-Wu’s criterion, which is marginally more
general, will not change much.
The introduced strength criterion (16) or (16.1) is equivalent to the
simplified Tsai-Wu criterion (9) together with (8.1). However, the criterion
presented in this work is determined by a single autonomous equation (16) or
(16.1) which is a direct generalization of Huber’s criterion (2). In this sense, it
can be regarded as a derivation of the terms of interaction which are
incorporated in this deviatoric criterion. Thus, it is a unification of Huber, Norris
and the simplified Tsai-Wu criteria which differ from Hill, Azzi-Tsai and
Hoffman’s criteria. This unification does not include the anisotropic Mises
criterion and the general Tsai-Wu criterion, therefore it is a selective unification
in the sense of Ockham razor. The synthesis described in this work concerns
analytical second rank polynomial criteria.
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The following paper presents an environmental examination and the results of the
selected analyses of archaeological waterlogged oak wood (Quercus sp.) obtained
from excavations carried out at the early medieval site of Czermno in eastern
Poland near the Ukrainian border. Due to the good state of preservation of the
wood tissue (De Jong’s classification class III – maximum moisture content
Umax < 185%) and its deposition in near anaerobic layers (reed peat and
calcareous gyttja) an attempt was made to obtain the DNA sequence from samples
acquired from the uncovered historical construction. In the course of the research,
a DNA sequence was obtained from one sample derived from the trial pit
W4/2014, the radiocarbon dated to 776-982 calAD. A comparison of the DNA
data extracted from the historical wood to two sequences obtained from the trees
(Quercus robur L.) growing near the site of Czermno, indicates clear similarities
between each of them. The DNA sequence obtained from the archaeological oak
wood confirms the assumption that proximate anaerobic layers, under specific
conditions, can inhibit the degradation of DNA structure.
Keywords: waterlogged archaeological wood, soil science, environmental
analysis, ancient DNA analyses, nuclear microsatellites, chloroplast
DNA, archaeological site of Czermno
Michał ANISZEWSKI (m.aniszewski@post.pl), Scientific Association of Polish
Archaeologists, Warsaw, Poland; Michał DROŻDŻEK (michal_drozdzek@sggw.pl),
Department of Wood Science and Wood Protection, Warsaw University of Life Sciences,
Warsaw, Poland; Jacek NIEDŹWIECKI (jacekn@iung.pulawy.pl), Institute of Soil Science and
Plant Cultivation, Department of Soil Science Erosion and Land Conservation, Puławy,
Poland; Justyna Anna NOWAKOWSKA (j.nowakowska@uksw.edu.pl), Cardinal Stefan
Wyszynski University in Warsaw, Faculty of Biology and Environmental Sciences, Warsaw,
Poland; Rafał SOLECKI (rafal.bruno.solecki@gmail.com), Cardinal Stefan Wyszynski
University in Warsaw, Institute of Archaeology, Warsaw, Poland; Anna TEREBA
(a.tereba@ibles.waw.pl), Forest Research Institute, Department of Forest Ecology, Sękocin
Stary, Poland; Piotr WITOMSKI (piotr_witomski@sggw.pl), Department of Wood Science and
Wood Protection, Warsaw University of Life Sciences, Warsaw, Poland

136

Michał ANISZEWSKI, Michał DROŻDŻEK, Jacek NIEDŹWIECKI, Justyna Anna NOWAKOWSKA,...

Introduction
The early medieval site of Czermno is located in eastern Poland in the
administrative district of Lublin Voivodeship, Tomaszów Lubelski County, in the
Community of Tyszowce. Relicts of a gord (Slavic burgwall) and other
constructions presented at the site (fig. 1) are alleged to be the capital city of the
Cherven Cities [Poznański 2011; Piotrowski and Wołoszyn 2012], a territory
which was an area of conflict in the 10 th century between the tribe of Lendians
and the Kievan Rus’, and later in the 11 th century between Poland and the
Kievan Rus'. These confrontations are mentioned in the chronicle called The
Russian Primary Chronicle/The Tale of Bygone Years which is the primary
source describing the history of the Eastern Slavs and the Kievan Rus’ [Cross
and Sherbowitz-Wetzor 1953; Wołoszyn et al. 2015].

Fig. 1. The archaeological site of Czermno, visible relicts of the gord (Slavic
burgwall) and other constructions, M. Poznański

The Huczwa river flows in its nearest proximity to the archaeological site of
Czermno. Two meliorations of the river carried out in the 20 th century
[Documentation in the Archive of WZMiUW Lublin] and almost certainly
climate change, resulted in the subsidence of the peatbog. This in turn, led to
several dozen piles (constructional elements) to become visible in the turf
(fig. 2). The subsidence of the peatbog may have a fundamental effect on the
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in-situ preservation of the archaeological waterlogged wood in the future at this
early medieval site.

Fig. 2. One of the oak (Quercus sp.) piles visible in the turf, M. Aniszewski

Since 2012, archaeological surveys have been conducted in the flood-meadows situated to the north of the gord, on plot number 23/1 in the local land
record [Solecki et al. 2012, 2013, 2014]. One of the main purposes of this
interdisciplinary research project, which combines archaeology, analyses and
conservation of archaeological wood and analyses of the environment, is to
determine the state of preservation and to identify the destructive factors posing
a threat to the relicts of an early medieval wooden structure which is a part of the
communication system of the Czermno settlement complex. The function of this
structure – a pier, a bridge or a causeway – will be determined during the course
of the research. So far, there hasn’t been any excavations of this construction and
its chronology is unknown. The analyzed structure leads from the gord’s gate in
a north-easterly direction and its track is clearly visible on the LIDAR
documentation made for this area (fig. 3).
The state of the preservation of wooden relics depends more on the
environmental conditions in which they were kept until the moment of their
discovery, than on the duration of their deposition in archaeological layers. Of
considerable significance to the speed and scale of decay of wood tissue, is the
type of environment and its oxygenation, moisture, pH value, temperature, the
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Fig. 3. The analyzed structure (area marked in red) visible on Digital Terrain
Model, R. Solecki

presence of microorganisms, and sometimes, seasonal changes in conditions.
The process of wood degradation proceeds more slowly under anaerobic
conditions, occurring in swamps and peatbogs [Kim and Singh 2000;
Aniszewski and Witomski 2013; Hoffman 2013; Broda et al. 2015]. In order to
characterize the types of soils in which the historical construction (a part of the
communication system of the Czermno settlement complex) is deposited,
a pedological survey was carried out parallel to the archeological works. The
level of degradation of the archaeological wood is often evaluated based on
a fairly sophisticated physical, chemical and instrumental analysis – such as the
maximum moisture content, the basic density, the porosity, the wet and dry
volume densities and the content and proportion of structural substances [Florian
1990; Jensen and Gregory 2006; Babiński et al. 2014; Tamburini et al. 2015].
Due to the good state of preservation of the archaeological wood tissue –
class III in De Jong’s classification [McConnachie et al. 2008] – deposited in
near anaerobic layers at the site of Czermno, an attempt was made to obtain
a short fragment of DNA sequence, from samples acquired from the historical
construction under examination. This is because its parameters provide the
possibility for the best preservation of organic relicts and protect them from the
most destructive degradation agents.
Plant remains carry molecular information, the analysis of which can provide
new and substantial information. Molecular methods developed in forensic
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sciences can be very helpful in increasing the effectiveness of work with DNA
from ancient wood samples. However, the degradation process of nucleic acids
over time is inevitable and double strand breaks rapidly reduces the length of the
PCR product [Gilbert et al. 2007]. Jiao et al. [2015] indicates that it is possible to
extract a DNA fragment ranging from 100 bp to 800 bp from samples of about
80 years old, however, it was not possible in archaeological samples (dating
from 3600 year-old wood) using the same protocol. Nevertheless, a short DNA
fragment of 100 bp was successfully amplified from oak wood of approximately
400 years old [Speirs et al. 2009]. An even more spectacular case was described
by Tani et al. [2003], where a DNA fragment of 600 bp was obtained from
a piece of wood from the excavations of a dam. The statistical data show that the
ancient DNA is characterized by a much higher number of transitions than might
be attributed to enzymatic errors [Hansen et al. 2001]. The combining of more
efficient methods of recovery of aDNA helps in understanding the biochemical
basis of damage occurring in aDNA, but this area of research still needs further
exploration and development. The second problem in working with aDNA is
contamination and appropriate controls must also be implemented [Yang and
Watt 2005]. It seems that the best preserved DNA should be found in seeds and
pollen tissue, because of the long-term ability of the survival of these organs but
most of these plant remains, come down from the sediments flotation in water.
The impact of water on the level of DNA preservation is not clear so far,
however, waterlogged wood remains, prove to be a good reservoir of aDNA
[Pollmann et al. 2005]. Furthermore, deciduous oaks are the most commonly
found tree taxa group in Europe, archaeological remains can provide an
important source of information on genetic diversity in the past [Deguilloux et
al. 2006].

Materials and methods
The archaeological works and soils examination
During the archaeological excavations, in the four trial pits, 38 piles arranged in
two parallel rows were discovered. To determine the present state of preservation
and to identify the destructive factors, examinations were carried out on wood
samples taken from the trial pits (W1/2012, W2/2012, W3/2013, W4/2014) to
the north of the gord in various spots on the flood-meadows on plot number 23/1
(fig. 4).
According to the stratigraphy determined in the trial pits, wood samples for
analysis were obtained from seven archaeological layers, the characteristics of
which vary because of differences in the soil type. Soil samples for analysis
were collected from seven morphological layers, which the wooden piles passed
through vertically (fig. 5).
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Fig. 4. Wood samples for examination
were acquired from four trial pits
located in various distances to the
Huczwa river (Sample No 1 – 27 m,
No 2 – 29,5 m, No 3 – 97 m, No 4 –
20 m), R. Solecki

Fig. 5. Archaeological section in one of the
trial pits with seven morphological layers
visible, R. Solecki

The particle size distribution of the mineral layers was derived from tests
using a laser diffraction particle size analyzer – Mastersizer 2000. The total
nitrogen content was analyzed using a vario MACRO cube CN apparatus. To
indicate the percentage of humus content in the morphological layers, the Tiurin
method was used. The total carbonate (CaCO 3) was determined using the
Scheibler calcimeter method. The potentiometric titration in aqueous solution
technique was used for measuring the soil pH value in a ratio of 10 g of soil to
25 g solution.
Molecular methods
To verify the possibility of amplified DNA in samples from the conducted
excavations, a pilot molecular study was performed, both in samples taken from
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the ancient wood and from the modern one (as a control). Two kinds of DNA
markers, i.e. the nuclear microsatellites and chloroplast DNA (cpDNA) were
analyzed in four early medieval oak heartwood samples from the archaeological
site of Czermno. Despite of higher polymorphism retrieved from nuclear
sequences of DNA, one chloroplast (cpDNA) locus was investigated. In fact, the
small molecules of plastid DNA are present in many copies in wood; and they
are better preserved from the nuclease activities than long chains of nuclear
DNA [Liepelt et al. 2006]. Total DNA from archaeological wood was isolated
with NucleoSpin® Soil (Macherey-Nagel) with SL2 lysis buffer and without
Enhancer SX. Each analysis of the sample was separate in time and space,
carried out with proper blind controls (sample extraction without DNA added).
To minimize the risk of contamination before each extraction procedure, the
room was sterilized with a UV lamp and the set of pipettes were autoclaved
before the extraction and PCR procedures. In addition, each procedure
(extraction DNA, PCR, sequencing) was carried out in separate rooms. The
amplification of cpDNA marker, located in polymorphic locus trnD-trnT, was
carried out using a primers pair D2T2 [AAC TCC ATT TCT TCC ACT T and
GAT CCA CAT CAT AAC GAA AT] described by Dumolin-Lapègue et al.
[1999] with a total sequence length of 290 bp. The final reaction volumes were
20 μl, containing 10 pmol of each primer, 10 μl Multiplex PCR Kit (Qiagen ®)
supplemented with a sensitive hot-start polymerase, 4 μl of PCR water and 5-15
ng of extracted DNA. The PCR thermal profile was: 95°C for 15 mins followed
by 40 cycles of 30 secs at 94°C for denaturation, 90 secs at an annealing
temperature – 50°C, 90 secs at 72°C for elongation. The cycles ended with
a final elongation of 30 mins at 60°C. In all the tests PCR reaction standard blind
controls (PCR reaction without DNA added) were performed in thermocycler
PTC-200™ Programmable Thermal Controller (MJ Research, Inc.), including
controls from the extraction step. The PCR products were cleaned up with the
Clean-Up Kit (A&A Biotechnology) and sequenced from both primers on ABI
3500 Genetic Analyzer (Applied Biosystems) with a standard manual.
Sequences were proofread and checked in BioEdit software ver. 7.2.5 [Hall
1999]. For all four samples, all the steps including extraction, amplification and
sequencing were performed twice.
For ancient wood samples, a PCR for eight microsatellite loci, dedicated to
the oak species was also performed [Dow et al. 1995; Steinkellner et al. 1997;
Kampfler et al. 1998; Muir and Schlötterer 2005]. All loci were amplified in one
PCR multiplex reaction in a total volume 10 μl, containing 10 pmol of each
primer, 5 μl Multiplex PCR Kit (Qiagen ®) and 5-15 ng of DNA in the following
thermal profile: 95°C for 15 mins followed by 35 cycles of 30 secs at 94°C for
denaturation, 90 secs at a 50°C, 90 secs at 72°C for elongation. Samples were
genotyped on an ABI 3500 Genetic Analyzer (Applied Biosystems) and read in
Genemapper® ver. 5 (Applied Biosystems, USA).
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Additionally, two modern oak samples (Quercus robur L., labelled A and B)
from the same area, were analyzed for the analogous DNA fragments, i.e.
chloroplast locus trnD-trnT and eight nuclear microsatellites. Extraction of total
DNA from these samples was performed using the NucleoSpin ® Plant II kit
(Macherey-Nagel), following the manufacturer’s protocol except for some small
modifications. The volume of the three buffers was changed: 600 μl 266 of PL2,
150 μl of PL3 and 900 μl of the PC buffer were used. The conditions for
sequencing a trnD-trnT fragment and genotyping microsatellites were the same
as those for the four ancient wood samples, except the reduced number of PCR
cycles (for 35) in the case of the trnD-trnT marker.

Results and discussion
Soils classification
According to the agricultural soil map developed for this region by the Institute
of Soil Science and Plant Cultivation, flood-meadows situated to the north of the
gord are located within the outline representing muck-peat soils [Agricultural
soil map, Archive of ISSaPC Puławy]. In the course of in situ and laboratory
analyses, the following soils, according to Polish Society of Soil Science
classification [Polskie Towarzystwo Gleboznawcze 1989], have been indicated
in their stratigraphic order – high mucked layer of peat muck horizon (Mt1 III),
medium mucked layer of peat muck horizon (Mt2 II), anthropogenic mineral
layer of loose sand texture classes (D1an.), an anthropogenic mineral layer of
loamy sand texture classes (D2an.), fossil organic mud layer which contains
small snails and mussel shells (Om-ca-b), a fossil layer of weakly decomposed
reed peat of the fibrous structure (Otnisz-bR1) and a fossil layer of calcareous
gyttja (Ogy-ca-b). The table below presents the laboratory results of the
pedological survey carried out on the flood-meadows (tab. 1).
Historical wood examination
The microscopic images unambiguously determined that the samples extracted
from the construction elements were waterlogged oak wood (Quercus sp.,
fig. 6).
Its colour, ranging from dark brown to almost black is the result of tannins
contained in the wood reacting with water soluble iron compounds derived from
the environment of deposition [Krutul et al. 2010; Mańkowski et al. 2013]. In
the microscopic images (under an Olympus BX41) of the transverse cross
sections, a ring-porous structure with an arrangement of large vessels in the
earlywood and small ones in the latewood zones are visible. The most
characteristic trait of this species is the presence of very wide rays which are
clearly visible in the analyzed samples, prepared from the heartwood zone
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Table 1. The results of the pedological survey carried out in a trial pit located on
plot number 23/1
Silt
Sand
Total Organic
Clay
[%]
[%]
N
carbon
[%]
0.052.0< 0.002 mm
-0.002
mm
-0.05 mm
%

CaCO3

Morphological
layer

Approx.
depth
[cm]

Soil
classiffication
[PTG 1989]

Mt1 III

0-20

high mucked
layer of peat
muck horizon

n.o.

n.o.

n.o.

1.08

20.36

n.o.

7.0

Mt2 II

20-30

medium
mucked layer
of peat muck
horizon

n.o.

n.o.

n.o.

1.92

33.22

n.o.

6.5

D1an

30-50

anthropogenic
mineral layer

95.4

4.6

0

0.21

2.54

n.o.

7.0

D2an

50-100

anthropogenic
mineral layer

76.1

22.8

1.1

0.26

4.69

n.o.

7.5

Om-ca-b

100-130

fossil organic
mud layer

n.o.

n.o.

n.o.

1.80

41.67

33.44

7.5

Otnisz-b

130-220

fossil layer
of weakly
decomposed
reed peat

n.o.

n.o.

n.o.

3.23

75.61

n.o.

7.0

Dgy-ca-b

< 220

calcareous
gyttja

n.o.

n.o.

n.o.

0.77

14.48

41.80

8.0

pH
H2O

Fig. 6. The microscopic image of one of the piles with clearly visible oak wood
(Quercus sp.) characteristics, A. Jankowska
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[Wagenführ and Scheiber 1974]. The results of the microscopic identification of
wood genus were also confirmed during the DNA analyses. Absolute dating,
which can be provided by dendrochronology, was unobtainable due to the small
cross sections of the piles (samples from trial pits – W1/2012, W2/2012,
W3/2013) and a deficiency of the proper amount of tree rings (fig. 7), making it
impossible to match the ring sequences with a dendrochronological local scale
and obtaining certain results [Aniszewski et al. 2015]. A readable sequence of
growth rings of suitable length (at least 30 rings) is required for dating wood
with the dendrochronological method [Zielski and Krąpiec 2009]. The sequence
of 101 growth rings which was obtained from the pile located in trial pit
W4/2014 was impossible to match with a dendrochronological local scale.

Fig. 7. Cross section of one of the piles obtained from the remains of the historical
construction (trial pit W1/2012), P. Kobek

Therefore, selected fragments collected from the piles have been dated using
the radiocarbon method [Documentation in the Archive of LDB]. The table
below presents the achieved results (tab. 2).
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Table 2. List of calibrated radiocarbon dates obtained from oak piles
Trial pit number

Sample number

Wood species

Construction
element

Period

W1/2012

MKL-1416

oak

pile

975-1155 calAD
probability 95.4%

W2/2012

MKL-1629

oak

pile

1021-1155 calAD
probability 95.4%

W3/2013

MKL-1841

oak

pile

1038-1213 calAD
probability 95.4%

W4/2014

MKL-2373

oak

pile

776-982 calAD
probability 95.4%

The oldest radiocarbon date was obtained from sample MKL-2373 which
was taken in trial pit W4/2014. The indicated period between 776-982 calAD
confirms the chronology of the archaeological site of Czermno from The
Russian Primary Chronicle. The subsequent dates suggest that the construction
was systematically repaired and lasted until the beginning of the13th century.
The obtained chemical and physical test results of historical wooden piles
acquired from the northern flood-meadows indicate, that the state of preservation
of the wood depends on the localization of trial pits in the area of archaeological
recognition and varies depending on the conditions occurring in the individual
stratigraphic layers. The most degraded sections of the construction elements
were derived from the turf as well as from the high and medium (Mt1 III, Mt2 II)
mucked layers of the peat muck horizon. Nonetheless, various physical and
chemical parameters of the archeological oak wood under examination, taken
from near-anaerobic layers of reed peat (Otnisz-bR1) and calcareous gyttja
(Ogy-ca-b) did not diverge substantially from the values determined for modern
material of this species, available in written sources [Fengel and Wegener 1989;
Hoffman and Jones 1990]. This resulted from the deposition of the wood in an
environment which preserved it from the most destructive degradation agents. In
the near-anaerobic morphological soil layers, such as peat and gyttja, the wood
tissue becomes degraded mainly through erosion, tunneling and due to the
interference of cavitation bacteria. This process of deterioration proceeds very
slowly and results in the gradual decline of cellulose and hemicelluloses content
[Björdal et al. 1999; Blanchette 2000; Kim and Singh 2000; Helms et al. 2004].
DNA sequencing and genotyping
The analysis of trnD-trnT locus resulted in one sequence of 267 bp length of
chloroplast DNA, obtained in one (originating from trial pit W4/2014) of four
historical samples (fig. 8).
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Fig. 8. Alignment of trnD-trnT sequences in two modern (A and B) and one
archaeological sample (No 4) of oak wood (Quercus sp.), A. Tereba

The three remaining samples of historical wood failed in both sequencing
and genotyping procedure. One sequence from historical wood sample was
successfully aligned in BioEdit software, and the sequence was compared in the
NCBI Blast database, indicating the Quercus genus. In this sequence, the 12
(from 267) nucleotide positions were unreadable, which may be related to PCR
or sequencing errors.
In the case of microsatellite markers amplified in the wood sample No 4,
only five out of eight tested loci were detected (tab. 3). This indicates the
possibility of obtaining molecular data for short nuclear microsatellite fragments
(up to 229 bp) in ancient wood. For aDNA studies, most DNA targets don’t
exceed 300 bp [Schlumbaum et al. 2008]. Similar studies based on nuclear
markers and chloroplast trnL-trnF markers were useful in identification to the
genus level of waterlogged Prunus fruits stones [Polleman et al. 2005].
Aberrations in the DNA molecules occurring in historical wood samples are the
main obstacle to achieving a good DNA profiling in the laboratory. During aging
the DNA molecules are prone to the degradation mainly caused by UV
irradiation and reactive oxygen molecules [Watson and Riha 2011]. In our study,
we can presume that the above factors are relatively absent in oak samples stored
under water. However, the principal source of age-dependent DNA damage can
be due to the hydrolytic activity of the cell-intrinsic nucleases maintaining their
enzymatic activity at the very low level in anaerobic conditions.
Many findings confirm the usefulness of the phylogenetically meaningful
sequences for the archaeobotanical study of the wooden species. In the present
report, the analysis of two samples of modern oak wood resulted in two full
sequences of chloroplast trnD-trnT fragments (fig. 8) and the genetic profile
based on the studied nuclear loci (tab. 3). None of five microsatellites alleles
identified in ancient sample No 4, did not match the alleles found in two modern
samples A or B.
Analyzing the DNA of oak from ancient and modern wood, Dumolin-Lapègue et al. [1999] indicated an occurrence of indels and substitutions in the
trnD-trnT chloroplast marker in France. In our study, no indels between the
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ancient wood sample and the two modern ones (A and B) occurred. Moreover,
the sequence of trnD-trnT chloroplast DNA in the ancient sample No 4
contained a specific motif of ten (A)10 nucleotides, previously described by
Deguilloux et al. [2003]. According to these authors, such a motif is
characteristic for following a, b, f and i haplotype variants, mainly present in
oaks from the central Europe. Taking into account that all three sequences
(obtained in samples No 4, A and B) from the Czermno were identical (except 12
unreadable nucleotides) we can presume that the wood used to build the
medieval wooden structure in the Czermno is originated from the central region
of Europe.
Table 3. Genetic profile of the analyzed oak (Quercus sp.) sample based on 8
nuclear DNA markers alleles length expressed in base pairs
Material
type
4

Marker
(ZAG7)

historical
141;141
DNA

Marker
(ZAG9)

Marker
(36)

Marker
(MSQ13)

Marker
(ZAG20)

Marker
(MSQ4)

Marker
(102)

Marker
(ZAG110)

n.a.

70,86

n.a.

161,161

n.a.

100,144

229;229

A

modern
DNA

127;133

184;190

64;80

216;216

165;167

204;210

112;118

203;205

B

modern
DNA

133;133

190;194

74;74

216;222

167;175

200;212

110;118

201;201

Based on the presented data, we can sum up that at least one ancient sample
of oak originating from trial pit W4/2014 was successfully identified to the
genus level. This wood sample was the most predisposed to the molecular
investigation probably because of the smallest content of PCR inhibitors and the
less degraded DNA structure. The success of microsatellite marker amplification
in this one historical sample is promising from the perspective of population
analysis in future research. However, further conclusions and recommendations
are likely to arise after the analyses of the greater numbers of samples obtained
from the Czermno early medieval wooden construction.

Conclusions
Soil samples for analysis, according to the stratigraphy determined in the trial
pits, were collected from seven morphological layers, which the wooden piles of
historical construction passed through. Parameters of the archeological oak
wood under examination, taken from near-anaerobic layers (reed peat and
calcareous gyttja) did not diverge substantially from the values determined for
the modern material of this species, from written sources [Fengel and Wegener
1989; Hoffman and Jones 1990]. Nevertheless, despite the good state of
preservation (class III in De Jong’s classification made for archaeological oak) it
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was possible to obtain well preserved DNA sequences for only one historical
sample (No 4), which was collected from the trial pit located closest to the
Huczwa River (W4/2014), radiocarbon dated to 776-982 calAD. The proximity
to the riverbed during the deposition in the soil/archaeological layers provided
the most stable environmental conditions and probably hindered the penetration
and accumulation of chemical substances in the historical wood. The analysis of
DNA from a wood sample as old as 1000 years shows that wood remains, could
be a good reservoir of molecular information [Liepelt et al. 2006]. However,
amplification of nuclear markers in a historical sample could be more
problematic as in cpDNA. Additionally, targets are more susceptible to error due
to polymerase slippage or advanced DNA degradation processes.
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VARIABILITY OF DRY FILM THICKNESS OF A COATING
APPLIED BY ROLLER COATER ON WOOD IN A REAL
INDUSTRIAL PROCESS

This study investigates variation in the dry film thickness (DFT) of a coating
applied by roller coater on the surface of wood in real industrial conditions on
a UV finishing line. It was examined how DFT is influenced by the temperature of
the liquid top coating, the position of the sample on the conveyor, and the position
of the measurement point along the length of the sample. The three-way
interaction between the temperature of the liquid top coating, position on the
conveyor and position along the sample did not have a statistically significant
impact on DFT. However, an increase in the temperature of the liquid top coating
(from 24.1 to 24.8°C) caused a decrease in the viscosity of the coating and
a significant reduction in DFT when samples were positioned closer to the coating
supply hose or in the middle of the conveyor. When the temperature of the liquid
top coating was lower, the variation in DFT at different positions across the
conveyor was not significant. A higher temperature of liquid top coating led to
significantly smaller DFT for samples closer to the supply hose and in the middle,
compared with those further from the supply hose. It was also found that DFT was
greater at the forward end than at the back end of a sample.
Keywords: wood, coating, roller application, UV finishing line, temperature of
liquid top coating, dry film thickness of coating, position on
conveyer, length of sample

Introduction
The dry film thickness of the coating (DFT) is one of the most important
properties of a coated wood surface. The importance of DFT is reflected in its
impact on almost all of the properties of the coated wood surface: adhesion
[Gurleyen et al. 2017]; scratch resistance [Jaić et al. 2010; Keskin et al. 2010;
Banecki 2011]; hardness [Alimam et al. 2016; Gurleyen et al. 2017]; hiding
power [Franco and Graystone 2009; Goldschmidt and Streitberger 2007];
leveling ability, coating permeability [Franco and Graystone 2009]; moisture
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DŽINČIĆ (igor.dzincic@sfb.bg.ac.rs), Aleksandra ŠUĆUR (saskasucur@yahoo.com),
University of Belgrade, Faculty of Forestry, Serbia; Jovan DOBIĆ (jovan.dobic@
tarkett.com), R&D BU Wood, Tarkett d.o.o, Bačka Palanka, Serbia

154

Tanja PALIJA, Milan JAIĆ, Igor DŽINČIĆ, Aleksandra ŠUĆUR, Jovan DOBIĆ

uptake [Gupta et al. 2016]; resistance to abrasion [Jaić et al. 2010; Jaić and
Palija 2013; Keskin and Tekin 2011]; resistance to cold liquids [Jaić and Palija
2013]; resistance to dry and wet heat; water repellency, preservative leaching,
surface checking of wood [Nejad 2011]; gloss [Fletcher 2002; Gupta et al. 2008;
Palija et al. 2014]; indoor air pollution [Stachowiak-Wencek et al. 2014]; etc.
For this reason, it is necessary to achieve sufficient and uniform DFT on the
wood surface. Conventional coatings are applied in liquid state on the wood
surface, and DFT is governed by the solid content and the spreading rate of the
coating [Franco and Graystone 2009]. The application process affects the
spreading rate as well as the uniformity of the applied quantity of coating across
the surface of the object. The main advantage of mechanical over manual
application processes is the uniformity of the coating film on the surface of the
object. When the DFT is small, it is especially important to apply an equal
quantity of coating across the surface to ensure total coverage of the substrate or
of the previous layer of coating. Accordingly, most industrial coating application
processes will use several layers to build the desired total thickness of dry film.
Roller coaters are used to apply coating materials on flat surfaces with high
transfer efficiency and high productivity. The quantity of applied material varies
from a few grams per m2 to about 100 g/m2 (depending on the construction of
the coater). They are particularly suitable for the application of radiation curing
products, as their high viscosities and solid content allow the achievement of
good results in terms of film thickness and surface homogeneity [Franco and
Graystone 2009]. Roller application is especially suitable for the finishing of
parquet boards, where it is possible to set up several roller coaters in a line,
followed by ultraviolet (UV) lamps, and to achieve complete finishing of
multiple layers of coating within a few minutes or less. The application rate is
adjusted by means of the distance between the applicator and dosing rollers and
their speeds, as well as the conveyor speed and the viscosity of the coating
material. If the conveyor speed and the speeds of rotation of the rollers are
constant, the application rate is controlled by adjusting the distance between the
applicator and dosing roller, with the viscosity of the liquid coating fixed at an
appropriate value. However, for finishing on a real industrial production line, the
viscosity of the liquid coating is maintained within a certain range and
periodically checked. Since the friction between the applicator and dosing rollers
generates heat [Bonner 2014], roller coaters are often equipped with a cooler
unit that regulates the temperature of the dosing roller to ensure small variation
in the temperature and viscosity of the liquid coating. In addition, the
temperature of the liquid coating can be adjusted by heating the reservoir of
coating material. However, the temperature varies to some extent, and this is
reflected in the viscosity of the liquid coating and can also affect the applied
quantity of coating material and DFT [Bonner 2014; Klumpp n.d.].
The aim of this research was to determine whether variation in the
temperature of the liquid top coating applied by roller coater on a UV finishing
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line in real industrial conditions affected the DFT. In addition, for determined
temperatures of liquid top coating, an examination was made of the uniformity
of DFT along the width of the conveyor and the length of a sample.

Materials and methods
The study used 12 samples of three-layered engineered flooring with dimensions
(l × b × d) 2280 × 198 × 14 mm. The upper (visible) layer of the samples was
made of oak wood (Quercus robur L.) in the form of lamellas from tangential
and radial cuts, arranged according to esthetic characteristics.
Sanding of samples and the application and curing of a UV-acrylic coating
were performed on an industrial UV finishing line, consisting of:
- a sanding machine (for preparation of the samples);
- roller coaters (for application of the coating in layers);
- UV lamps (for curing of the coating after application of each layer);
- a sanding machine (for intermediate sanding of the coating).
Preparatory sanding of the samples was carried out with a wide-belt sanding
machine (LSM 8, Heesemann, Germany) using abrasive belts with grit sizes
P60, P80, P100 and P120. The sanding speed was set to 20 m/s, the conveyor
speed was 16 m/min, and the sanding pressure was 6 bar.
Four layers of a transparent base coating material (IS 485 OR 124 sealer,
Akzonobel) and one layer of a transparent top coating material (IL 485 OR
LACK CLASSIC B, Akzonobel) were applied on the sanded surfaces of the
samples using a separate roller coater for each layer of the coating (fig. 1).

Fig. 1. Roller coater for application of top coating layer
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The roller coaters (fig. 2) consist of a steel applicator roller covered with 20
Shore rubber, with direct rotation, and a steel dosing roller with the reverse
direction of rotation. The speeds of the applicator and dosing rollers were set
to16 m/min and 1 m/min respectively. The cooler unit (gwk Gesellschaft Wärme
Kältetechnik mbH, Germany, model Weco 06 KLE) was used to maintain the
temperature of the dosing roller by means of cold water passing along the central
axis of the roller.

Fig. 2. Schematic illustration of the parts of the roller coater and positions of
samples on the conveyor belt

The application rate of the coating material was set from 11 to 20 g/m 2,
depending on the layer (table 1). The layers of the coating were cured by passing
the coated samples through UV units (TRUV, Bürkle, Germany) under mercury
(K 490 621, Bürkle, Germany) and gallium (K 491 842, Bürkle, Germany) UV
lamps. Both types of UV lamps had different input powers, according to their
position on the line (table 1). Intermediate sanding of the coating was performed
following the application and curing of the first and the fourth layer of coating,
using the wide-belt sanding machine with abrasive belts with grit sizes P180 and
P240 respectively.
The temperature of the liquid top coating was measured using an infrared
thermometer (model MS6530, Sinometer Instruments Manufacturer, China) at
the discharge plate of the roller coater. The discharge plate is used to drain
surplus material, which has not been applied to the surfaces of the samples, to
a reservoir. The temperature of the liquid top coating was recorded during the
production process.
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Table 1. Application rate and type and input power of UV lamps for different
coating layers
Number
of coating
layer

Average
application rate
(g/m2)

1.

Number, type and input power of UV lamp
1st position1

2nd position2

3rd position3

18

1x Hg UV lamp4
(60 W/cm)

/

/

2.

20

1x Ga UV lamp5
(80 W/cm)

1x Hg UV lamp
(100 W/cm)

1x Hg UV lamp
(100 W/cm)

3.

12

1x Ga UV lamp
(100 W/cm)

1x Hg UV lamp
(100 W/cm)

1x Hg UV lamp
(110 W/cm)

4.

11

1x Hg UV lamp
(80 W/cm)

/

/

5.

11

1x Ga UV lamp
(100 W/cm)

1x Hg UV lamp
(110 W/cm)

1x Hg UV lamp
(110 W/cm)

1,2,3

By distance from corresponding roller coater.
Hg UV lamp – mercury UV lamp.
5
Ga UV lamp – gallium UV lamp.
4

The viscosity of the liquid top coating was measured by an efflux method,
using a DIN dip cup with 4 mm orifice (Byk-Gardner, Germany) in accordance
with DIN 53211:1987. The value of the viscosity of the liquid top coating was
expressed as the mean value of two measurements.
Based on the recorded temperatures of the liquid top coating, two groups of
samples were identified. Each group consisted of 6 samples of the engineered
flooring, 2 for each positon on the conveyor belt: left, middle and right (fig. 2).
DFT was measured by an ultrasonic gauge (model PosiTector 200 Series,
DeFelsko, USA) without destruction of the coating, in accordance with EN ISO
2808:2011. For each sample 9 measurements of DFT were made (at 2 cm,
160 cm and 226 cm from the forward end of the board; fig. 3). For each
temperature and each position on the conveyer (left, middle or right)
18 measurements of DFT were made, making 54 measurements for each
temperature, and 108 measurements in total.

Fig. 3. Positions of DFT measurement points along the length of a sample
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Statistical analysis of the results was performed with IBM SPSS Statistics 21
software, using descriptive statistics and analysis of variance (three-way
ANOVA). The principle of ANOVA is based on the F statistic, which calculates
the ratio of the variability between the variables being compared (systematic
variance) and the variability within variables (unsystematic variance, referred to
as error). Three-way ANOVA was used to test the effect of each variable
(temperature of liquid top coating, position on conveyer and measuring position
along the length of the sample) on DFT, as well as to identify any significant
interaction effect between variables. The assumption of normality of DFT results
was assessed for all possible combinations of observed variables (a total of
18 groups) using the Shapiro-Wilk test, and the homogeneity of variances was
assessed using Levene’s test of homogeneity of variance. When the interaction
effect between variables was statistically significant, a simple main effect
analysis was performed using all simple pairwise comparisons with a Bonferroni
adjustment applied. For variables that were not involved in statistically
significant interaction, main effect analysis was performed. When ANOVA
showed a statistically significant difference between sample groups in the simple
main effect and main effect analysis, a Tukey HSD post-hoc test was applied. All
tests were performed at a confidence level of 95% (p < 0.05).

Results and discussion
Table 2 shows the results of measurements of the temperature and viscosity of
the liquid top coating during the application process, for the defined groups of
samples.
Table 2. Temperature and viscosity of the liquid top coating
Group of samples

t
(°C)

Viscosity by efflux method with
DIN dip cup (4 mm)
(s)

I

24.1

18.6

II

24.8

17.0

The results showed that an increase in the temperature of the coating caused
a decrease in the viscosity measured by efflux time, which was expected [Šućur
2013].
Table 3 shows the descriptive statistics of DFT for the groups of samples.
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Table 3. DFT depending on temperature of liquid top coating, position on the
conveyor and measurement position along the length of the sample
Group of
samples

Position on
conveyer

Left

I
(t = 24.1°C)

Middle

Right

Left

II
(t = 24.8°C)

Middle

Right

Position
along length
of sample
(cm)

DFT (μm)
mean

Min

Max

Sd

S2

2

78.3

72

89

7.6

57.5

160

78.8

68

89

7.9

63.0

226

69.3

65

73

3.3

10.7

2

78.2

74

81

2.7

7.4

160

75.7

74

79

2.0

3.9

226

75.5

73

79

2.2

4.7

2

79.5

73

85

4.3

18.3

160
226

77.5
75.3

68
69

89
85

7.0
6.2

48.3
37.9

2

76.3

70

89

6.9

47.9

160
226

71.0
67.3

66
64

76
73

4.0
3.6

16.0
12.7

2

70.3

61

77

5.6

31.1

160
226

67.2
66.3

64
62

70
70

2.0
3.3

4.2
10.7

2

77.2

64

86

8.4

69.8

160
226

76.3
79.2

69
70

88
87

8.0
6.6

63.5
43.0

Min – minimum, Max – maximum, Sd – standard deviation, S2 – variance.

As the values of DFT were not normally distributed for all groups of
measurements formed according to the considered variables, a transformation of
the data was performed according to the formula:
DFT transf =

1
DFT +1

(1)

The data for DFTtransf was normally distributed for each group. Basic
descriptive statistics for DFTtransf are shown in table 4.
As regards position on the conveyor, the samples placed in the middle of the
conveyor had the lowest values of standard deviation for DFT and DFTtransf,
regardless of the temperature of the liquid top coating and the measurement
position along the length of the sample. Accordingly, the greatest uniformity of
DFT was achieved for samples placed centrally on the conveyor. The
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homogeneity of variances was not violated, and the results of three-way ANOVA
are given in table 5.
Table 4. Transformed DFT depending on temperature of liquid top coating, position
on the conveyor and measurement position along the length of the sample
Group of samples

Position on conveyer

Left

I
(t = 24.1°C)

Middle

Right

Left

II
(t = 24.8°C)

Middle

Right

Position along
length of sample
(cm)

DFTtransf
(μm-1)
mean

Sd

2

0.0127

0.00115

160

0.0126

0.00126

226

0.0139

0.00131

2

0.0126

0.00044

160

0.0131

0.00033

226

0.0131

0.00042

2

0.0125

0.00067

160

0.0128

0.00111

226

0.0132

0.00103

2

0.0130

0.00107

160

0.0139

0.00078

226

0.0147

0.00074

2

0.0141

0.00117

160

0.0147

0.00044

226

0.0149

0.00073

2

0.0129

0.00145

160

0.0130

0.00128

226

0.0125

0.00104

Sd – standard deviation.

Since ANOVA did not show a statistically significant three-way interaction
between temperature of liquid top coating, position on the conveyer and
measurement position along the length of the sample, two-way interactions were
analyzed. These revealed a statistically significant interaction between
temperature of liquid top coating and position on the conveyer.
An analysis was made of simple main effects of temperature on mean
DFTtransf. The simple main effect of temperature of liquid top coating on mean
DFTtransf was statistically significant for samples in the left position on the
conveyer (F(1.90) = 5.742, p = 0.019) and for samples in the middle of the
conveyer (F(1.90) = 25.337, p < 0.05), but not for samples in the right position
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Table 5. Results of three-way ANOVA for DFTtransf

Factor

Degrees
of freedom
(df)

Mean
squares
(MS)

F
statistic

Sig.
(p value )

Temperature of liquid top coating (A)

1

1.78E-05

18.736

0.000

Position on conveyer (B)

2

7.91E-06

8.327

0.000

2

4.93E-06

5.183

0.007

Interaction (AB)

2

5.87E-06

6.174

0.003

Interaction (AC)

2

4.01E-07

0.422

0.657

Interaction (BC)

4

1.58E-06

1.662

0.166

Interaction (ABC)

4

7.10E-07

0.747

0.563

Error

90

9.50E-07

Total

108

Measurement position along length of
sample (C)

The ANOVA table presents the computed F statistics for each of the independent variables (A, B
and C), the interaction effects of two variables (AB, AC and BC) and the interaction effect of all
three variables (ABC), and their statistical significances (column “Sig.”). There are a total of seven
F statistics (for seven factors), which represent the ratio of the individual mean model sum of
squares (MSM) and the mean error sum of squares (MSE). MSM was calculated as the ratio between
the model sum of squares (SSM) of each factor and the respective degrees of freedom (dfM1). MSE
was calculated as the ratio between the error sum of squares (SSE) and the respective degrees of
freedom (dfE2). SSM reflects differences between the mean of each factor and the overall mean, and
SSE reflects the differences between the measured data and the overall mean that cannot be
explained by the examined model. If p < 0.05, the critical F value for the given degrees of freedom
is lower than the computed F statistic, meaning that the effect of the observed factor is statistically
significant.

on the conveyer (F(1.90) = 0.005, p = 0.946). The significantly lower values of
DFT (corresponding to higher values of DFTtransf) in the samples in group II
indicated that with an increase in the temperature and a decrease in the viscosity
of the liquid top coating (table 2), the applied quantity of the coating material
decreased. This result is in agreement with recommended guidelines for the
adjustment of parameters on the UV finishing line to ensure the homogeneity of
the applied coating [Bonner 2014; Klumpp n.d.]. An increase in the temperature
of the liquid top coating did not affect the DFT of samples on the right side of
the conveyor. This may be related to the distance of the feeding hose, which
1

For each independent variable; for each interaction of two variables and for the interaction of all
three variables.
2
Where k is the number of comparison groups and N is the total number of measurements.
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supplies material to the gap between the application roller and the dosing roller.
As the samples in this group (right position) were furthest from the supply hose,
and at the same time closest to the cooling unit, it is assumed that this
arrangement may reduce the effect of the increased temperature on the coating.
The simple main effect of conveyor position on mean DFTtransf for samples
in group II (t = 24.8°C) was statistically significant (F(2.90) = 14.136, p < 0.05),
but for samples in group I (t = 24.1°C) it was not significant (F(2.90) = 0.365,
p = 0.695). All pairwise comparisons were performed for the samples in group
II. DFTtransf was 0.013 ± 0.001 μm-1 for the samples in the right position on the
conveyor, which was significantly lower than DFTtransf for the samples in the
middle (0.015 ±0.001 μm-1, p < 0.05) and left position (0.014 ±0.001 μm -1,
p = 0.006) on the conveyor. There was no statistically significant difference in
DFTtransf between samples in the left and middle positions. Although the
DFTtransf values were significantly lower for the samples positioned furthest
from the supply hose than for those in the middle or left position, the DFT
values for the samples in the right position were in fact the highest (formula 1).
As regards the position of measurement along the length of the samples, no
interaction was found with the temperature of the liquid top coating or with the
position of samples on the conveyor. Therefore, main effect analysis was
performed. There was found to be a statistically significant difference in
DFTtransf values between different measurement positions (table 5). Tukey HDS
post-hoc analysis showed that DFTtransf was significantly lower at 2 cm than at
226 cm from the forward end of the samples. No significant difference was
found between the central measurement position (160 cm) and the terminal
positions (2 cm and 226 cm) along the length of the sample (respectively
p = 0.215, p = 0.282). The increase in DFTtransf, and accordingly the decrease in
DFT, towards the back end of the sample can be explained by the large length of
the samples, which may result in an uneven supply of the coating material, since
the applicator roller was in contact with the surface of the sample over a distance
of 228 cm. Also, since there was space between the samples along the length of
conveyor (due to technological considerations), the material accumulated in the
space between the applicator and dosing rollers prior to application of the
coating at the forward end of the sample (at 2 cm), giving a slightly higher
thickness of the coating film at the initial position.
The variation in DFT across the width of the conveyor and along the length
of the samples may be related to the temperature profile of the coating material
across the gap between the applicator and dosing rollers. This was observed in
previous research, where the temperature variation of the coating material
exceeded the total allowable temperature tolerance for that material [Bonner
2014]. In addition, the “occupancy” of the application roller depends on the
length of the sample being processed, which affects the variation in DFT along
the length of the sample. Therefore, the uniformity of the application rate of the

Variability of dry film thickness of a coating applied by roller coater on wood...

163

roller coater should not be considered as absolute, but must be observed within
the limits of the technological process. Variation in DFT may lead to insufficient
coverage and protection of the wood surface, which can affect other properties
of the coated wood. Accordingly, it is recommended to make regular checks of
DFT, since the primary purpose of coating thickness measurement is to control
the cost while ensuring adequate coverage [Beamish 2015].

Conclusions
Although roller coating application is often referred to in the literature as
uniform, in real industrial processes some variation in the dry film thickness of
the coating (DFT) is inevitable. This study has revealed that the most uniform
rate of application of the coating material, expressed by the smallest deviation of
DFT, was achieved when the samples were positioned in the middle of the
conveyor. The position of measurement along the length of the sample was
found to have a significant effect on DFT (based on DFTtransf) when results were
compared from points 2 cm and 226 cm from the forward end of the sample.
Analysis of the two-way interaction effect of the temperature of the liquid top
coating and the position on the conveyor revealed that there was a difference in
DFT (based on DFTtransf) at different temperatures of liquid top coating for
samples in the middle and left positions on the conveyor. At higher temperatures
of liquid top coating (24.8°C) DFT (based on DFTtransf) was higher for samples
positioned on the right than for samples on the left and in the middle of the
conveyor. At a lower temperature of liquid top coating (24.1°C) no significant
difference in DFT (based on DFTtransf) was found among the samples occupying
different positions on the conveyor.

References
Alimam H., Hinnawi M., Alzain K. [2016]: Statistical study evaluation of correlation
between organic coating thickness and three hardness test methods. International
Research Journal 2 [44]: 55-61
Banecki J. [2011]: Comparative studies of furniture lacquer coatings’ resistance to linear
scratching acc. to the method described in TS 15186: 2005. Drewno 54 [185]: 61-80
Beamish D. [2015]: Coating Thickness Measurement. Quality, Sept: 24-31
Bonner M. [2014]: The importance of controlling coating temperature in UV applications.
Saint Clair Systems, Technical report #022714-0902
Fletcher T.E. [2002]: A simple model to describe relationships between gloss behavior,
matting agent concentration and the rheology of matted paints and coatings. Progress in
Organic Coatings 44: 25-36
Franco B., Graystone J.A. [2009]: Industrial wood coatings: Theory and practice. Elsevier
B.V., Amsterdam
Goldschmidt A., Streitberger H.J. [2007]: BASF handbook basics of coating technology.
Vincentz Network

164

Tanja PALIJA, Milan JAIĆ, Igor DŽINČIĆ, Aleksandra ŠUĆUR, Jovan DOBIĆ

Gupta S., Asieleavio J., Kumar V.S.K. [2016]: Studies on effect of coat thickness on the
moisture uptake by a hardwood substrate. Maderas. Ciencia y tecnología 18 [3]: 443-456
Gupta S., Sharma A., Kumar K. [2008]: Effect of different number of coatings on gloss and
in controlling moisture entry into mango wood. Current Science 94 [9]: 1128-1130
Gurleyen L., Ayata U., Esteves B., Cakıcıer N. [2017]: Effects of heat treatment on the
adhesion strength, pendulum hardness, surface roughness, color and glossiness of Scots
pine laminated parquet with two different types of UV varnish application: Maderas.
Ciencia y Tecnologia 19 [2]: 213-224
Jaić M., Palija T. [2013]: The impact of coating type on the abrasion resistance and the
resistance to cold liquids of lacquered surfaces. Proceedings of: International scientific
conference “Wood technology & product design”, Faculty of Design and Technologies of
Furniture and Interior – Skopje Ss. Cyril and Methodius University in Skopje, 16-19
May 2013. Ohrid: 1-9
Jaić M., Dobić J., Palija T. [2010]: Uticaј sistema povrshinske obrade Paulownia Siebold et
Zucc. na mehanichka svoјstva lakirane povrshine (The influence of surface finishing of
Paulownia Siebold et Zucc. on the mechanical properties of lacquered surface). Glasnik
Šumarskog fakulteta 102: 7-23
Keskin H., Tekin A. [2011]: Abrasion resistances of cellulosic, synthetic, polyurethane,
waterborne and acidhardening varnishes used woods. Construction and Building
Materials 25 [2]: 638-643
Keskin H., Atar M., Korkut S., Tekin A. [2010]: Scratch resistance of cellulosic, synthetic,
polyurethane, waterborne, and acid-hardening varnishes used on woods. Industrial Crops
and Products 31 [2]: 219-224
Klumpp W. [n.d.]: Information on Gloss Level Variation and Behavior of UV Coatings
[accessed: 15.9.2017]. Available from: http://www.klumppcoatings.com/uploads/media/
Information_on_Gloss_Level_Changes_of_UV_Coatings_cco.pdf
Nejad M. [2011]: Coating performance on preservative treated wood. University of Toronto
[doctoral thesis]
Palija T., Jaić M., Šućur A., Dobić J. [2014]: The impact of wood properties affected by
sanding on the gloss of lacquered surfaces. Proceedings of: 3rd International Conference
on Processing Technologies for the Forest and Bio-based Products Industries (PTF BPI
2014), 24-26 September, Kuchl/Salzburg: 608-614
Stachowiak-Wencek A., Prądzyński W., Matenko-Nozewnik M. [2014]: Emission of
volatile organic compounds (VOC) from UV-cured water-based lacquer products.
Drewno 57 [191]: 87-97
Šućur A. [2013]: Uticaj nekih faktora na sjaj lakirane površine drveta (Analysis of some
factors that affect the gloss of the varnished wood surface). University of Belgrade
Faculty of Forestry [master’s thesis]

List of standards
EN ISO 2808:2011 Paints and varnishes – Determination of film thickness
DIN 53211:1987 Paints, varnishes and similar coating materials – Determination of flow
time using the DIN flow cup

Submission date: 26.09.2017
Online publication date: 12.09.2018

Drewno 2018, Vol. 61, No. 201
DOI: 10.12841/wood.1644-3985.197.10

Rafael DELUCIS, Rene HERRERA, Rafael MELO, Marcos MULLER,
Jalel LABIDI, Darci GATTO

HYBRID LVL PANELS MADE OF EUCALYPT AND PINE
WOODS DECAYED BY WHITE-ROT FUNGUS

LVL panels have been employed for structural purposes on a large scale,
replacing not only solid wood, but also other materials, due to their high
mechanical properties combined with an ecological appeal. This study aimed to
investigate the degradation which occurred in hybrid LVL panels composed of
pine and eucalypts woods from fast-growing plantations, layered as six different
combinations of five veneers. In order to evaluate the behaviour of the panels
underwater immersion, some samples were subjected to an ageing process
performed prior to mycological tests. For characterization, mass loss,
colourimetric properties (CIELAB method) and Janka Hardness were the used
parameters. The results indicated that the panels made with adjacent eucalypts
veneers were more susceptible to water immersion. The panels made with pine
veneers as cores showed lower hardness. The hybrid panels combined high
durability and good water resistance.
Keywords: wood panels, Trametes versicolour, CIELAB method

Introduction
It is a historical fact that extractivism has caused the depletion of existing native
forests in Brazil. On the other hand, since the 1960s, increasing government tax
incentives have subsidized many plantations of exotic species, resulting in the
current forestry scenario, wherein there is a great area of exotic forests, mainly
of species from the Pinus and Eucalyptus genres.
Initially, the aim of these exotic species plantations was to supply sleepers
for railway industries and charcoal for locomotives. Currently, their main use
occurs in pulp and paper production. However, alternative purposes such as the
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lumber industry and reconstituted wood panels could provide products with
greater added value [Müller et al. 2015; Delucis et al. 2016].
Regarding the production of panels, Laminated Veneer Lumber (LVL) can be
considered a promising alternative, since it allows for the removal of the natural
defects of wood growth, such as knots and irregular grain orientation [Aydin et
al. 2004]. Another positive factor is that these panels do not present defects from
growth stresses and drying, such as cracks and warping [Kiliç 2011; Ardalany et
al. 2013].
LVL is a composite for external use, composed of multiple wood veneers
with thicknesses ranging between 2 and 6.4 mm, which are glued together by
a thermosetting adhesive. In these panels, the fibres of the veneers are preferably
oriented in a lengthwise direction and phenol formaldehyde is the main adhesive
used [Frąckowiak et al. 2014; Melo and Del Menezzi 2014].
Various studies showed that compared to solid wood of a specific species,
LVL panels have more predictable and reliable properties, greater dimensional
stability, higher mechanical properties and durability [Nzokou et al. 2005; Kurt
et al. 2011; Xue and Hu 2012]. Other studies highlighted that, due to the low
energy required for their manufacture, LVL panels could replace materials such
as plastic, steel and concrete [Hashemi et al. 2010; Tenorio et al. 2011].
Various process variables, however, should be considered to obtain qualified
panels, such as the layout position of the veneers. According to Aydin et al.
[2004], from a classification method of the veneers, it is possible to save many
resources because lower-cost veneers can be used and the disposal of
manufactured panels with inadequate properties can be reduced.
Existing studies present few results about the effect of the veneer layout on
the technological properties of LVL panels. Nevertheless, this information is
very useful, as the available veneers in the panels industry present high
heterogeneity due to factors, such as fast growth, genetics and climatic
parameters, among others [Aydin et al. 2004; Müller et al. 2015].
Ozarska [1999] indicated that the mixture of veneers from different species
can be a good strategy for obtaining LVL panels with a good cost-benefit
relationship. The same author, when comparing softwoods with hardwoods, felt
that the former is more susceptible to bonding, but the hardwoods provide
increased strength and structural rigidity to the performed panel. For Ido et al.
[2010], the choice of a hardwood or a softwood is very important for the price of
the LVL panel due to the aesthetic and architectural aspects.
Using the same material as the present study, Müller et al. [2015] evaluated
the mechanical properties of LVL panels with six different combinations of five
veneers glued with Pinus taeda and Eucalyptus saligna by means of flexural
tests. The authors found that the use of three or more veneers of Pinus taeda
harmed the mechanical properties. On the other hand, the bonding between
adjacent veneers of Eucalyptus saligna damages the grip of the panels. The
present study evaluated the same material used in the study by Müller et al.
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[2015] but focused on the biological resistance of these panels when subjected to
accelerated ageing by a leaching procedure and fungal decay using white-rot
fungus Trametes versicolour.

Materials and methods
Wood veneers
Six trees of Eucalyptus saligna and Pinus taeda were selected from
homogeneous plantations overturned at 25 years in southern Brazil, according to
procedure D5536 [ASTM D-5536:2014]. Soon after, baseline logs of 1.3 m in
length which were sectioned, were subjected to a peeling process on a rotary
lathe (spindleless lathe type), yielding veneers with dimensions of 1.3 m ×
3.2 mm (width × thickness). Then, the veneers were radially cut to 0.8 m in
length.
In order to prevent the premature attack of xylophagous organisms, the
veneers were immediately artificially dried at a temperature of 102 ±3°C,
obtaining a moisture content of about 5%. After that, in order to stabilize its
equilibrium moisture content at 12%, the material was placed in a climate
chamber (20°C and 65% RH) according to the recommendations proposed by
procedure D4442 [ASTM D-4442:2016].
In order to reliably select the veneers that best represented the assembled
products, the specific gravity and moisture content were evaluated for each
veneer in accordance with procedure D2395 [ASTM D-2395:2014]. Then, based
on the average values of these parameters, veneers with more disparate specific
gravity and moisture content values and veneers that had visually identifiable
defects were discarded.
Adhesive
The commercially-known Cascophen HL-2080 was used as the adhesive. This is
a phenolic resin, resole type, alkaline in aqueous solution, with a phenol-formaldehyde basis. The resin had a solids content of between 49 and 51%,
a Brookfield viscosity between 400 and 800 centipoises, pH between 11.5 and
13 and gel time between 6 and 9 minutes. Subsequently, a mixture was prepared
with the phenolic resin (100 parts), a commercially purchased micro pulverized
coconut shell as the filler (5 parts), wheat flour as the extender (5 parts), and
water (5 parts).
Manufacture and properties of the LVL panels
The glue application used a glue spread rate of 200 g·m -2. Then, the panel
composed of the veneers was cold-pressed for a period of 60 minutes.
Thereafter, a press was used with 1.4 MPa, with plates heated at a temperature of
135°C for 15 minutes. Finally, the panels with the dimensions of 47 cm × 37 cm
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× 1.6 cm (length × width × thickness) were placed in a climate chamber (20°C
and 65% RH) in an upright position, until stabilization of their moisture content
occurred.
In order to evaluate the effect of the layout of the veneers in the properties of
the panels, the veneers of Eucalyptus saligna and Pinus taeda woods were
combined in six different positions (fig. 1).

Fig. 1. Experimental plan proposed for the combinations between the eucalypt and
pine veneers

Average and standard deviations for physicomechanical properties of the
LVL panels are presented in table 1, based on the apparent density (as ASTM
D-2395), flexure strength and modulus of flexure (both in flatwise position as
ASTM D-3043), which were previously published in Müller et al. [2015].
Table 1. Physicomechanical properties of the six LVL panels before both the
leaching and ageing tests
T1
Apparent
density (kg·m-3)

898 ±2.74

T2
793 ±2.71

T3
778 ±2.33

T4
739 ±2.92

T5
726 ±3.10

T6
639 ±2.97

Modulus of
22385 ±6.44 20804 ±5.88 20367 ±4.14 16489 ±9.22 16384 ±13.5 15270 ±10.0
elasticity (MPa)
Flexure Strength
(MPa)

168 ±10.4

151 ±5.58

146 ±9.23

139 ±11.8

131 ±9.05

100 ±18.8

Leaching test of samples
LVL panels were subjected to weathering cycles based on a modified EN-84
[BS-EN 84:1997] normative. Specimens were placed in separate containers
(12 samples of each type of panel) and fixed with weights to avoid that samples
float. Afterwards, water is poured into the containers until samples were
submerged and a vacuum of 4 kPa for 20 min was applied; then, the water was
renewed with fresh water totaling nine replacements over 14 days. The leached
specimens were stored at 20°C and 50% relative humidity until they were tested.
Specimens were weighed before and after leaching.
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Decay tests
The laboratory test of resistance to fungal decay was carried out according to
a modified EN 113 [EN 113:1996] using specimens of LVL panels (dimensions
= 40 × 25 × 16 mm3) previously leached and then inoculated with the rot fungi
into Petri dishes with a diameter of 120 mm. To compare the LVL panels
between type (six veneers combinations), leaching test (leached and unleached
samples) and decay test (decayed and unexposed samples), five specimens for
each condition were used.
The decay test of LVL panels was performed with the white-rot fungus
Trametes versicolour (L.) Lloyd (TR489). The incubation period was 12 weeks
at 23°C ±2°C and at a relative humidity of 60% ±5% to allow the colonization of
the specimens by mycelium. Afterwards, colonised specimens were carefully
removed from agar plates, taking away the surrounding mycelia of the samples.
Finally, the specimens were conditioned in a climatic chamber at a temperature
of 23°C ±2°C and a relative humidity of 50% ±5% until they achieved a stable
mass.
Mass loss
In order to assess the grade of durability, the initial dry mass (mi) and the final
dry mass after incubation (mf) were determined by oven drying the specimens at
103°C ±1°C. The mass loss (ML) due to a fungal attack of each specimen was
calculated as a percentage of the initial dry mass according to the Equation: ML
(%) = ((mi – mf) / mi) × 100. Where: ML= mass loss (%); mi = mass before decay
test (g); mf = mass after decay test (g).
Colour measurements
Changes in chromatic characteristics of the LVL panels was measured by means
of a portable colourimeter Konica Minolta brand, CR-400 model, configured
with a D45 source light at an observation angle of 2º, according to CIE-Lab
colour space coordinate system L*, a*, and b*. For this procedure, colourimetric
parameters were measured: brightness (L*), green-red (a*) and blue-yellow (b*)
coordinates.
Janka Hardness test
The Hardness of the decayed samples and the healthy group was evaluated in
accordance with the Janka method, using a universal testing machine, EMIC
brand, DL 30000 model. In this test, a crosshead speed of 6 mm·s -1 was used.
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Statistical analysis
All data (mass loss, colorimetric parameters and hardness) were subjected to
multifactorial analysis of variance (MANOVA) tests prior to Fisher tests at
levels of significance of 1% and 5%.

Results and discussion
Mass loss
A comparison between the mass loss averages (fig. 2) indicates the effect of the
combinations between the six wood veneers made of eucalypt and pine led to
specific decay processes, wherein the panels composed exclusively by wood
veneers from the same species (T1 with eucalypt and T6 with pine) underwent
a more prominent influence of the ageing process previously performed by
leaching. Therefore, accounting for all the samples, there were no significant
differences between aged and non-aged samples (F value = 0.43; p > 0.05) nor
between the type of panel (F value = 1.59; p > 0.05).

Fig. 2. Mass loss of both leached and unleached LVL panels after 12 weeks of
exposure to Trametes versicolour fungus

Interesting results between panels combinations were found for the panels
made exclusively with eucalypt veneers (T1), which presented a greater rate of
mass loss up to 13% in a comparison to leached and unleached samples. On the
other hand, the pine panels (T6) presented a much higher decay resistance. This
infers a greater fragility to water contact related to the adhesion of adjacent
eucalyptus veneers. Therefore, the water immersion possibly conditioned the
mass loss levels by leaching of the extractable components from wood, which
mainly consist of phenolic groups, flavonoids and proanthocyanidins [Vek et al.
2013]. According to background studies, there is a consensus about the
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important role of wood extractives in its natural resistance to xylophagous fungi,
mainly due to phenolic and terpene compounds [Shultz et al. 1995; Antwi-Boasiako et al. 2010].
Regarding the hybrid panels (T2, T3, T4 and T5), differences in the mass
loss levels were not evident, in a comparison between the veneers layout nor
leached and unleached samples. Besides that, based on weight loss levels
previously published for Pinus spp. (≈ 50%) and Eucalyptus spp. (≈ 60%) woods
[Vivian et al. 2015], the studied LVL panels presented a greater biological
resistance than the softwood and hardwood themselves when they were decayed
by white-rot fungi.
Colour changes

As shown in figure 3, both the biodegradation caused by a fungal attack
(F value = 149.52; p < 0.01) and that attributed to ageing by leaching
(F value = 9.19; p < 0.01) implied a decrease in the averages for L*,
although the former promoted a more significant effect. In this context,
colour changes in the wood surfaces attributed to water immersion can be
explained by the photochemical reactions which mainly occurred in the
chromophores groups of the lignin [Sandak et al. 2014]. Regarding the
biodegradation, white-rot fungi (like Trametes versicolour) performs an
enzymatic process that affects both the lignocellulosic sugars and lignin.
And hence, leading to changes in physicochemical characteristics of the
wood, represented by noticeable effects on the wood surface, which
becomes greyer and darker [Råberg et al. 2005; Herrera et al. 2015].
In a comparison between unexposed and decayed samples, high decreases in
L* levels were found for panels T1, T2 and T4, which were of 27.66%, 19.32%
and 26.61%, respectively. The same treatments (T1, T2 and T4) also presented
high decreases in L* attributed to the ageing by leaching, which in percentage
values were 13.89%, 19.72% and 12.33%, respectively. This indicates that the
panels made with eucalyptus veneers at the extremities were more susceptible to
surface depreciation. This can be attributed to the higher number of extractives
and some carbohydrates possibly released by the eucalyptus veneers in
comparison to the pine veneers [Lourençon et al. 2016].
Similar to the results discussed about the L* levels, the a* levels indicated
that the panels made with eucalypts veneers placed at the extremities (T1, T2
and T4) showed higher changes in comparison to the others, which were not due
to either the biodegradation (F value = 2.82; p > 0.05) or the leaching testing
(F value = 0; p > 0.05). Therefore, these parameters did not significantly affect
the a* levels. However, the biodegradation mechanism increased the a* levels in
the panels made with pine veneers at the extremities, especially for panels T3
and T6.
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Fig. 3. Colourimetric parameters of both leached and unleached LVL panels after
12 weeks of exposure to Trametes versicolour fungus
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Regarding the b* levels, similar to those discussed about the L* values, the
biodegradation mechanism leads to decreases (F value = 6.63; p < 0.05).
Moreover, similarly to the a* levels, the changes in b* levels were not sensitive
enough to describe changes in wood colour attributed to the leaching tests in an
isolated way (F value = 2.18; p > 0.05). According to Reinprecht and Hulla
[2015], there are a number of competing and sometimes opposing factors that
influence this property, including fungicide or modification agents present in the
wood, the ageing history of the wood before the fungal attack, cellulolytic and
other bio-mechanisms of decay, the degree of decay, the uniformity of decay, the
colour of the fungal mycelia, and the distribution of the fungal mycelia in cells
of wood.
Hardness
Regardless of the position of the different wood veneers, the decayed panels
presented a decrease in their hardness compared to those unexposed, even
though the equilibrium moisture content remained approximately constant
(8-12%) (fig. 4). Similarly, although to a lower degree, there was a decline in
hardness levels attributed to the prior ageing performed by leaching.

Fig. 4. Hardness of both leached and unleached LVL panels after 12 weeks of
exposure to Trametes versicolour fungus

The unleached panels with cores comprised of two or more eucalypt veneers
(T1, T3 and T5) presented higher hardness levels than the others. However, in a
comparison between leached and unleached panels, it was found that the
bonding between adjacent eucalypt veneers was highly suitable to water action.
This also indicates that although Janka hardness is a mechanical test performed
on the wood surface, the obtained results describe mechanisms (interactions in
glue lines between the veneers) which occurred in internal layers of the panels.
This can be attributed to the propagation of stresses through the interfaces of the
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veneers and the cracks formation, since the pull load carried out during the
mechanical test also leads a compressive load, and thus, the overall stiffness
plays an important role. Because of that, the higher the number of pine veneers,
the lower the panel hardness.
Still based on the hardness levels, the aged panels with eucalypt veneers at
the extremities (T1, T2 and T4) presented greater resistance to biodegradation
than the unleached panels made with the same combination of veneers. The
panels made exclusively with pine veneers (T6) presented a low initial hardness,
which was almost unaffected by both the leaching and the decay tests. This also
occurred for the L* changes and can be attributed to diverse influences related to
the non-defined proportion of juvenile and mature woods, the effect of the
leaching tests in wood extractives, the relatively low levels read and the
modified hardness test conditions [Reinprecht and Zubková 2010].
For the panels with pine veneers as side layers (T3, T5 and T6), there is a
sum of the effects related to leaching and decay. On the other hand, for the
panels with eucalypt veneers as cover layers (T1, T2 and T4), both the panels
leached and decayed presented averages between the panels only leached and
only decayed. This indicates a diverse influence of the cover veneers from
different wood species on the mechanical properties of the LVL panels in
hardness.
As before, the hybrid panels (T2, T3, T4 and T5) presented intermediate
properties in relation to the single panels formed only with eucalypts (T1) or
pine (T6) veneers after the ageing process by leaching. In general, LVL panels
with only eucalypts veneers (T1) presented both higher biological resistance and
greater damage underwater action. Therefore, the hybrid panels T2 and T4 may
be recommended for outdoor uses based on both their biological resistance and
adhesion quality.

Conclusions
Although the panels made with the same species (T1 and T6) showed different
mass losses, in a comparison between unexposed panels and those aged by
leaching this parameter behaved as a somewhat useful tool for the evaluation of
LVL hybrid panels subjected to decay tests.
The evaluation by means of colourimetric technique focused on the veneers
used at the extremities, wherein the biodegradation caused higher discolouration
compared with leaching. Colour depreciation was characterized by decreases in
both L* and b* levels for the decayed panels, indicating these two parameters
were most suitable to evaluate LVL panels under decay. Moreover, only L* was
sensitive enough to indicate colour changes attributed to the leaching tests.
Among all the characterization techniques, hardness tests yielded the best
parameter in order to distinguish unexposed panels from both those decayed by
white-rot fungi and those deteriorated by leaching. Furthermore, mass loss
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results were capable of indicating wood decay for comparisons between leached
and unleached single panels (T1 and T6).
Unexposed panels made with eucalypt veneers at the core presented higher
hardness levels, although two or more adjacent veneers of this species formed
glue lines more easily damaged by moisture. Based on their positive
characteristics - adhesion resistance to moisture and high biological resistance –
hybrid panels T2 and T4 appear suitable for outdoor uses.
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CHEMICAL TREATMENT OF RECYCLED PULP FIBERS
FOR PROPERTY DEVELOPMENT:
PART 2. EFFECTS ON OLD NEWSPAPERS

The recycling of paper is an important issue and requires a systematic and
investigative approach. However, it is necessary to scrutinize alternative methods on
the strength of the development of recycled fibres to explore the impact of recycling on
properties of recycled fibres. In this study, it was found that repeated treatments of
recovered fibres with all three chemicals usually enhance their ability to re-swell and
improve bonding potential in fibre networks. This is evidenced by higher water
retention values (WRV) and improved strength properties. The highest WRV value of
2.65 g/g was observed with a 10.0% ethyl acetate treatment in the third recycling
stage, which indicates approximately 660% higher WRV compared with control
samples (0.34 g/g). Measurements also showed that the optical properties of lightness
and the brightness properties of the sheets show variations. However, the highest
brightness improvement of 3.8% was observed at 5.0% ethyl acetate treatment at the
second recycling stage. This level of treatment has also given the highest lightness
value of 73.97, which indicates only 0.54% improvement. The maximum tensile
strength value of 23.89 N·m/g was observed at the third recycling stage with 10.0%
formamide charge. However, this level of treatment also gave the highest burst at
1.50 kPa·m2/g and tear value of 2.88 N·m 2/g, which indicates a 128.2% higher burst
and 176.9% higher tear strengths, compared with control samples, respectively.

Keywords: newspaper, recycling, chemical treatment, ethyl acetate, formamide,
paper strength, tensile, water retention value, optical properties

Introduction
Paper-based products such as news, business, industrial, and packaging papers
are among the paper products tied to a country’s political and economic nature.
However, the level of paper consumption has become an indication of cultural
and civilization development. In recent years, environmental pressure has
contributed considerably to worldwide recycling awareness, and it has driven
lawmakers to make recycling mandatory in many countries. The United States is
one of the leading countries in paper recycling; it is not only a consumer of
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recycled fibres but also an exporter to many European countries that lack virgin
fibre sources [Cathie and Guest 1991; Biermann 1993; Göttsching and Pakarinen
2000].
In typical pulp drying, cellulose and hemicelluloses (polysaccharides) can be
changed from a gel state into a hard and crusty material that will not swell in
water. However, hydrogen bonds or cross-links could be formed between
adjacent microfibrils in dried pulps; this specific condition is usually called
hornification in the literature [Carlson and Lindstrom 1984; Ellis and Sedlachek
1993; Hubbe et al. 2007].
Minor [1994] found that recycled fibres are thinner than those of the neverdried fibres. Wistara and Young [1999] proved that dried fibres with higher
initial swelling capacity have a lower capability to re-swell. It has already been
reported that water molecules can hardly penetrate into microfibrils to swell
them. Upon severe drying, fibres lose free and bound water, which causes them
to shrink [Clark 1978; Nanko et al. 1991; Brancato 2008]. However, the
reduction of swelling was not only due to a change in the fibre polymer
structure. Instead, the closure of larger pores is the most likely origin of the
reduction of the re-swelling ability of dried fibres. Hence, the pores do not reopen upon re-wetting due to a combination of the effects of high surface tension
forces and a subsequent strain-hardening mechanism that welded the pores
[Clark 1978; Wistara and Young 1999; Brancato 2008].
Many studies have explored the increased suitability of recycled fibres for
papermaking. These include various techniques of beating and chemical
treatment during recycling [Clark 1978; Katz et al. 1981; Wistara and Young
1999; Wistara et al. 1999; Hubbe et al. 2007; Bajpai 2014].
Chemical treatment of pulp is a means to increase and regain the bonding
potential of pulp. A number of chemicals have been evaluated for recycled pulps
to improve certain properties. However, the most common chemical used for
improving the bonding potential of pulp is alkaline-based [Clark 1978; Katz et
al. 1981; Wistara and Young 1999; Hubbe et al. 2007; Brancato 2008; Sheikhi et
al. 2010; Bajpai 2014;].
Howard and Bichard [1992] found that bleached pulps (i.e., Kraft) undergo
cross-linking by hydrogen bond formation upon drying, which bring about loss
of swelling ability (hornification), while mechanical pulps (CTMP) show
flattening and flexibilizing and unbeaten bleached pulp undergoes curling.
However, it has been known that high-yield pulps (i.e., mechanical) shrink less
than chemical pulp does upon drying. This is because of the presence of lignin as
an incrusting material between cellulose microfibrils, which prevents direct
contact among cellulose microfibrils when bound water is removed. Thus, lignin
also prevents re-swelling [Bajpai 2014].
Bhat et al. [1991] proposed that alkali treatment affects higher strength
properties than those of just refining; in some cases, the strength properties were
comparable with those of the virgin pulp. It has been well explained that sodium
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hydroxide treatment improves the swelling capacity of dried mechanical and
chemical pulps [Clark 1978; Katz et al. 1981; Wistara and Young 1999].
A number of researchers have proposed that recycling produces different
effects on different types of pulps. Hence, chemical and mechanical pulps show
different recycling abilities [Cao et al. 1998; Wistara and Young 1999; Jahan
2003; Garg and Singh 2004; Bajpai 2014]. Howard and Bichard [1992]
suggested that, unlike chemical pulps, the walls of mechanical pulp fibres are
not extensively delaminated in the wet state. Hornification during drying is
therefore limited and may have little if any, effect on interfiber bonding. It was
proposed that TMP and CTMP pulps showed some increase in sheet density and
tensile strength upon recycling, but CMP exhibited a decrease in density and in
tensile strength [Hubbe et al. 2007; Bajpai 2014], which indicate that different
pulps show different responses during recycling.
It appears that the recycling of lignocellulosic fibres is a complex
phenomenon and requires further investigation. It must be taken into
consideration that the investigations on the methods of strength development of
recycled fibres need to be carried out, along with a systematic approach to
measure the impact of recycling on the strength reduction of recycled fibres.
However, few recycling studies have been conducted on the selected chemicals
and special papers (i.e., newspapers). Thereby, systematic approaches have been
carried out with various types of chemicals on different waste paper substrates to
determine the clear effects on recycling approaches and the chosen methods. The
first part of this study, “Chemical Treatment of Recycled Pulp Fibres for
Property Development: Part 1. Effects on Bleached Kraft Pulps” has already
been published in Drewno [Sutcu and Sahin 2017]. In the second part of this
study, we seek to provide a more fundamental understanding of the properties
and strength development of recycled fibres from newspapers.

Materials and methods
Daily newspapers were supplied from a store and disintegrated in a laboratory-type blender as per standard procedure. The pulps were refined to a PFI mill at
the freeness of 400-450 ml (CSF). The refined pulps were made into hand sheets
following TAPPI standard procedures. The technical properties of newspaper
used in the recycling studies are supplied by a newspaper company, as shown in
table 1.
Chemical treatments were utilized after the disintegration of pulps
(recycling) and were designed to mainly increase the pulp’s swelling capacity.
Ethyl acetate, formamide, and sodium hydroxide were selected for the chemical
treatment of recycled fibres from newspapers to study the effects on swelling
and bonding (strength) of fibres during recycling. All chemicals, with a purity of
99.9% (unless otherwise noted), were purchased from a chemical company. The
chemical treatments were selected to maximize the swelling effects on cellulose
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to improve bonding ability. The detailed selection criteria of the chemicals, hand
sheet preparation, and experimental testing approaches have been given in the
first part of this study.
Table 1. Technical properties of newspaper
Property

Value

Grammage

45 g/m2 (±2)

Bulk

1.55-1.60 cm3/g

Density

0.65 g/cm2

Air permeability

300 ml/min (min.)

Brightness (ISO)

60% (min.)

Opacity

92% (min.)

Surface properties (Bendsten)

70-200 ml/min

CIE, L*

83.7

CIE, a*

-0.45

CIE, b*

5.1

Results and discussion
Figures 1 and 2 show the comparative sheet density and water retention values
(WRV) against chemical concentration and recycling numbers. It can be seen
that sodium hydroxide has an increasing effect at the first recycling stage and
low chemical charge (fig. 1A). Nevertheless, formamide treatments usually
lower the density of sheets up to 7.5% chemical charge and then increase sheet
density (fig. 1B). However, no noticeable correlation was found with ethyl
acetate treatment (fig. 1C). The highest sheet density of 0.32 g/cm3 was observed
at the third recycle stage with 5.0% NaOH treated sheets (5Na 3), which indicates
a 28% higher sheet density at similar recycling conditions of untreated sheets
(N3: 0.25 g/cm3). It was speculated that the reason for the increase in density of
recycled mechanical pulps is probably due to the progressive flattening and
flexibilizing of the stiff, uncollapsed fibres during the recycling stages. However,
the more flexible fibres bond better and give a thinner, denser sheet due to the
recycled fibres containing lignin binding the cell wall matrix.
However, it was also proposed that the fibre walls of mechanical pulps do
not delaminate extensively, even if mildly refined at low consistency, so
recycling would not be expected to cause a significant reduction in swelling
[Howard and Bichard 1992; Bajpai 2014]. In contrast, we found that repeated
recycling effects considerably lower WRV values of fibres. At first, recycled
fibres WRV value of 0.88 g/g was found. However, at the second and third
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Fig. 1. Comparative sheet density against chemical concentration and recycling
number
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Fig. 2. Water retention values (WRV) against chemical concentration and recycling
number
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recycling stages, 0.78 and 0.34 g/g values indicate 11.3% and 61.3% reduction
of WRV according to the first recycled fibres, respectively.
It was also observed that all three chemical treatments usually positively
affect WRV values at a similar recycling stage compared with control samples.
However, formamide and ethyl acetate have a tendency to improve effects on all
three-recycling stages (figs. 2B and C), whereas sodium hydroxide has improved
trends up to the second recycling stage and a 7.5% chemical charge level; then,
further chemical charges and recycling affects some level lowering (fig. 2A).
The highest WRV value of 2.65 g/g was observed with a 10.0% ethyl acetate
treatment at the third recycling stage (10Et 3), which indicates 660% higher WRV
compared with control samples (N3: 0.34 g/g). A number of researchers have
predicted that cellulose fibres having chemical treatments could influence
cellulose-water interactions at some level [Clark 1978; Hubbe et al. 2007; Bajpai
2014]. However, mechanical pulp is considerably different from chemical pulp,
so the recycling effect on those fibres is also different. When chemical fibres
undergo repeated drying and rewetting, they are hardened (hornified) and can
significantly lose their high bonding potential. As previously mentioned, the
recycling of untreated pulp signiﬁcantly reduced water retention value. The loss
of WRV could be due to increased horniﬁcation of the cellulose fibres and/or
loss of hemicelluloses with recycling. The treatment of recycled pulps with
solvents increases the WRVs. It is assumed that the chemical treatment might
influence the cellulose re-swelling properties to some degree in addition to
affecting the physical characteristics (density) of the sheets. It can be
hypothesized that short-chain carbohydrates (hemicelluloses) could be soluble at
the high alkali concentration (10%) that typically occurred (i.e., a “peeling”
reaction) [Clark 1978; Smook 1994; Scott and Abbott 1995]. The results found
in our study with sodium hydroxide and other chemical treatment support this
information.
Table 2 lists the comparative air permeability and optical properties of paper
samples produced from recycled newspaper fibres. However, it appears that the
chemical treatments usually have an effect on lowering lightness and brightness
properties of the sheets, except in a few conditions. The optical properties of
lightness and brightness of sheets presented a variation in the recycled sheets.
The highest brightness improvement was 3.8% according to control (N 2), which
was observed at 5.0% ethyl acetate treatment at the second recycling stage
(5Et2). This level of treatment has also given the highest lightness value of
73.97, which indicates only a 0.54% improvement. However, marginally similar
1-3% reducing lightness values were observed with all three chemical
treatments.
It can be seen that there is no direct correlation between chemical treatment
and recycling stages for the air permeability properties of sheets. The highest air
permeability value of 38.7 (m2/sec) was found at the third recycling stage of
5.0% formamide treated samples (5Fa3). Moreover, no direct correlation was
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observed for air permeability and optical properties of the sheets either. This is
expected, considering the complicated phenomena that occur during the
recycling of lignocellulosic fibres.
Table 2. Physical and optical properties of chemically treated recycled pulps
Trt.

Air Perm.
(m2/sec)

Change
accor. to
(N1-3, %)

Lightness
(%)

Change
accor. to
(N1-3, %)

Brightness
(%)

N1
N2
N3
5Na1
5Na2
5Na3
7.5Na1
7.5Na2
7.5Na3
10Na1
10Na2
10Na3
5Fa1
5Fa2
5Fa3
7.5Fa1
7.5Fa2
7.5Fa3
10Fa1
10Fa2
10Fa3
5Et1
5Et2
5Et3
7.5Et1
7.5Et2
7.5Et3
10Et1
10Et2
10Et3

21.1
22.1
22.4
15.2
15.2
17.5
8.49
14.6
18.2
10.7
13.4
15.7
14.9
28.4
38.7
21.2
22.2
20.4
16.9
14.6
19.4
18.8
27.9
11.3
17.6
14.3
17.3
13.9
13.9
22.3

0
0
0
-27.9
-31.2
-21.8
-59.8
-33.9
-18.8
-49.3
-39.3
-29.9
-29.4
28.5
72.8
-0.5
-0.5
-8.9
-19.9
-33.9
-13.4
-10.9
26.2
-49.6
-16.6
-35.3
-22.8
-34.1
-37.1
-0.4

73.90
73.57
75.25
71.30
72.36
74.48
72.45
73.79
75.87
71.42
73.67
74.82
72.36
73.80
75.25
73.75
74.19
75.84
73.13
73.30
75.17
71.65
73.97
73.82
74.17
73.87
74.55
71.37
72.94
73.96

0
0
0
-3.5
-1.6
-1.0
-1.9
0.3
0.8
-3.4
0.14
-0.57
-2.1
0.31
0.0
-0.2
0.84
0.78
-1.04
-0.37
-0.11
-3.04
0.54
-1.90
0.37
0.41
-0.93
-3.42
-0.86
-1.71

42.49
41.22
42.71
37.97
38.37
41.21
38.74
39.94
41.23
37.13
38.94
40.03
40.49
41.52
42.93
42.42
41.85
43.43
41.39
41.17
42.94
38.75
42.78
41.49
43.53
41.96
41.09
38.96
40.60
41.53

Change
accor. to
(N1-3, %)
0
0
0
-10.6
-6.9
-3.5
-8.8
-3.1
-3.5
-12.6
-5.5
-6.3
-4.7
0.73
0.52
-0.19
1.5
1.7
-2.6
-0.12
0.53
-8.8
3.8
-2.9
2.4
1.8
-3.8
-8.3
-1.5
-2.8

N: control, 1-3: recycling stage; Na: Sodium hydroxide treatment; Fa: Formamide treatment; Et:
Ethyl acetate treatment; 5, 7.5, 10: % chemical charge (based on oven dry pulp).

The comparative mechanical strength properties of sheets manufactured
from recycled fibres with statistical results are given in table 3. They show that
all three strength properties of the sheets decreased at some level as the recycling
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stage increased. It is likely that the cell wall structure undergoes modification in
the recycling stages and negatively affects the bonding potential of the fibres.
These results are in agreement with the results reported on strength properties
for various types of paper by Bajpai [2014] and Hubbe et al. [2007]. However,
the chosen chemical treatments have typically improved the strength of the paper
rather than control samples at a similar recycling stage. In general, all three
chemicals were affected by stopping strength, which decreased at some levels.
Table 3. Strength properties of chemically treated recycled pulps
Trt.

N1
N2
N3
5Na1
5Na2
5Na3
7.5Na1
7.5Na2
7.5Na3
10Na1
10Na2
10Na3
5Fa1
5Fa2
5Fa3
7.5Fa1
7.5Fa2
7.5Fa3
10Fa1
10Fa2
10Fa3
5Et1
5Et2
5Et3
7.5Et1
7.5Et2
7.5Et3
10Et1
10Et2
10Et3

Tensile
Index
(N·m/g)

Change
accor. to
(N1-3, %)

Burst Index
(kPa·m2/g)

Change
accor. to
(N1-3, %)

Tear Index
(N·m2/g)

Change
accor. to
(N1-3, %)

19.79
13.99
10.47
13.91
15.93
14.84
19.14
16.84
19.08
15.44
14.36
14.08
12.66
13.04
15.07
14.34
13.44
22.32
16.56
16.42
23.89
15.69
19.06
15.75
18.69
19.05
20.60
14.63
14.53
16.25

0
0
0
-45.5
13.9
41.7
-3.2
20.4
93.3
-21.9
2,6
34.5
-36.0
-6.8
50.9
-27.6
-3.9
113.2
-16.3
17.4
128.2
-21.3
36.2
50.4
-5.6
36.2
96.8
-26.0
3.9
55.2

1.31
1.09
0.92
0.90
0.93
0.80
1.08
0.92
0.92
1.08
0.93
0.89
0.95
0.97
1.03
1.01
1.03
1.44
0.98
1.07
1.50
0.98
0.98
1.05
1.06
1.11
1.15
0.93
1.03
1.00

0
0
0
-31.3
-14.7
-13.1
-17.6
-15.6
0
-17.6
-14.7
-3.2
-27.5
-11.1
11.9
-22.9
-5.6
56.5
-25.2
-1.8
63.1
-25.2
-10.1
14.1
-19.1
1.8
25.0
-29.0
-5.6
10.0

1.98
1.33
1.04
1.32
1.79
1.41
1.48
1.50
1.71
1.68
1.42
1.35
1.36
1.52
2.06
1.65
2.24
2.66
2.69
2.38
2.88
1.53
1.84
1.56
1.29
1.46
1.33
1.55
1.12
0.91

0
0
0
-33.3
34.6
35.6
-25.3
12.8
64.4
-15.1
6.8
29.8
-31.3
14.3
98.1
-16.6
68.4
155.8
35.9
78.9
176.9
-22.7
38.3
50.0
-34.8
9.8
27.9
-21.7
-15.8
-12.5

N: control, 1-3: recycling stage; Na: Sodium hydroxide treatment; Fa: Formamide treatment; Et:
Ethyl acetate treatment; 5, 7.5, 10: % chemical charge (based on oven dry pulp).
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For the sodium hydroxide treatment, the maximum tensile and tear strengths
values of 19.8 N·m/g and 1.71 N·m2/g were found at 7.5% chemical charge in
the third recycling stage, which indicates a 93.3% higher tensile and 64.4%
higher tear strengths according to control samples. However, this level also gave
a burst strength value of 0.92 kPa·m2/g, which is similar to that of the control
samples (stopping burst decrease). In all other conditions, the burst strength was
decreased at 3.2% to 31.3%. But this is not expected because tensile and burst
strengths have close relations rather than tear strengths. However, tensile and
burst strengths of paper are closely related to single fibre strength, but primarily
on the degree of bonding amongst the fibres network. Although a number of
researchers have already reported a definite relationship between tensile and
burst strengths of paper [Fernandez and Young 1996; Wistara and Young 1999;
Wistara et al. 1999; Bajpai 2014], this information may be partly true only for
other types of paper as realized in this study.
For formamide treatment, it was observed that, except for the second
recycling stage of 10.0% (10Fa2), 17.4% higher tensile strength, all other first
and second recycling stages had no improved effects on the tensile strengths of
the paper. However, it is also realized that the third recycling stage showed
50.4-128.2% improvement for all formamide treatments. The highest tensile
strength value of 23.89 N·m/g was observed at the third recycling stage of 10.0%
chemical charge (10Fa3), which indicated a 128.2% improvement according to
the control (N3). However, this level of treatment also gave the highest burst at
1.50 kPa·m2/g and a tear value of 2.88 Nm2/g, which indicated a 128.2% higher
burst and 176.9% higher tear strengths according to control samples. The results
clearly indicate that all the strength properties of sheets are positively affected
by formamide treatment at certain conditions.
For ethyl acetate treatment, similar results were found for tensile and burst
strengths of sheets. The highest tensile strength of 20.60 N·m/g (96.8%
improvement) and burst strength value of 25.0 kPa·m2/g (25.0% improvement)
were found at the third recycling stage of 7.5% chemical charge, while the
highest tear strength improvement (50.0%) was found at the third recycling
stage, but with 5.0% chemical charge conditions.
It appears that repeated treatments of fibres with ethyl acetate enhance their
ability to re-swell and improve bonding potential in the fibre network. This is
also evidenced by the higher WRV of fibres after ethyl acetate treatments
(fig. 2C).
The dependence of the three important strength properties as a function of
the chemical charge (%) and recycling number are shown in figure 3 (tensile
strength), figure 4 (burst strength), and figure 5 (tear strength), respectively.
For tensile strength, some level of improvement was observed at the third
recycling stage and up to 5.0% concentration with sodium hydroxide treatment
(fig. 3A). However, in most cases, the trend increased tensile strength after the
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Fig. 3. Tensile strength of recycled papers
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Fig. 4. Burst strength of recycled papers
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Fig. 5. Tear strengths of recycled papers
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second recycling at 10% formamide charge (fig. 3B). Moreover, an improvement
was observed up to 7.5% ethyl acetate concentration with an increasing
recycling number, but further ethyl acetate concentration (10%) usually lowered
effects on tensile strength (fig. 3C). These findings clearly suggest that tensile
strength improvement is possible at optimum treatment conditions. Hence,
a different mechanism should control the increased or decreased tensile
strengths. It can be attributed to the re-orientation of microfibrils and a better
alignment of fibres in a sheet network structure that promote additional fibre
bonding sites at certain treatment conditions.
For burst strengths, more or less similar figure shapes (trends) observed that
some level of improvement of burst strength is possible for all three chemicals,
but at specific treatment conditions (fig. 4A-C). Numerous studies have reported
that tensile strength is, in general, linearly correlated with burst strength.
Comparing the burst and tensile strength, it can be seen that all chemicals
demonstrate a similar trend for recovered fibres. The fact that the treatments
were altered and even increased the strength properties, such as burst and tensile,
seems to indicate that other factors are important to the bonding of recycled
fibres, while increases in tear strength are usually reported.
However, considerably different results were observed for tear strengths of
the paper (fig. 5A-C) compared with figures 3 and 4. It can be seen that a
sodium hydroxide concentration of up to 7.5% concentration at first and second
recycling stages have primarily positive effects on improving tear strengths of
paper (fig. 5A). A similar trend was observed for ethyl acetate treatment
conditions (fig. 5C). However, in all formamide treatment conditions, tear
strengths of sheets improved at some level. It is clear that formamide shows
a marked effect on improving the tear strength of sheets. A number of studies
have shown that tensile strength usually behaves contrary to tear strength. This
behaviour is also shown by the treatment of recycled fibres with sodium
hydroxide and ethyl acetate treatment in this study. Fernandez and Young [1996]
proposed that tear strength has a complicated effect in terms of fibre properties.

Conclusions
The recycling of paper-based products is becoming an important issue for
a sustainable environment and economic conditions. However, secondary pulp
(recycled) has also become an important raw material for many papermaking
grades around the world. Many newsprint and tissue grades commonly contain
various levels of secondary pulp. Intensive scientific research has already been
conducted to reveal the benefits of recycled paper.
It has been well explained that some irreversible changes occur during the
recycling of cellulosic fibres. However, in understanding these changes, it is
possible to better utilize recycled fibres in the papermaking industry. The results
of this study indicate that all the liquids used in this study have improved effects
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on re-swelling properties, i.e., the bonding potential of fibres. The addition of
organic solvents (formamide and ethyl acetate) during recycling has been found
to offer advantages that are important for strength improvement compared to
untreated samples. The addition of those chemicals resulted in increased water
retention value (re-swelling) and strength properties.
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