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Florentyna AKUS-SZYLBERG, Andrzej ANTCZAK, Janusz ZAWADZKI

HYDROTHERMAL PRETREATMENT OF POPLAR
(POPULUS TRICHOCARPA) WOOD AND ITS IMPACT
ON CHEMICAL COMPOSITION AND ENZYMATIC
HYDROLYSIS YIELD

This paper focuses on the effect of liquid hot water pretreatment of fast-growing
poplar wood in the context of bioethanol production. The milled Populus
trichocarpa wood with a particle size of 0.43-1.02 mm was pretreated with liquid
hot water method at temperatures range from 160ºC to 205ºC and then was
subjected to enzymatic hydrolysis. The glucose and xylose content in the
hydrolyzates were analyzed with high performance liquid chromatography. On the
basis of results it was concluded, that increase of temperature in the hydrothermal
pretreatment resulted in an increase of glucose and decrease of xylose content.
However, increased temperature of the process led to inhibitor formation.
Keywords: poplar wood, liquid hot water pretreatment, enzymatic hydrolysis,
bioethanol

Introduction
Nowadays due to concerns about environmental, economic and energy factors,
as well as spread of governmental policies restricting extensive exploitation of
traditional fossil fuels there has been increasing interest in new renewable
energy sources. Plant-based biomass is regarded as an innovative sustainable
energy carrier ranked as one of the most promising alternatives for conventional
fossil fuels which have a detrimental effect on the greenhouse gases emission.
What is more, around 200 billion tons of plant-based feedstock every year could
be available [Piotrowski and Wiltowski 2004]. Through bioconversion of such
Florentyna AKUS-SZYLBERG (florentyna_akus_szylberg@sggw.edu.pl), Andrzej ANTCZAK
(andrzej_antczak@sggw.edu.pl), Janusz ZAWADZKI (janusz_zawadzki@sggw.edu.pl),
Institute of Wood Sciences and Furniture, Warsaw University of Life Sciences, Warsaw,
Poland
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abundant material liquid fuels may be procured such as cellulosic ethanol
estimated to potentially limit greenhouse gases emission by 86% [Wang et al.
2007].
Bioethanol can be produced from plant-based biomass through direct
fermentation processes (sugar-cane, beetroot) or hydrolysis and subsequent
fermentation processes (potatoes, corn grain). However, high production costs
and fact that the edible feedstock is used for biofuels manufacturing (which
affects global food prices) causes continuous development in a new generation
of environmentally friendly fuels, which would be more effective economically
and with lower carbon dioxide emission. One source for such so-called second
generation biofuels which is gaining more attention is lignocellulosic biomass
from fast-growing plantation wood species due to their remarkable growth rate,
good adaptability, as well as chemical composition tailored chiefly for energy
purposes [Serapiglia et al. 2013; Antczak et al. 2016; Mota et al. 2017].
Depending on intended energy application different wood properties are
required and suitability of the particular biomass for bioconversion depends on
its chemical composition and structure. Generally, polysaccharides that could be
used as substrate in the bioethanol conversion processes are a major component
of plant cell walls. However, presence of lignin is a limiting factor for bioethnaol
procurement as it hinders the accessibility of cellulose microfibrils to enzymatic
depolymerization. Therefore, genetically modified wood straives to contain less
lignin and more cellulose [Kačík et al. 2012]. Especially fast-growing poplar
wood is praised for high sugar content and productivity [González-García et al.
2012; Yavorov et al. 2014]. Among others poplar Populus trichocarpa wood is
rich with cellulose (52.0-53.0%) and holocellulose (85.4-86.4%) [Antczak et al.
2019]. However, accurate knowledge of chemical composition of the very
particular poplar wood is necessary to maximize the efficiency of the biomass
utilization considering that significant differences in content are noticed even in
terms of species or age of trees [Krutul et al. 2019].
Nonetheless, the chemical components of wood are strongly intermeshed
and bonded with lignin forming the lignocellulosic matrix, which is resistant to
hydrolytic enzymes and results in low digestibility of raw plant-based materials.
Thus an appropriate pretreatment method is required as a necessary upstream
process to increase polysaccharides susceptibility to the enzyme digestion. It is
an essential step to make lignocellulosic biomass fibres (Lignin Carbohydrate
Complex – LCC) more accessible to hydrolysis enzymes and prepare
carbohydrates appropriately for subsequent hydrolysis and fermentation
processes and that can be achieved by lignin removal and increase of the pore
volume [Mosier et al. 2005; Alvira et al. 2010]. In some reports, also decrease in
cellulose crystallinity was considered to influence hydrolysis efficiency
favourably [Sinitsyn et al. 1991], although others described the opposite effect
[Sannigrahi et al. 2010] or no correspondence at all [Kim and Holtzapple 2006].
Nonetheless, that additional pretreatment phase of cellulosic ethanol production
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makes it more expensive than starch ethanol procurement. Therefore, feasible
manufacturing of bioethanol from lignocellulose materials is one of the leading
challenges in biorefinery [Sun et al. 2016].
Pretreatment methods can be distinguished and classified as: physical,
chemical, physiochemical and biological [Świątek et al. 2011]. One of the most
common physiochemical method is liquid hot water (LHW) pretreatment which
could be characterised by high efficiency, low reactor cost and general
simplicity, as well as lack of chemical compounds or catalysts applied during
process. Moreover, low temperature and pH level between 4-6 during
pretreatment assures very limited equipment corrosion and allows to obtain 80%
oligosaccharides and 20% monosaccharides with relatively small amount of byproducts which may be likely to inhibit subsequent enzymatic hydrolysis process
[Li et al. 2014]. In this method hot water is applied under pressure for a certain
period of time in a high temperature environment (from 160°C to 240°C).
Autohydrolysis of acetyl groups contained in hemicelluloses is triggered which
leads to their further separation from cellulose. To date, LHW pretreatment has
been studied in different wooden materials, however it still requires research and
improvement in terms of process parameters [Imman et al. 2018]. Appropriate
method as well as conditions of the pretreatment chosen for a particular biomass
are critical for efficiency of the whole ethanol production process [Alvira et al.
2010].
The hydrolysis process converting the biomass biopolymers to fermentable
sugars could employ two major categories of methods. The first method uses
acids as catalysts, which are corrosive and cause formation of the fermentation
inhibitory compounds [Antczak et al. 2018]. The second method, economically
challenging, uses enzymes called cellulases, which can be produced by both
bacteria and fungi. Cellulases are generally a mixture of several enzymes and at
least three major groups of them may be distinguished: endoglucanase tearing
into regions of low crystallinity in the cellulose fiber, creating free chain-ends;
exoglucanase or cellobiohydrolase deteriorating the molecule further by
extracting cellobiose units from the free chain-ends; β-glucosidase hydrolyzing
cellobiose to produce glucose; additionally there are other supplementary
enzymes that attack hemicelluloses, such as glucuronidase, acetylesterase or
xylanase [Sun and Cheng 2002]. Main advantages of enzymatic hydrolysis are
high efficiency, eco-friendliness, limited temperature of 50-60°C and pH level
between 4.5-5.5. Those mild conditions require limited energy and do not lead to
the formation of inhibitory compounds either to equipment corrosion [Branco et
al. 2018].
The aim of this research was to investigate the effect of the applied LHW
pretreatment method on the 7-year-old fast-growing poplar wood (Populus
trichocarpa) chemical composition as it is crucial criterion when determining
both economical suitability of the feedstock as well as designating the optimum
pathway for its conversion. Especially, suitable method and parameters of the
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pretreatment have to be chosen accurately to that very specific biomass which
was not subject to research so far. Final assessment of the hydrothermal
treatment conditions was based on efficiency of its subsequent enzymatic
hydrolysis. Additionally inhibitory compounds formation in liquid fraction
obtained after pretreatment was analysed in consideration that enzymatic
hydrolysis of pretreated whole slurry, including both pretreated solids and liquor,
will likely be necessary to lower capital and operating costs in the future [Yang
et al. 2011].

Materials and methods
In this study, freshly-harvested, air-dried stem-wood of fast-growing poplar
P. trichocarpa was obtained from experimental field in Wolica owned by the
Institute of Biology, Department of Genetics, Plant Breeding and Biotechnology
at Warsaw University of Life Sciences. The fast-growing poplar, aged 7-year-old, was chipped and milled into particles with dimensions of 0.43 to 1.02 mm.
Furthermore, Cellic CTec2 (Novozymes, Denmark), which is a mixture of
cellulases, β-glucosidases and hemicellulases with density of 1.203 g/cm 3 was
used as a catalyst during hydrolysis.
Previously to actual liquid hot water procedure the intended fraction of raw
material (about 20 g) was treated with distilled water (200 cm 3) aiming to filter
out remaining air. During soaking at 75°C, water stirring was done for 20 min
using a magnetic stirrer. Consecutive the biomass was quantitatively placed in
a stainless steel reactor with the capacity of 250 cm 3 and respective amount of
water was added in order to apply solid to liquid ratio of 1:12.5. Then the reactor
was placed in oil bath that was pre-set and subsequently maintained at 160°C,
175°C, 190°C and 205°C. A thermometer sensor was planted inside the tube
routed through the reactor. Each treatment lasted for 20 min after the load inside
the reactor reached the set temperature and, it was than cooled rapidly to end the
reaction. The solid and liquid fractions were separated by filtration with
a Büchner funnel. Solid was then washed with distilled water until pH reached
7.0, though so that the total amount of liquid in the beaker did not exceed
1.5 dm3, so that the volume of the filtrate is known. Two experiments were
carried out at each given temperature and the obtained yield was blended. Both
neutralized solid and liquid fractions were stored at 6°C until performing
enzymatic hydrolysis and further composition investigations.
Thereafter, both untreated and treated solids were subject to the chemical
composition analysis after drying for 6 h at 105°C. The extractives content was
determined by extraction in mixture of chloroform and ethanol 93:7w/w
following the procedure by Antczak et al. [2006]. Kürschner-Hoffer method
[Kürschner and Hoffer 1929; Krutul 2002] was performed to cellulose isolation
and content determination, while lignin, holocellulose and ash content were
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examined according to PN-92/P50092 standard. Each sample was analyzed in
triplicates and single standard deviations were calculated.

Enzymatic hydrolysis
To assess the enzyme digestibility of the treated poplar and determine the sugar
content, the hydrolysis procedure was performed in triplicates for each material.
Untreated biomass was taken through the same procedure as a reference. All the
samples used were wet as collected from previous treatment phase with known
moisture content. The specimens were weighed in 10 cm 3 sealed screw-capped
test tubes with cellulose concentration of 1% w/w. Subsequently 5 cm 3 of
a 0.1 M citrate buffer solution at a pH of 4.8 and 0.1 cm 3 of a 2% sodium azide
solution, preventing micro-organisms growth, were added to each sample. Then,
distilled water was added in amount that was calculated so that that the total
volume of the solution was 10 cm3.
Furthermore, 0.333 cm3 of the 25% v/v enzyme solution was injected into
each test tube (0.1 g of enzyme per 0.1 g of cellulose). Finally, screw-capped test
tubes containing the enzyme hydrolysis preparations were placed in a mixer
(RM-2M, Elmi, USA) and agitated at 25 rpm for 72 h at 50°C. After hydrolysis,
the collected samples were stored in a freezer at -20°C until the sugar content in
the supernatant was analyzed.
HPLC analysis
Samples were analyzed for glucose and xylose content using high-performance
liquid chromatography (HPLC). Preceding the actual chromatography analysis
samples were defrosted, brought to room temperature and denatured in a water
bath at 95°C for 15 minutes. Afterwards, specimens were centrifuged at
12 000 rpm for 10 min and filtered using a nylon syringe filter with a porosity of
0.2 μm.
Sugars after hydrolysis were analyzed using HPLC system which consisted
of LC-20AD pomp, DGU-20A degasser, CTO-20A oven, RID-10A differential
refractive detector, CBM-20A controller (all above Shimadzu, Japan) and Rezex
RHM-Monosaccharide column (300 × 7.80 mm) (Phenomenex, USA). Re-distilled water was used as the mobile phase at a flow rate of 0.6 cm 3/min,
injection volume of 20 µL and the column temperature was maintained at 80°C.
Procured chromatographic data were processed with LC Solution v.1.21 SP1
software (Shimadzu, Japan).
The amount of sugar components (xylose and glucose) in hydrolysates was
calculated based on calibration curves constructed according to equations (1)
and (2) where „x” stands for concentration of an analyzed standard, „y” for peak
area obtained from a chromatogram of the standard and „RT” for retention time
in minutes:
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y = 2761232 x; R2 = 0.9996; RT = 11.10 (xylose)
(1)
2
y = 2694228 x; R = 1.0000; RT = 10.40 (glucose)
(2)
Additionally chemical composition of liquid fraction obtained after LHW
pretreatment was examined by high-performance liquid chromatography
accordingly to method described above. Samples of particular liquid fractions
were taken and checked for presence of organic compounds, that is
carbohydrates (glucose, xylose and cellobiose) and inhibitors (acetic acid,
levulinic acid, furfural and 5-hydroxymethylfurfural). The amount of each above
substance was calculated using calibration curves corresponding to equations
(3-8):
y = 1895963 x; R2 = 0.9987; RT = 14.93 (acetic and levulinic acids)
(3)
2
y = 2875979 x; R = 0.9970; RT = 36.36 (furfural)
(4)
y = 2723647 x; R2 = 0.9937; RT = 26.58 (5-hydroxymethylfurfural)
(5)
y = 2827001 x; R2 = 0.9970; RT = 11.10 (xylose)
(6)
y = 2916029 x; R2 = 0.9977; RT = 10.40 (glucose)
(7)
y = 2841706 x; R2 = 0.9971; RT = 8.30 (cellobiose)
(8)
Acetic and levulinic acids were combined due to their joint appearance on
chromatograph spectrum.
Spectrophotometric analysis
The quantitative determination of lignin content in liquid fraction was performed
by UV mini-1240 spectrophotometer (Shimadzu, Japan) according to Sluiter et
al. [2012]. Samples for spectrophotometry examination were placed in quartz
cuvettes with 1 cm thickness and an absorbance was measured at a 205 nm
wavelength. Distilled water was used as a reference solution.

Results and discussion
In this work, the LHW pretreatment resulted in significant changes in
extractives, cellulose and hemicelluloses content, which is presented in table 1.
As can be seen, growing temperature of the liquid hot water pretreatment had an
immense effect on hemicelluloses content decline. Extensive decrease of
hemicelluloses content was probably caused by intense hemicelluloses
degradation, of which products might had been detected as extractives. That is
why with higher temperature of the process, the extractives content increased as
drastically as the hemicelluloses content declined. In untreated biomass
hemicelluloses constituted for 35.2%, while in material treated with the LHW
procedure at 160°C, the hemicelluloses content was only 4%. Furthermore, for
material after LHW pretreatment at 190°C hemicelluloses were effectively
eliminated. The analogous relationships were observed in other studies [Ma et al.
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Table 1.The chemical composition of 7-year-old poplar wood both untreated and
pretreated with LHW process
LHW pretreated wood

Chemical
composition [%]

Untreated
wood

160°C

175°C

190°C

205°C

Extractives
Cellulose
Lignin
Holocellulose
Hemicelluloses*
Weight loss after
pretreatment

1.7 ±0.1
50.2 ±0.4
20.2 ±0.2
85.4 ±0.6
35.2
-

7.3 ±0.4
72.3 ±1.0
19.0 ±0.6
78.3 ±0.4
4.0
11.0

14.7 ±0.2
78.7 ±0.4
18.6 ±0.4
81.1 ±0.1
2.4
25.0

17.5 ±0.3
82.9 ±0.4
19.4 ±0.3
81.8 ±0.1
0.0
32.3

20.7 ±0.2
82.8 ±0.1
23.3 ±0.7
74.3 ±0.4
0.0
40.7

*calculated from the difference in content of holocellulose and cellulose.

2013]. Drastic hemicelluloses dissolution as a result of heat can notably increase
cell wall extractability, indicating a loosening of the cell wall and drop in
binding strength [Verardi et al. 2012].
Cellulose content in any treated biomass was significantly higher than in
untreated feedstock (Table 1). The cellulose content increase was from 50.2%, in
case of untreated material, to 72.3% in case of biomass treated at 160°C. With
growing temperature of the LHW pretreatment, the cellulose content increased
rather steadily, however to a smaller extent. Growth in cellulose content was
probably a result of hemicelluloses loss and lignin deterioration [Fengel and
Wegener 1984]. Therefore, a residual holocellulose is primarily cellulose with
a small amount of hard to reach hemicelluloses. Holocellulose content tended to
decrease selectively due to progressive dissolution of the material. However
rapid decline at 205°C was observed which might be caused by serious material
deterioration and loss of lignin that usually stays in holocellulose after
delignification process [Kupczyk et al. 2013]. Generally, hydrothermal treatment
had a limited impact on cellulose, primarily because severe degradation of
cellulose occurs at temperature higher than 240°C [Sun et al. 2016].
Minor delignification could be observed in biomass after pretreatment
(Table 1), due to general mass loss caused by dissolution. On the other hand,
biomass after LHW procedure performed at 205°C had slightly increased lignin
content. That could be result of intensive xylan degradation and lignin
condensing with carbohydrate degradation products, which was already reported
in different studies [Li et al. 2016; Lu et al. 2016].
Additionally, structural and chemical bounds between different
macroparticles present in a cell wall might have caused difficulties during
analysis of chemical composition of linocellulosic materials. That could hinder
the selective separation of particular chemical components and resulted in some
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inaccuracies in cumulative analysis of wood components [Fengel and Wegener
1984].

Fig. 1. The sugars content (glucose and xylose) after enzymatic hydrolysis of
biomass obtained from Populus trichocarpa untreated and treated wood with LHW
process at different temperatures

As shown in Figure 1. the liquid hot water process highly increased the
amount of simple sugars (glucose and xylose) obtained from enzymatic
hydrolysis compared to sugars content from untreated poplar wood. The same
positive effect of hydrothermal pretreatment method was reported in other
papers where improved enzymatic digestibility of pretreated material was
connected to partial hemicelluloses removal and lignin transformation, reduced
particle size and increased pore volume caused by thermal exposure [Brodeur et
al. 2011; Lu et al. 2016].
The highest content of glucose after hydrolysis (47.0% and 47.1%) was
achieved at 190ºC and 205ºC respectively, as it is presented in Figure1. However
glucose content was not much lower after pretreatment at less severe conditions
(160ºC and 175ºC) varying from 44.6% to 46.4%. In case of xylose obtained
after hydrolysis, an opposite tendency was observed. Although, in all cases of
pretreatment had increased xylose content comparing to untreated feedstock
(1.6%), the highest average xylose content (6.3%) was obtained at 160ºC and the
decrease of xylose content (to the level of 2.5%) after enzymatic hydrolysis of
biomass pretreated at 205ºC was noticed. The results of xylose content (Fig. 1)
very well correspond with the results of holocellulose and hemicelluloses
contents (Table 1). The LHW pretreatment and enzymatic hydrolysis enabled
depolymerization of hard to reach xylans. Similar findings were indicated in
other studies [Martin-Sampedro et al. 2012; Trajano et al. 2015].
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Fig. 2. The inhibitors content (acetic and levulinic acids, furfural and
5-hydroxymethylfurfural) in liquid fraction obtained after LHW pretreatment of
Populus trichocarpa wood at different temperatures

In this work, the content of inhibitors (Fig. 2), produced during liquid hot
water pretreatment, was also determined. Substances such as furfural,
5-hydroxymethylfurfural, acetic and levulinic acids, which are products of
pentoses and hexoses degradation respectively are known inhibitory compounds
to enzymatic hydrolysis and fermentation processes [J ӧnsson et al. 2013;
Rahikainen et al. 2013; Kim 2018]. The total inhibitors content increased along
with the temperature of the LHW process. The rapid raise could be observed
from 1.3% in case of poplar wood treated at 160ºC to 13.4% for biomass treated
at 205ºC.

Fig. 3. The lignin content in liquid fraction obtained after LHW pretreatment
process of Populus trichocarpa wood
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Moreover, the content of soluble lignin, detected in all liquid fractions
obtained after LHW pretreatment, indicated possible formation of other
inhibitory compounds lowering hydrolysis efficiency. Lignin and its products
degradation, likewise furan derivatives, can also delay enzymatic hydrolysis and
fermentation processes [Kim et al. 2011; Jӧnsson et al. 2013].

Fig. 4. The sugars content (glucose, xylose and cellobiose) in liquid fraction
obtained after LHW pretreatment process of Populus trichocarpa wood

Sugar content in liquid fraction obtained after LHW pretreatment are shown
in Figure 4. Together with growing temperature of the process glucose content
tended to increase, as well as cellobiose content. On the other hand xylose
content changed rather selectively which was also observed in other studies
[Szadkowski 2019]. It developed rapidly after treatment at 175ºC, stayed
roughly the same for 175ºC and 190ºC to drastically decrease in case of biomass
treated with hot water at 205ºC.

Conclusions
In this research, the liquid hot water pretreatment resulted in significant growth
in sugars content (xylose and glucose) in the enzymatic hydrolysates comparing
to untreated material. Especially that significant increase occurred already at
pretreatment performed at lowest temperature. With growing temperature
glucose content increased steadily. However hydrothermal procedure proved to
have negative effect on xylan content, which corresponds with chemical
composition changes observed after pretreatment. Additionally, in all liquid
fractions obtained after LHW pretreatment, the inhibitory compounds (lignin,
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furfural, 5-hydroxymethylfurfural, acetic and levulinic acids) were detected. The
inhibitors content increased along with the temperature of the LHW process.
The obtained results indicate that LHW pretreatment process of poplar wood
positively affects enzymatic hydrolysis yield and shows great potential for largescale application in biorefinery.
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COMPARISON OF THE PROPERTIES OF LIGNINS
AS POTENTIAL CARBON PRECURSORS

Due to growing interest in the application of renewable resources in industry,
there is a need for new carbon precursors. Lignin is a natural polymer and the
main by-product of the paper industry, but its application on an industrial scale is
limited. Due to its chemical composition and high aromatic carbon content,
combined with a lack of toxicity, it may be a promising candidate for a carbon
precursor, as well as – in carbon electrode technology – a carbon binder. The
main disadvantage of lignins is the variety of their types, with differing properties.
There is a need to establish the relationship between the structure of lignin and its
carbon precursor potential. In this work, an attempt was made to find the
dependence between the lignin structure and its properties before (chemical
composition, structural studies) and after thermal treatment under an inert
atmosphere (carbon residue, bonding properties and degree of carbonization and
graphitization), using different techniques (FTIR, Raman spectroscopy, XPS, TG,
SEM) on two softwood lignins – alkali lignin and kraft lignin. The results proved
that both lignins are good candidates for carbon precursors (high mass residue
after heat treatment), but only kraft lignin exhibits the bonding properties which
are crucial for application as a carbon binder.
Keywords: lignin; carbonization; carbon electrode; graphitization; renewable
resources

Introduction
The carbon materials industry uses a wide range of products for different
applications, including carbon fibres, activated carbon, synthetic graphite,
carbon and graphite electrodes, and many others. For every product, different
methods of preparation and raw materials are used. Many of the common carbon
precursors used in traditional carbon and graphite technology are toxic; for
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example, coal tar pitch (CTP) [Cao et al. 2015]. Also, many of them come from
non-renewable sources. Due to increasing awareness of the dangers of industry
to the environment and higher demands from institutions responsible for
environmental protection, there is a need to find new raw materials for carbon
and graphite technology (e.g. biomass) [Gellerstedt 2015; Kumar et al. 2016],
which may be alternatives to fossil fuels [Jasiukaitytė-Grojzdek et al. 2017] and
to the CTP currently used as a binder.
In general, carbon precursors should have a high carbon content and high
carbon residues after thermal treatment [Menéndez et al. 1996]. The loss of
carbon is undesirable for many reasons; it may generate more porosity, which
impairs the mechanical and electrical properties of the product. Also, a higher
amount of carbon released in gaseous form from the precursor causes increased
emission of CO2· Moreover, many precursors, such as CTP, contain polycyclic
aromatic hydrocarbons (PAHs), which are harmful to humans and the
environment [Afanasov et al. 2009; Dhamaniya et al. 2012]. Finally, as an
economic aspect, more of the precursor is needed to obtain the required amount
of product, which generates additional costs.
Most of the above requirements are satisfied by lignin – a natural
biopolymer present in plant biomass along with cellulose [Huang et al. 2012]. It
is part of the lignin-carbohydrate complex (LCC) [Alber and Ehlting 2012; You
et al. 2015] which is a protective barrier against pathogens [Verma and Dwivedi
2014; Cottyn et al. 2015]. Lignin’s structure has a high content of aromatic
carbon: it is made up of three monomers, p-coumaryl, coniferyl and sinapyl
alcohols, which form “H” (p-Hydroxyphenyl), “G” (Guaiacyl) and “S”
(Syringyl) units [Lu and Ralph 2010]. The difference between them is the
number of methoxy groups bonded to the aromatic ring. The monolignols are
bonded randomly, which makes the lignin structure strongly branched and very
complicated [Martínez et al. 2009]. There is no defined lignin structure as there
is for other polymers, because it has no repeating sequence of atoms [Oinonen
et al. 2015; Zhang et al. 2015]. Some research has cast doubt on the random
mechanism of lignin synthesis and its highly branched structure, indicating it to
be more linear [Davin and Lewis 2005]. Owing to this irregularity in chemical
structure and problems with the repeatability of properties, it is difficult to find
appropriate applications for lignin [Cabrera et al. 2017]; despite its high
availability (as a by-product in the production of paper, over 50 million tonnes
per year are produced), only a small amount of this material is used [Hu et al.
2017]. To date lignin has found several applications; for example, as a carbon
precursor for the production of carbon fibre [Mainka et al. 2015] or activated
carbon [Rodriguez et al. 2017]. However, new areas of potential application are
still being sought; for example, as a binder or modifier of traditional binders in
carbon-graphite technology.
The two types of lignin most mentioned in the literature are hardwood and
softwood. The main difference between them is the monomer content.

Comparison of the properties of lignins as potential carbon precursors

21

Hardwood lignin has a greater amount of “S” units than “G” units, but the ratio
is different in different species [Huang et al. 2017a]. Softwood lignin is built
mainly of “G” units and trace amounts of “H” units in compression wood
[Asmadi et al. 2011c; Huang et al. 2017b]. The structure of lignin depends on
many factors, including the genus and species of plant, as well as environment,
climate, lighting, daily cycle, hormones, amount of carbohydrates and many
other variables that have an influence on plants [Zhao and Dixon 2011; Ghaffar
and Fan 2013; Gilca et al. 2014].
The behaviour of lignin during pyrolysis depends on many factors, such as
the syringyl ratio, because of the impact of its reactivity during thermal
treatment [Huang et al. 2017b]. Diehl et al. [2013] investigated the pyrolysis
mechanisms of hardwood and softwood lignins and proved that the mechanisms
of this process are different, and the products obtained also differ. What is most
important about hardwood lignin pyrolysis residue is its higher potential to form
coke. Also, additional functional groups containing oxygen promote coke
formation, which may be essential to obtain binding properties [Asmadi et al.
2011b, c; Lumadue et al. 2012]. Pyrolysed softwood lignin produces less coke,
but more solid products in total [Asmadi et al. 2011a, 2011b, 2011c].
In industry, apart from carbon electrodes, there are also graphite electrodes
produced at higher temperatures to obtain a graphite phase. A potential
alternative carbon binder applied in graphite electrode production should have
graphitizing ability. In the literature, there are few reports on lignin’s
graphitization potential, and recent articles are particularly concerned with
catalytic graphitization where transition metals are used [Demir et al. 2015; Yan
et al. 2018]. One study investigates the catalytic graphitization of wood. The
temperature of thermal treatment was 1600°C, which is much lower than usual
during graphitization [Gutiérrez-Pardo et al. 2015]. Also, iron, copper and nickel
are added as catalysts, which may be an obstacle to obtaining high-purity
graphite electrodes. Popova and Serbinovskii proved in a study that hydrolysis
lignin may graphitize in a two-step thermal treatment: pyrolysis at 600°C then
graphitization at 2500-2800°C [Popova and Serbinovskii 2014].
The properties of lignins differ according to their origin, process of
extraction, and many other factors. Their highly complex chemical structure
makes it difficult to characterize them [Agarwal et al. 2017]. To obtain more
information about lignins, so as to predict or explain their behaviour and the
products obtained during thermal treatment, there is a need to characterize them
with multiple techniques, and the results – considered simultaneously – may
provide information about their elemental compositions, the functional groups
present in the structure, and hardwood or softwood origin. The characteristics
obtained may help to predict their behaviour during thermal treatment and
determine the relation between their structure/composition and the products and
by-products obtained during carbonization and graphitization, as well as their
potential application as carbon binders.
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In this work, two types of softwood lignin were investigated as potential
precursors for carbon materials. By analysing the properties of the pure lignins
as well as the products of their thermal treatment, it is possible to specify which
features lignin should have in order to be used as a precursor for carbon
materials.

Materials and methods
In this work two lignins were investigated: kraft lignin (KL) – Indulin AT from
MeadWestvaco, and alkali low sulphonate content lignin (AL) supplied by
Sigma-Aldrich (product number 471003), CAS 8068-05-1, average
Mw = 10,000. Coal tar pitch (CTP) was used as a reference sample, due to its
widespread application in the field of carbon precursors, especially as a binder in
carbon and graphite technology.
To compare the chemical composition, the carbon, sulphur and hydrogen
contents were measured based on SO2 and CO2 content on combustion of three
samples of both lignins and CTP, using an ELTRA CHS 580 instrument.
Tests to determine the lignins’ chemical structure, by analysing and
comparing bands and functional group content, were carried out in FTIR-ATR
(attenuated total reflectance) mode using a MIRacle ATR sampling accessory
(diamond/ZnSe crystal, PIKE Technologies). The spectra were recorded with
a resolution of 4 cm-1. Two separate measurements (each including 64 scans) at
different points of the material were made for each sample. This analysis was
performed with a Bruker TENSOR 27 FT-IR Spectrometer.
Raman spectroscopy was used to describe the quality of graphite obtained
from AL, KL and the CTP used as a reference material, by calculating the I d/Ig
ratio. Measurements were performed using a Renishaw inVia Confocal Raman
microscope. Different laser excitation wavelengths were used: 785 nm
(1.58 eV), 514.5 nm (2.41 eV), 473 nm (2.62 eV), 442 nm (2.81 eV) and 266 nm
(4.66 eV).
X-ray photoelectron spectroscopy (XPS) analysis (Vacuum Systems
Workshop Ltd., England) was performed. The depth of analysis was about 5 nm.
Mg Kα X-ray radiation with 200 W energy was used as the excitation source.
The electron energy analyser was set to FAT mode with a pass energy of 22 eV.
The shift of the binding energy due to a surface charging effect was calibrated by
assuming the binding energy of C1s always to be 284.6 eV.
The lignin samples’ thermal behaviour was analysed by means of
thermogravimetric analysis (TG) using the simultaneous thermal analyser
NETZSCH STA 449 F3 Jupiter® at a heating rate of 5°C per minute under
a nitrogen atmosphere (250 ml/min), to compare the mass changes of lignin
samples during heat treatment and the mass of the residues with the reference
material CTP. Decomposition temperature was determined with Proteus61
software.
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To compare the d(002) and crystallite size of carbon and graphite obtained
from AL and KL, and to compare them with the reference material (CTP), X-ray
diffraction (XRD) was performed using a Philips X’Pert Pro diffractometer. The
X-ray tube was used with a linear focus and copper anode, and the beam was
monochromatic (Kα1 = 1.5406 Å).
To compare the microstructure of the graphitized samples a scanning
electron microscope (Nova Nano SEM 200) was used.
To investigate the behaviour of lignin after high-temperature treatment,
carbonization processes were conducted. Both lignin samples were put into
a quartz tube furnace with a heating rate of 1°C per minute, starting at room
temperature and heating to 1000°C under a nitrogen atmosphere to avoid
oxidation. The flow rate of nitrogen, which provides an inert atmosphere, was
30 l per hour. After reaching the maximum temperature, the furnace was
switched off, and the samples were left inside to cool to RT.
Graphitization of lignins was conducted according to Popova and
Serbinovskii [Popova and Serbinovskii 2014] in two steps: firstly carbonization
at 600°C in a quartz tube furnace, with a heating rate of 1°C/minute, starting at
room temperature, in an inert atmosphere of nitrogen with a flow rate of 30 l per
hour. The products obtained were then graphitized at 2800°C in argon with
a heating rate of 1°C/minute.

Results and discussion
Elemental composition
One of the most important criteria for a carbon precursor is a high carbon
content. Depending on the potential application of the carbon product, the
required value of the carbon content exceeds 50 wt.%. In both lignins, carbon is
the main element (Table 1), with amounts of 63.00 wt.% for KL and 47.77 wt.%
for AL. The lignin carbon content was about 24% higher for KL than for AL,
which may indicate that this type of lignin is a better carbon precursor. An
unfavourable feature is that both lignins have a much lower carbon content than
the CTP binder traditionally used in carbon and graphite technology (93.3%).
Another very important parameter in precursors of carbon materials is the
sulphur content. In a potential graphite precursor, both sulphur and nitrogen are
highly undesirable because of the phenomenon of puffing. At high temperatures
sulphur is removed, and this causes swelling of the product, increases the
porosity, which decreases the density, and worsens the mechanical and electrical
properties [Kawano et al. 1999]. Both lignins contain a small amount of sulphur,
especially KL, where the concentration of this element is 1.38%. The above
results suggest that lignin may not be as good a carbon precursor as CTP, but KL
exhibits greater potential due to its higher carbon content and lower sulphur
content.
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Table 1. Elemental compositions of KL, AL and CTP
Element (weight %)

Kraft lignin

Alkali lignin

CTP

Carbon
Hydrogen
Sulphur

63.00 ±0.14
6.71 ±0.21
1.38 ±0.04

47.77 ±0.31
5.51 ±0.41
2.83 ±0.15

93.30 ±0.47
4.35 ±0.19
0.45 ±0.02

Infrared spectroscopy (FTIR-ATR)
To evaluate the differences between the KL and AL lignins in terms of chemical
groups and the functional groups in their structure, FTIR-ATR spectroscopy was
used. Analysing the spectra for KL and AL, some significant differences could
be observed (Fig. 1). The main differences were observed in the range
1510-1364 cm-1 and at 1267, 1127 and 812 cm-1. In the first range for KL lignin,
a high intense band at 1510 cm -1 assigned to asymmetric aryl ring stretching is
observed [Stark et al. 2016]. This band was significantly less intense for AL
lignin, and additionally the relationship between this band and two other bands
at 1457 cm-1 and 1420 cm-1, assigned respectively to asymmetric deformation of
O–CH3 and C–H and aromatic skeletal vibration combined with C–H in-plane

Fig. 1. FTIR spectra of KL and AL lignins

deformation, are different for the KL and AL lignins [Poletto and Zattera 2013;
Stark et al. 2016]. Moreover, for KL lignin a characteristic, intensive band was
observed at 1267 cm-1, derived from aryl ring breathing [Stark et al. 2016]. KL
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lignin has a more intense band at 1127 cm -1, assigned to a mode of
coniferaldehyde or sinapaldehyde [Stark et al. 2016]. Also, for KL lignin, C–H
deformation out of the plane of the aromatic ring is observed at wavenumber
812 cm-1. This was not observed for AL lignin. The presence of bands in KL
lignin which were not observed for AL lignin most probably imply the higher
chemical reactivity of this material and improved bonding properties [Asmadi et
al. 2011b, 2011c; Lumadue et al. 2012], which is highly desirable for
applications of lignin as a binder used for the production of carbon electrodes.
X-ray photoelectron spectroscopy (XPS)
XPS is a useful method to analyse the surface chemistry of lignins. XPS
chemical quantitative analysis was performed based on deconvolution of the
bands attributed to different chemical states of carbon (C 1S) and oxygen (O1S)
atoms present in both samples. XPS analysis (Fig. 2) of both lignins shows
similar quantities of these two atoms (Table 2).

Fig. 2. XPS spectra of KL (A) and AL (B) lignins
Table 2. Carbon and oxygen content in lignins
Atomic ratio (%)
Lignin
AL
KL

C

O

76.5
76.6

23.5
23.1

Evaluation of chemical states allows the identification of some differences in
the structure of the tested lignins (Table 3). KL contains twice as much carbon in
sp2 hybridization (C=C) than AL lignin. In turn, AL contains more carbon atoms
in sp3 hybridization (C–C) than KL. AL has a higher content of –COO and COO
than KL, but C–O, C–OH and C–O–C bondings are present to a greater degree
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for KL. The existence of these bondings may also indicate the presence of
(–OH) and (O–CH3) groups, which are crucial for coke formation and the
bonding properties of lignin [Asmadi et al. 2011b, 2011c; Lumadue et al. 2012].
Also, these results correspond with previously reported FTIR results that
indicated a significantly higher content of (O–CH 3) groups in KL. The existence
of this bonding and the higher content of carbon in sp 2 hybridization may
suggest that KL lignin has greater potential to be used as a binder in carbon
electrode application.
Table 3. Comparison of the chemical compositions of KL and AL lignins detected by
XPS
Bonding

Content in KL (at. %)

Content in AL (at. %)

C=C
C–C
C* –COO
C–O, C–OH or C–O–C
COO
CO3 (H2O-adsorbed CO2)

26.40
46.73
17.90
8.97
–
–

12.84
53.92
21.43
3.67
5.67
2.46

Thermogravimetric analysis (TG)
TG analysis may be helpful to compare the residues after heat treatment of all
samples (AL, KL and CTP). The decomposition of these three samples starts at
different temperatures. The lowest temperature was recorded for AL: 230°C
(Fig. 3). CTP starts to decompose at 252.8°C and KL at 289.1°C. The TG curves
of both lignins are similar up to 350°C. At this stage, AL decomposition slows
down. The KL degradation rate decreases around 400°C, but not as much as for
AL. Additionally, AL exhibits changes in the degradation rate in a range of about
550-700°C, where it degrades a little more slowly. The end of decomposition for
both lignins is observed at around 800°C. CTP undergoes decomposition almost
evenly, slows slightly around 500°C, and slows significantly around 550°C. The
mass residue at 1000°C for KL (45%) is lower than for AL (55%). A higher mass
residue is desirable from the point of view of the application of lignin as
a carbon binder. The heat treatment residues for both lignins are higher than for
CTP (39%), which may lead to lower porosity of the final product (e.g. a carbon
electrode) and improve its mechanical and electrical properties. In general, this
analysis revealed that both lignins can be considered as alternative carbon
precursors.
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Fig. 3. TG of KL and AL

Analysis of lignin residue products after heat treatment at 1000°C
The products obtained after heat treatment (carbonization) of lignins were
analysed to evaluate the elemental composition and structural properties.
Moreover, a macroscopic analysis of the obtained samples was performed. The
kraft lignin and alkali lignin after the carbonization process were labelled cKL
and cAL respectively. Macroscopic observations show significant differences
between the two types of lignin. Kraft lignin had the form of a black hard tablet
in the shape of the crucible. It was made of fine grains bonded together, although
during grinding the sample easily rubs off to powder. Alkali lignin directly after
carbonization had the form of black cracked pieces, which easily disintegrated
into powder. The powder inside the pieces had a slightly different colour, similar
to the starting material, and also possessed a perceptible odour of hydrogen
sulphide. These findings certainly prove the high potential of KL to give a solid,
dense carbon product in the form of bonded carbon grains. The product obtained
after carbonization of AL has the form of a non-bonded powder, which may not
be favourable for the potential use of this material as a binder.
To compare the chemical composition of both lignin samples after
carbonization, an ELTRA CHS 580 analyser was used. The results are shown in
Table 4.
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Table 4. Comparison of elemental analysis of lignin samples after carbonization at
1000°C
Element
(weight %)

Kraft lignin after carbonization
(cKL)

Alkali lignin after carbonization
(cAL)

Carbon
Hydrogen
Sulphur

89.35 ±0.36
0.76 ±0.05
0.83 ±0.01

71.13 ±0.85
1.25 ±0.05
2.01 ±0.13

As expected, after carbonization the content of carbon in both samples
increased. Carbonized kraft lignin (cKL) contains more carbon (89.35%) than
carbonized alkali lignin (cAL) due to the higher carbon content in kraft lignin
before carbonization (Table 1). A different trend is observed for hydrogen: cKL
contains less hydrogen (0.76%) than cAL (1.25%), although the uncarbonized
KL contained more hydrogen than AL (6.71% and 5.51% respectively). The
difference in sulphur content between both lignins after carbonization is
maintained (in comparison to the raw material), but after heat treatment, their
values decreased by about 30% for KL and about 40% for AL. cAL contains
more sulphur (2.01%) than cKL (0.83%), which is undesirable in graphite
precursors due to puffing, which negatively affects the mechanical properties
and electrical and thermal conductivity of graphite electrodes and causes their
deformation. It is worth recalling that puffing of the graphitized product also
strongly depends on the structure of the raw carbon precursor [Skoczkowski
1995; Kawano et al. 2000]. Typically, pitches contain up to 0.8 wt.% [Baron et
al. 2009]. The concentration of sulphur in cKL is such that it may be classified as
a precursor with average sulphur content.
The microstructures of the carbonized lignins are quite different: cKL has
a rich, composed microstructure, a sinter made of connected grains with porosity
of different shapes (Fig. 4A). The pore size varies significantly over a wide
range, from a few µm to around 100 µm. The orientation of the pores and solid
phase is random and does not exhibit any regularity. The sample of cAL has
many free grains of different sizes, shapes and degrees of porosity. The grain
size varies from tenths of micrometres to above 100 µm (Fig. 4B). Most of the
grains have a round shape, but a few are irregular.
An additional tool used to evaluate the quality of the obtained carbon, by
investigating the crystallite size and interplanar distance d (002), was XRD
analysis. The parameters of the identified carbon phases in the carbonized
samples are given in Table 5.
Both cKL and cAL have similar d (002) parameters, but these are significantly
higher than for the CTP sample (around 0.04 nm). The crystallite size of cKL is
similar (1.8 nm) to the size of carbonized CTP (1.9 nm), whereas cAL gave
a higher value (2.2 nm).
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Fig. 4. SEM microphotographs of GKL (A) and gAL (B)
Table 5. Parameters of carbonized samples obtained by XRD

Sample

D(002)
(nm)

Lc
(nm)

Reflex intensity
at (002) plane

Carbonized CTP
cKL
cAL

0.349
0.393
0.397

1.9
1.8
2.2

389
911
177

Analysis of lignin residue products after the graphitization process
To verify the graphitization ability of the lignins, both kraft lignin and alkali
lignin were heat-treated up to 2800°C. The same experimental scheme as in
[Popova and Serbinovskii 2014] was followed in our investigation. Kraft lignin
and alkali lignin after the graphitization process were labelled gKL and gAL
respectively.
Similarly to the carbonized sample, graphitized kraft lignin (gKL) has the
form of a fine-grained sinter in the shape of the mouldings used for
graphitization. It is black, with a slightly metallic lustre under light, is porous
and hard, but easily rubs off. Graphitized alkali lignin (gAL) has the form of
black, fine but not bonded powder and grains.
To verify the degree of graphitization of both lignins, XRD analysis was
carried out. The results are shown in Figure 5 and collected in Table 6.
The XRD diffractograms (Fig. 5) obtained for the lignins after graphitization
are significantly different from that obtained for the graphitized CTP. The
intensities of the (002) peak are an order of magnitude lower for both lignins in
comparison with the reference sample (CTP). For the lignins, the peak intensities
are below 4,000, while for CTP it is around 40,000. The peaks of the graphitized
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Fig. 5. Diffractograms of graphitized KL (A), AL (B) and CTP (C)

lignins are wide in comparison with CTP. Alkali lignin clearly has two sharp
peaks, whereas gKL has one peak, although it is broadened, which may indicate
the existence of at least two phases in this material (Figures 5A and B). In
contrast to the lignins, the characteristic peak for CTP after graphitization is very
regular and narrow (Fig. 5C). After fitting, three peaks are detected in each
sample. The crystallites in the lignins are comparatively small – up to 18.833 nm
– while the maximum value for CTP is 77.360 nm, and that crystallite has the
highest intensity. The interplanar distances d (002) for both lignins are higher than
for CTP (Table 6). The value of the most intensive peak for CTP is about
0.3379 nm, which is higher than for pure graphite (d (002) = 0.3354 nm), but
shows a tendency towards graphitization, which is not observed for the lignins.
All of these results prove that pure, unmodified lignin has no graphitization
potential.
Table 6. Parameters of graphitized samples obtained by XRD
Phase

D(002)
(nm)

Lc
(nm)

Reflex intensity at
(002) plane

Kraft lignin

1.
2.
3.

0.3445
0.3495
0.3709

18.14
5.25
3.07

2685

Alkali lignin

1.
2.
3.

0.3427
0.3514
0.3875

18.83
4.55
2.60

3884

CTP

1.
2.
3.

0.3379
0.3396
0.3420

77.36
40.87
13.56

38888

Another method which confirms the lack of graphitization potential of both
lignins is Raman spectroscopy. The results are shown in (Fig. 6).
The results obtained from Raman spectroscopy make it possible to compare
the graphite crystallite quality by calculating the ratio between the intensities of
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Fig. 6. Raman spectra of graphitized KL (A), AL (B) and CTP ©

the D and G peaks (Id/Ig) according to the method described in detail in our
previous paper [Zambrzycki and Frączek-Szczypta 2020]. A lower value
indicates a more ordered structure, which can be interpreted as a higher graphite
content in the sample. The carbon obtained from both lignins is significantly
different from the product after graphitization of CTP. The I d/Ig ratio of the
graphitized CTP sample is 0.25, while the value for gAL is around 2.5 times
higher, and that for gKL almost 4 times higher. The results obtained prove
conclusively that none of the lignins used has any graphitization potential.

Conclusions
The lignins used in this work are promising carbon precursors. Both of them
have high carbon content, and the residues after thermal treatment are even
higher than for CTP (a key feature for the application in question), but exhibit
different properties. In general, the FTIR and XPS results prove that KL has
a greater variety of functional groups, which may be responsible for its higher
reactivity and probably its bonding properties. XRD and Raman spectroscopy
results (d(002), Lc and Id/Ig) confirmed the graphitization ability of CTP, in
contrast to the lignins, which in their pure form are not graphitized. The better
candidate as a carbon binder in the carbon electrode industry is KL. It forms
a hard, solid product whose grains are bonded together, which makes KL
suitable for consideration as an alternative carbon binder.
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HEATING VALUE OF THERMALLY TREATED WOOD

Common ash (Fraxinus excelsior L.) wood was heat treated in an oven at the
temperatures of 180°C, and 200°C under atmospheric pressure in the presence of
air for 3, 6, 9, 12 hours, and the changes in higher heating value (HHV) of wood
were studied. For untreated ash wood the value 19.51 MJ·kg-1 was determined.
Thermal treatment considerably increased the HHV of wood. The highest value
was measured in sample that was thermally treated for 6 h at the temperature of
200°C. In this sample the value 20.78 MJ·kg-1 was determined. Changes in HHV
are a consequence of chemical changes in wood during treatment. Strong positive
correlation between HHV and the ratio of the sum of lignin and extractives
content to holocellulose content was observed.
Keywords: thermal treatment, common ash, higher heating value, extractives,
lignin, holocellulose

Introduction
The thermal modification of wood has long been recognized as a process
enhancing wood properties by reducing moisture absorption, improving
dimensional stability and increasing its decay resistance. First report about the
effect of high-temperature treatment upon the physical properties of wood has
been published in early 20th century. Ever since several commercial processes
have been developed, such as ThermoWood®, PlatoWood®, OHT-Wood®, and
RetificatedWood® [Hill 2006; Esteves and Pereira 2009].
Thermal modification is invariably performed between temperatures of
160°C and 260°C. The exposure of wood to heat results in many reactions, e. g.
dehydration, hydrolysis, oxidation, depolymerization and degradation of wood
components. In consequence of these processes the chemical composition of
wood is altered. First volatile extractives and bound water are released from
wood. The degradation of macromolecular components begins with an
increasing temperature and prolonged exposure time. Hemicelluloses are the
most thermally labile of the wood polymeric components. These amorphous
polymers are depolymerized to oligosaccharides and monosaccharides that are
subsequently decomposed to volatile compounds, such as methanol, acetic acid,
Eva VÝBOHOVÁ (eva.vybohova@tuzvo.sk), Jarmila GEFFERTOVÁ (geffertova@tuzvo.sk),
Faculty of Wood Sciences and Technology, Technical University in Zvolen, Slovakia
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furfural and others. Thermal lability increases with higher content of pentosans
and acetyl groups in macromolecules. With comparison to hexosans, pentosans
are the most susceptible to hydrolysis and dehydration reactions. Furthermore,
the presence of acetyl groups leads to the formation of acetic acid, thereby,
causing an acid-catalyzed degradation of polysaccharides. With respect to the
above hardwood xylans are the least thermally stable from hemicelluloses
[Fengel and Wegener 1984; Hill 2006; Esteves and Pereira 2009; Čabalová et al.
2018; Výbohová et al. 2018].
Cellulose is a long-chain polymer of β-D-glucose in the pyranose form.
Hydroxyl groups present in cellulose macromolecules are involved in a number
of intra- and intermolecular hydrogen bonds, which result in various ordered
crystalline arrangements. The thermal resistance of amorphous and crystalline
regions of cellulose is different. The amorphous regions of cellulose are more
susceptible to thermal degradation and these regions probably exhibit similar
thermal properties to the hexose components of hemicelluloses. On the other
hand, the more ordered cellulose regions have higher thermal stability [Baeza
and Freer 2001; Hill 2006; Park et al. 2010; Poletto et al. 2012].
The loss of polysaccharide material on heating leads to an increase in the
content of the most thermally stable component of wood, which is lignin. Its
content and composition depends on wood species. Softwood lignin is composed
mainly of guaiacyl units, while hardwood lignin is composed of both guaiacyl
and syringyl units. While softwood lignin appears to vary little between species,
the structure of hardwood lignin varies greatly from one species to another. The
major difference is the ratio of syringyl to guaiacyl units (S/G ratio). The
syringyl content of the typical hardwood lignins varies between 20 and 60 %. In
hardwood lignins is higher oxygen content than that of softwood lignins. It is
caused by their higher methoxyl content (18-22%) as compared to softwood
lignins (12-16%) [Fengel and Wegener 1984; Hon and Shiraishi 2001; Hill 2006;
Santos et al. 2012].
Heating value of wood components depends on their elemental composition.
Lignin is rich in carbon and hydrogen, which are the main heat producing
elements. Hereby its heating value is higher than that of carbohydrates. Although
the extractives are a minor component of wood, they raised the higher heating
values of the wood. Inorganic elements present in wood play also certain role.
These elements will remain after burning as ash, which content in wood
biomasses ranges between 0.08 to 2.3%. High content of inorganic elements in
the fuel generally reduces its heating value [Telmo and Lousada 2011; Dzurenda
et al. 2013; Dzurenda and Pňakovič 2016].
In the literature, there are a lot of research results about color, biological
resistance, chemical and mechanical properties of thermally modified wood
[Esteves et al. 2013; Kačík et al. 2015; Wang et al. 2015; Kučerová et al. 2016;
Kačíková et al. 2017; Andor and Lagaňa 2018; Bubeníková et al. 2018;
Čabalová et al. 2018; Kúdela and Andor 2018; Výbohová et al. 2018]. However,
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chemical changes during thermal treatment of wood modified also its energetic
value and fire-technical characteristics. Nevertheless, these features of thermally
treated wood have seldom been studied.
In this study, the changes in higher heating value of wood due to thermal
treatment are studied for two reasons. The first reason is to examine changes in
one of the main fire-technical characteristics of wood due to its thermal
modification. The second reason is determine the heating value of thermally
modified wood in context of its energetic valuation when it reaches the end of
lifecycle.

Materials and methods
Heat treatment
Eight groups, each having 15 samples, were heat treated in a laboratory oven
under atmospheric pressure in the presence of air. The treatment was performed
for 3, 6, 9, and 12 h at two different temperatures of 180, and 200ºC. The time
for reheating the oven to the required temperature after inserting the samples
was 10 min. After the treatment, the samples were placed in a desiccator over
silica gel, where they were cooled.
Chemical analyses
The wood samples were mechanically disintegrated to sawdust. Fractions of 0.5
to 1.0 mm were extracted in a Soxhlet apparatus with a mixture of ethanol and
toluene, according to ASTM D1107-96 [2013]. The lignin content was
determined according to ASTM D1106-96 [2013] and the holocellulose content
was determined according to Wise et al. [1946].
Determining the higher heating value
The higher heating value of a solid material indicates the amount of energy
created when one kg of absolutely dry wood is burned and all water created in
burning process is condensed. A Calorimeter system C 200 (IKA®-WERKE
GmbH & Co. KG, Staufen, Germany) was used to measure the higher heating
value. Evaluation was performed by Cal Win software. The samples were
analyzed according to the standards STN ISO 1928:2003-07. From wood
samples disintegrated to sawdust, tablets were prepared using the PIKE Crush IR
(PIKE Technologies, Madison WI, USA) digital press. Samples were dried to
absolute dry matter in a laboratory oven. The weight of the sample before
combustion was approximately 0.5 g, and it was weighed on the analytical
balance with an accuracy of 0.0001 g. In the calorimeter, samples were
completely incinerated in a pure oxygen environment at 30 Bar. Benzoic acid
was used as a thermochemical standard during the experiment.
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The higher heating value of the sample was calculated as follows:
H 0=(C⋅ΔT −QExternal 1 −Q External 2 )/ m
m
ΔT
C
QExternal 1
QExternal 2

(1)

weight of fuel sample,
increase in water temperature in the inner container,
heat capacity of calorimeter system,
correction value for the heat energy generated by the cotton thread as
ignition aid,
correction value for the heat energy from other burning aids.

Results and discussion
Higher heating value (HHV) for untreated ash wood was 19.51 MJ·kg-1. This
result is in accordance with previously published data by Krzysik [1975] and
slightly lower than reported Porankiewicz et al. [2016]. As shown in Figure 1,
heat treatment considerably increased the heating values of wood samples. The
maximum value was measured in sample that was heat treated for 6 h at the
temperature of 200°C. In this sample HHV increased approximately about 6.5%
compared to untreated wood. Further increasing in treatment time slightly
decreased its value.

Fig. 1. Higher heating value (HHV) of thermally treated wood

Because energy content in different wood components is varied, chemical
composition of wood is a main factor that affects the HHV. Lignin and
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extractives that are rich in carbon and hydrogen have higher heating values. The
higher content of oxygen in polysaccharides decreases its energy. In the
literature, values of HHV for isolated wood components can be found. Published
results confirm that polysaccharide components of wood have lower energy
content than aromatic lignin. Geffertová [2009], Geffertová and Geffert [2011,
2013], Kára et al. [1997], White [1987] and Tillman [1978] determined the HHV
of lignin in the range from 25.50 to 27.4 MJ⋅kg-1, while for holocellulose it is
ranging from 17.5 to 18.8 MJ⋅kg-1.
The changes in chemical composition of thermally treated ash wood are
shown in Table 1.
Table 1. Chemical composition of thermally treated ash wood [according to
Výbohová et al. 2018] .
Extractives

Lignin

Holocellulose

(%)

(%)

(%)

Control

3.80 ±0.17

22.16 ±0.32

79.53 ±0.28

180°C, 3h

4.33 ±0.53

22.19 ±0.22

72.25 ±0.27

180°C, 6h

4.56 ±0.34

22.60 ±0.29

70.84 ±0.07

180°C, 9h

5.33 ±0.42

23.05 ±0.37

65.81 ±0.09

180°C, 12h

5.42 ±0.36

23.36 ±0.14

62.12 ±0.14

200°C, 3h

6.86 ±0.59

24.03 ±0.11

60.89 ±0.09

200°C, 6h

6.63 ±0.47

28.27 ±0.44

53.87 ±0.14

200°C, 9h

6.26 ±0.55

30.28 ±0.26

56.70 ±0.10

200°C, 12h

6.06 ±0.61

30.84 ±0.82

57.42 ±0.31

Sample

Data represent mean values ± standard deviations.

The content of extractives due to thermal treatment increased, the maximum
in the sample after 3 h of heat treatment at a temperature of 200ºC was
determined. This was attributed to the release of degradation products of
carbohydrates and lignin in the extraction mixture, or by their condensation
reactions with the extractives originally present in untreated wood. This result
was comparable to other studies [Wang et al. 2015; Severo et al. 2016].
According to Pelaez-Samaniego et al. [2014], the decrease in extractives in more
severe conditions could be due to the cracking and devolatilization of lignin
intermediates or due to the formation of extra char by further polycondensation.
In our study, positive correlation between HHV and the content of
extractives was observed (Fig. 2). The correlation coefficient 0.8639 was
determined. This result is in agreement with previously published data. Telmo
and Lousada [2011] also found, that extractives positively contributed to the
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heating value of wood. Fuwape [1990] reported that removal of the extractives
caused reduction in the HHV.

Fig. 2. Correlation between higher heating value and the content of extractives

An important role for heating value of wood plays the ratio of main wood
components - lignin and holocellulose. Lignin is rich in carbon and hydrogen,
which are the main heat producing elements. Hereby its heating value is higher
than that of holocellulose. During the thermal treatment the increase in the
content of lignin with an increase in severity of the treatment were observed.
This increase is partially relative because the content of hemicelluloses
decreases. The content of D-xylose, which in untreated wood was 18.05%,
decreased after 12 h of thermal treatment at 200°C to 7.08% [Výbohová et al.
2018]. to literature [Nuopponen et al. 2004; Wikberg and Maunu 2004; Tumen et
al. 2010; Da Silva et al. 2013] the increase in lignin content may have been also
the consequence of the condensation reactions of lignin with hemicelluloses
cleavage products or of lignin macromolecule cross-linking. The formation of
more condensed structure of lignin was affirmed also in our thermally treated
ash wood samples [Výbohová et al. 2018]. Degradation of hemicelluloses was also
reflected in decrease in holocellulose content. The decrease was more noticeable
at the temperature of 200°C. According to previously published data [GonzálezPena et al. 2009; De Moura et al. 2012; Wang et al. 2015; Kučerová et al. 2016;
Výbohová et al. 2018] the degradation of polysaccharidic components of wood
begins with degradation of hemicelluloses. In comparison to hemicelluloses,
cellulose is more thermally stable, especially due to its crystalline structure. As
shown in Figure 3, the ratio lignin/holocellulose increased with an increase in
treatment time. This increase is most considerable by higher temperature.
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Fig. 3. The ratio of lignin/holocellulose content in thermally treated ash wood
[according to Výbohová et al. 2018]

Fig. 4. Correlation between higher heating value (HHV) and the ratio lignin/
holocellulose

Changes in the ratio of main wood components caused by heating affected
the heating value of thermally treated wood (Fig. 4). The positive correlation
between HHV and the ratio lignin/holocellulose was observed. The correlation
coefficient 0.9812 was determined. Demirbas [2003] also found a highly
significant correlation between the HHV of the various biomass materials and
the lignin.
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Fig. 5. Correlation between higher heating value (HHV) and the ratio (lignin +
extractives)/holocellulose

As mentioned above the energetic value of lignin and extractives is higher
than that of polysaccharides. Therefore it is obvious that higher content of lignin
and extractives increased the HHV of wood whereas holocellulose has the
opposite effect. For that reason we examined the correlation between HHV and
the ratio of the sum of lignin and extractives content to holocellulose content
(Fig. 5). We found the positive correlation with correlation coefficient 0.9896.
Similar results have been reported for various softwood and hardwood species
by Telmo and Lousada [2011].

Conclusions
Thermal treatment is an environmentally friendly process to improvements in
dimensional stability, resistance to microbiological attack or color of wood. In
this study, common ash (Fraxinus excelsior L.) wood was heat treated in an oven
at the temperatures of 180°C, and 200°C under atmospheric pressure in the
presence of air for 3, 6, 9, 12 hours, and the changes in higher heating value of
wood due to thermal treatment were studied.
Higher heating value of wood samples increased with extension of time of
treatment at the temperature of 180°C. At the temperature of 200°C the HHV
considerably increased to 6 h of treatment, with increased time its value slightly
decreased. It is a result of chemical changes in wood during treatment. Due to
treatment the content of holocellulose decreased and the content of lignin and
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extractives increased. Strong positive correlation between HHV and the ratio of
the sum of lignin and extractives content to holocellulose content was observed.
Based on obtained results it can be concluded that the intensity of changes in
HHV, which is an important fire-technical property of wood, depends on thermal
treatment conditions. Besides that, thermal treatment positively affects the
energetic valuation of wood when it reaches the end of lifecycle.
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COMPARISON OF DURABILITY OF WOOD COATINGS
CONTAINING DIFFERENT WATERBORNE ACRYLIC
RESINS AND UV ABSORBERS IN NATURAL
WEATHERING

In this study, pine and beech sapwood samples coated with 12 different
waterborne acrylic resin coating systems were exposed to natural weathering in
Trabzon, Turkey. The natural weathering test continued for 18 months. In these
coating systems, water in different proportions, boric acid, two different acrylic
resins and three different UV absorbers supplied by BASF were used. The aim was
to compare the durability of 12 different coating systems in natural weathering in
terms of colour change, surface roughness and macroscopic evaluation. These
test methods were used to evaluate the appearance and physical properties of the
coatings after the natural weathering test. The results led to the selection of the
best coating formulation for wood durability in natural outdoor conditions. The
appearance and physical values after 18 months of the weathering test showed
that boric acid increases the durability of the coating for use in outdoor
conditions. Additionally, the coating formulation containing especially acrylic
resin and Tinuvin 400 DW provided the highest durability against outdoor
conditions.
Keywords: colour, weathering, roughness,
durability, macroscopic evaluation

waterborne

acrylic,

coating,

Introduction
Wood surface is protected by surface treatments against outdoor conditions such
as UV light, high and/or variable humidity. Wood surface protectants also
improve aesthetics by providing colour or shine. The durability performance of
coatings in outdoor conditions varies based on many factors such as wood types
and properties, coating types and properties, application procedures and outdoor
conditions. For this reason, depending on the severity of the outdoor factors, the
nature and characteristics of coatings, renewal is required every few years.
Surface-treated wood can withstand water vapour permeability [Custódio and
Eusébio 2006; Teacă et al. 2013; Evans et al. 2015]. The use of coating systems
Özlem ÖZGENÇ (oozgenc@ktu.edu.tr), Karadeniz Technical University, Department of
Forest Industry Engineering, Trabzon, Turkey
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containing UV absorbers (acting as filters) minimizes wood degradation due to
ultraviolet radiation. New generation coatings may also play a role in resistance
to biological hazards if they contain additional wood preservatives, or if wood is
pre-treated with a suitable preservative prior to coating [Stirling et al. 2011].
Another requirement for coating is durability over many years. For this reason,
a wood protectant coating should cover tackiness, flexibility, durability,
permeability and ultimate resistance to fungi. Particularly, if coatings have
excellent outdoor durability and provide extraordinary protection against
biodegradation factors for wood, it is not an easy task to formulate it as a highly
variable material [Forsthuber et al. 2013a; Grüll et al. 2014; Keilmann and Mai
2016].
On the wood surface in outdoor conditions, with the effect of UV rays, the
lignin is firstly separated into radicals, which then cause decomposition in other
chemical components of the wood. Then, the products of this degradation on the
wood surface cause the adhesion between the wood surface and the coating to
disappear, resulting in delamination in coating systems [Nkeuwa et al. 2014].
The development of nanotechnology allows wood coatings to develop further, or
to achieve new performance characteristics. The use of nano-metal oxides of
different sizes increases the scratch and abrasion resistance of UV protection on
wood surface coatings. The use of nano-metals with a size of less than 100 nm
provides new properties for polymeric surface materials. Transparent iron oxides
are generally used as wood preservatives, but they colour the wood structure
[Cristea et al. 2012; Fufa et al. 2012]. If one wants to make the colour clear,
organic UV absorbents (benzophenone family, benzotriazoles, triazines,
malonates) together with HALS (hindered amine light stabilizers), which exhibit
synergistic photoprotection, are widely used. Organic UVA may be degraded by
visible light from 500 nm to 17 nm, and UVA is ineffective at this wavelength,
while harmful UV energy is converted into warming before reaching the bottom
layer, whereas HALS cleans away important free radicals such as lignin. At the
right doses, a combination of these provides good protection, and their protective
properties are reduced during prolonged UV exposure. Inorganic UVA-like
nanoparticles (typically 5-50 nm) may provide effective UV protection in the
long run because they do not dissociate from the surface matter in outdoor
conditions [Schaller and Rogez 2007; Forsthuber and Grüll 2010; Nguyen et al.
2016].
The most commonly used inorganic nanoparticles as UVA are oxides such as
TiO2, ZnO and CeO2. These nanocrystalline oxides behave like semiconductors.
Moreover, TiO2 and ZnO may also exhibit photocatalytic behaviour by
formation of reactive free radicals in a reaction mechanism [Schaller and Rogez
2007; Saha et al. 2013]. For this reason, photocatalytic behaviour is used in the
production of self-cleaning surface materials, but in order to be effective, it is
also necessary to protect the inorganic or organic inert substances of UVA
nanoparticles with surface treatments. Self-cleaning surfaces are of great interest
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in numerous applications. Recently, while maintaining a high level of
transparency, inert formation studies based on SiO 2 or silanes suppressing
photocatalytic activity have intensified. In the case of CeO 2, the electron
generated after stimulation does not move away from the surface at ambient
temperature [Cristea et al. 2012; Nikolic et al. 2015; Nguyen et al. 2016, 2017].
TiO2 in anatase modification surface materials is a well-known photocatalyst
used in the industry because of its efficiency in decomposition of contaminating
organic compounds after exposure to UV radiation. TiO 2 as a photocatalyst is
remarkable because it is not toxic, it is chemically inert, and it is not light and
cheap [Forsthuber et al. 2013b; Chen et al. 2014; Grüll et al. 2014; Kotlίk et al.
2014].
The durability of Scots pine and Oriental beech wood surfaces coated with
12 different coating systems was evaluated in natural outdoor conditions. These
coating systems consisted of 2 different acrylic resins, 3 different UV absorbers,
distilled water, boric acid and some additives. The change in the coating systems
exposed to outdoor conditions was determined by colour and roughness analysis.
Furthermore, the change in the sample surface after the natural weathering test
was determined by macroscopic evaluation.

Materials and methods
Wood materials
As the raw materials, Scots pine (Pinus sylvestris L., 0.49 g/cm3 dry density) and
Oriental beech (Fagus orientalis L., 0.61 g/cm3 dry density) were selected and
cut into pieces with dimensions of 350 mm in length by 70 mm wide by 20 mm
thick from sapwood according to the TS EN 927-3 standard. The wood samples
were conditioned in a climate room at 23 ±2°C and 65 ±5 relative humidity until
constant weight, and 12% moisture content was attained. One control and three
test samples were cut for each variation. The cross sections of the wood samples
were coated with epoxy paint to increase resistance to weathering conditions.
Coating systems
A commercial water-based impregnation product, with active ingredients of
1.20% propiconazole and 0.30% iodopropynyl butylcarbamate, was used as
a primer for protection of the samples against biological deterioration, including
soft rot and blue stain. The primer was applied to the samples at a spread rate of
120 g/m2 using a brush. Tinuvin 400 DW was used as a UV absorber in this
study. Commercially produced finishing, including acrylic resin, a copolymer
dispersion of methyl acrylate/methyl methacrylate/ butyl acrylate, was used as
a topcoat for the specimens. A small amount of defoamer and 2,2,4-trimethyl-1,3-pentandiolemonoisobutyrate, a coalescent agent, was added in the topcoat

50

Özlem ÖZGENÇ

formulation to reduce the effect of the other additives on the photostabilisation
performance. These formulation products were supplied by the BASF Company
for the wood coatings (Table 3). Three layers of topcoats were also applied to
each sample at a spread rate of 100 g/m 2 using a brush. Later, the specimens
were sanded with a 240-grit size sandpaper and kept at room temperature for two
days before applying the second layer of the topcoat. The characteristic features
of the wood coating materials in the study are given in Tables 1 and 2.
Table 1. Acrylic resin types for wood coating systems
Acrylic resin code

Detailed information

Acrylic Resin 1

Superior weathering resistance, excellent blushing resistance, tack-free
films, also for coloured aggregates

Acrylic Resin 2

Exceptional outdoor durability and film elasticity together with
outstanding water barrier properties, blocking resistance and wet
adhesion

Table 2. UV absorbers for wood coating systems
Products

Product type

Physical form

Active content (%)

Tinuvin 477 DW

UV Absorber

Liquid

20

Tinuvin 400 DW

UV Absorber

Liquid

20

Tinuvin 5333 DW

UV Absorber

Liquid

40

Table 3. Formulations of wood coating systems
Formulation products
Acrylic Resin 1
Acrylic Resin 2
Tinuvin 477 DW
Tinuvin 5333 DW
Tinuvin 400 DW
Film-forming agents
Defoamers
Dispersing agent
Rheology modifier
Distilled water
Distilled water with
1% Boric acid

Content
(%)

A

B

C

D

E

F

G

H

K

L

P

T

73.7
73.7
6.0
6.0
6.0
0.67
1.0
0.6
1.3
16.73

×
−
×
−
−
×
×
×
×
×

×
−
−
×
−
×
×
×
×
×

×
−
−
−
×
×
×
×
×
×

−
×
×
−
−
×
×
×
×
×

−
×
−
×
−
×
×
×
×
×

−
×
−
−
×
×
×
×
×
×

×
−
×
−
−
×
×
×
×
−

×
−
−
×
−
×
×
×
×
−

×
−
−
−
×
×
×
×
×
−

−
×
×
−
−
×
×
×
×
−

−
×
−
×
−
×
×
×
×
−

−
×
−
−
×
×
×
×
×
−

16.73

−

−

−

−

−

−

×

×

×

×

×

×
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Natural weathering test
For the purposes of the natural weathering test, 350 × 70 × 20 mm test and
control wooden pieces were prepared by removing moisture to prevent decay
and painting them with 2-Epoxy white paint in sections as shown by the TS EN
927-3 standard. Then, the wood samples were stored for approximately two
weeks in an environment with a temperature of 20°C and relative humidity of
65 ±5% prior to the natural weathering test.
Natural weathering test assemblies were installed on the coast at various
altitudes in the province of Trabzon in the Black Sea Region of Turkey. The
control and test wood samples were placed, as indicated in the TS EN 927-3
standard, in the assemblies installed in Trabzon (Turkey). The natural weathering
test continued for 12 months.
Colour measurement
The reflection spectrum from a Konica Minolta CM-600d instrument was
acquired from an area measuring 8 mm in diameter with 100 in the 400-700 nm
wavelength range. Five measurements were recorded for each sample. The CIE
(Commission Internationale de l‘Eclairage) colour parameters L* (lightness), a*
(along the X axis red (+) to green (–)) and b* (along the Y axis yellow (+) to
blue (–)) were calculated using the Konica Minolta Colour Data Software CMS100w Spectra MagicTM NX Lite (ISO 7724-2), from which the colour
differences ΔE* were calculated according to the formula given below:
ΔE*= (ΔL*2 + Δa*2 + Δb*2)1/2
Surface roughness measurement
A TR100 Surface Roughness Tester was employed for measurement of surface
roughness. The Ra and Rz roughness parameters were measured to evaluate the
surface roughness of the un-weathered and weathered (treated and untreated)
samples’ surfaces according to DIN 4768 (DIN 1990). Ra is an arithmetic mean
of absolute values for profile departures within the reference length, and Rz is
the arithmetic mean of the 5-point height of irregularities [DIN 4768 (DIN
1990)]. The cut-off length was 2.5 mm, the sampling length was 12.5 mm, and
the detecting tip radius was 5 mm for the surface roughness measurements.
Macroscopic evaluation
After the weathering test, macroscopic changes (erosion, checks and cracks) on
the sample surfaces were evaluated according to the principles of the ASTM D
660, ASTM D 661 and ASTM D 662 standards. The samples were visually rated
on a scale of 0-10 with 0 indicating a surface with a high level of degradation
and 10 indicating a flawless surface with no degradation. Pictures of the samples
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were also taken with a NIKON D7500 + AF-S DX NIKKOR 18-105 VR Digital
SLR camera.

Results and discussion
Colour change
The colour changes of the wood samples with coating for different exposure
times are presented in Table 4 according to the CIELAB parameters, ∆L*, ∆a*,
∆b* and ∆E. The colour changes of the wood samples were determined before
the weathering test and at the end of the 1st, 4th, 6th, 9th and 12th months of the
weathering test.
The colour change rates (∆E*) were fast for formulations A and F in the
beech samples until the end of the 4th month of the weathering test, as seen in
Figure 1. However, the colour change rates diminished slightly for the
formulations between the 4th and 9th months of the weathering test, while they
decreased significantly for all formulations on the Scots pine surfaces during the
weathering time (Fig. 2). The largest colour change occurred in formulation K
for beech and L for pine, while the smallest colour change was found in
formulations E and P for the beech and pine samples (Figs. 1 and 2).

Fig. 1. Colour changes (E*) of beech wood surfaces treated with acrylic-based
coating systems

A greater colour change was found in the pine wood coated with all
formulations than the beech wood, while the colour change parameters were also
different based on the wood species. The extent of colour changes varied based
on the wood species. Discoloration of the wood surface is influenced by lignin,
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carbohydrate and extractives, which can be oxidized and degraded under UV
irradiation [Deka and Petric 2008]. The changes in the content of wood
components could explain the differentiation between wood species.

Fig. 2. Colour changes (E*) of pine wood surfaces applied with acrylic-based
coating systems

Table 4 demonstrates the colour changes of all formulations on the Scots
pine and beech samples exposed to the natural weathering test for 12 months. As
seen, the colour changes (∆E*) were quite different for all formulations.
When the ∆a* values of the beech samples were examined, it was observed
that the colours tended to turn greenish for all formulations, while they turned
reddish for all formulations on the pine surface during the natural weathering
test. Meanwhile, the ∆b* values of the colours became bluish for all
formulations that were coated on the pine and beech samples for 12 months. It is
known that ∆L* is an important parameter for the determination of surface
quality and overall colour changes [Ozgenc et al. 2012]. The light stability (∆L*)
of the beech samples for all formulations was negative, which pointed out that
the wood surface became darker when the exposure time increased. The changes
in the light stability ∆L* values tended to be negative for all formulations on the
beech and pine surfaces. The negative values of ∆L* showed that the wood
surface changes were darker. However, lignin polymerization and degradation of
other cellulosic polysaccharides under UV radiation result in a darkened surface,
which changes the ∆L* values toward negative [Deka and Petric 2008, Korkut et
al. 2012].

∆a
0.88
0.73
0.39
0.73
0.39
0.55
0.85
0.58
0.52
0.49
0.35
0.34

∆a
2.39
2.31
2.37
1.87
1.84
1.78
1.8
2.05
1.92
1.9
1.8
1.61

∆L
-1.87
-1.93
-2.03
-1.89
-1.93
-2.03
-2.55
-1.34
-1.24
-1.13
-1.45
-1.29

∆L
-3.2
-3.97
-3.63
-2.81
-3.29
-3.56
-2.42
-2.99
-2.71
-3.1
-3.32
-2.71

A
B
C
D
E
F
G
H
K
L
P
T

A
B
C
D
E
F
G
H
K
L
P
T

E
2.72
2.16
2.25
2.34
2.1
2.45
3.27
1.56
1.52
1.5
1.59
1.41

E
4.14
4.61
4.36
3.5
3.77
4.05
3.17
3.65
3.4
3.76
3.86
3.2

∆b
-1.48
-0.5
-1.08
-1.16
-0.74
-1.27
-1.83
-0.52
-0.71
-0.86
-0.54
-0.42

∆b
-0.77
0.18
0.08
-0.9
0.11
-0.72
-0.91
0.26
0.76
-1.02
0.16
-0.52

1st Month

∆L
-6.35
-7.36
-7.44
-4.25
-6.53
-4.74
-6.75
-8.78
-8.66
-4.56
-7.51
-5.28

∆L
-5.19
-3.59
-2.95
-2.46
-3.19
-4.94
-4.35
-4.59
-3.16
-3.92
-3.2
-2.62
∆a
3.54
4.47
3.98
1.87
3.74
2.46
3.68
5.29
4.25
1.97
4.12
2.53

E
7.16
4.32
4.39
3.73
5
6.99
5.19
5.99
4.9
5.56
4.83
3.81

∆L
-4.94
-3
-1.37
-1.66
-1.17
-4.28
-3.89
-2.98
-1.51
-3.4
-1.18
-1.19

∆b E
∆L
-3.32 8.22 -8.08
-0.11 8.61 -9.26
-1.59 8.59 -8.48
-2.49 5.31 -5.36
-0.45 7.55 -8.35
-3.21 6.23 -6.07
-2.93 8.29 -7.69
0.91 10.3 -10.6
-2.05 9.86 -10.1
-2.6 5.62 -5.62
-0.6 8.61 -9.25
-2.96 6.56 -6.07

∆a ∆b
0.74 -4.86
0.16 -2.31
-0.04 -3.17
-0.42 -2.77
-0.08 -3.48
0.48 -4.92
0.3 -4.38
0.51 -3.81
-0.21 -3.66
-0.07 -0.81
-0.18 -3.57
0.015 -2.73

4th Month

∆a ∆b
4.155 -3.5
5.79 1.18
4.47 -1.23
2.7 -1.51
4.96 1.36
3.09 -2.36
3.94 -3.25
6.76 2.29
4.52 -2.76
2.78 -1.72
5.07 0.28
3.18 -2.01

∆a ∆b
0.91 -4.26
0.095 -2.02
-0.79 -1.89
-0.86 -1.64
-0.73 -2.39
0.13 -4.1
0.01 -3.63
-0.07 -2.91
-0.71 -2.42
-0.31 -2.92
-0.93 -2.81
-0.56 -1.55

6th Month

E
9.44
10.98
9.68
6.21
9.82
7.25
9.25
12.78
11.38
6.52
10.55
7.17

E
6.59
3.73
2.59
2.49
3.82
5.93
5.36
4.17
3.32
4.62
3.25
2.14

∆L
-9.45
-11.3
-9.93
-6.15
-10.8
-7.66
-9.26
-12.6
-12.1
-6.91
-5.99
-8.07

∆L
-4.51
-2.8
-0.31
-1.28
-0.38
-3.89
-2.78
2.21
-0.78
-3.05
-0.55
-0.76
∆a
4.79
7.13
5.14
3.2
5.98
4.05
4.68
8.06
5.15
3.46
2.23
4.45

∆a
0.88
-0.05
-1.04
-1.04
-1.23
-0.09
-0.36
-0.23
-1.03
-0.51
-1.25
-0.96
∆b
-3.13
2.5
-1.04
-1.03
1.92
-1.02
-3.08
3.36
-3.41
-1.16
4.45
-0.15

∆b
-3.26
-1.71
-1.01
-0.68
-1.45
-3.17
-2.29
-1.73
-1.41
-1.78
-1.76
-0.79

9th Month

Table 4. Colour coordinates of wood surfaces applied with acrylic-based coating systems

BEECH

PINE

E
11.06
13.6
11.27
7.03
12.5
8.72
10.8
15.36
13.57
7.83
7.9
9.23

E
5.64
3.43
1.67
1.8
3.48
5.02
3.73
2.82
2.32
3.9
2.26
1.49

∆L
-14.2
-14.1
-15.4
-20.1
-10.6
-19.3
-16.9
-17.0
-12.9
-21.5
-12.3
-18.1

∆L
2.62
4.5
5.57
-2.12
-1.33
-2.78
1.91
5.06
7.77
-3.44
0.89
-3.1

∆b
-0.2
5.16
0.83
-4.68
2.08
-3.39
-2.73
2.28
-0.75
-5.72
1.83
-2.63
∆a ∆b
6.4 -6.25
6.18 0.67
7.29 -2.6
6.42 -11
6.53 3.01
5.59 -7.02
7.31 -8.13
7.07 -1.2
6.35 -2.09
7.62 -12.2
4.1 -1.53
6.41 -5.4

∆a
-2.56
-1.42
-3.1
-4.22
-2.12
-2.79
-3.26
-2.46
-4.42
-3.44
-2.85
-2.43

12th Month

E
16.8
15.4
17.27
23.83
12.8
21.3
20.12
18.42
14.6
28.0
13.1
20.0

E
4.68
7.22
6.54
6.66
3.48
5.19
4.66
6.08
8.98
7.95
3.70
5.30
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Surface roughness change
The changes in the surface roughness values of the waterborne acrylic coating
systems are presented in Figure 3. As seen here, there were significant
differences after the weathering test for the 12 formulations. However, the rate
of change in the Ra and Rz values of formulations G for beech wood and L for
pine wood was found to be quite low after the natural weathering process.

A

B

C

D

E

F

G H

K

L

P

T

60

ChangeRate

40
20
0
-20

(Ra) for beech
(Rz) for beech
(Ra) for pine
(Rz) for pine

-40
-60
-80
Fig. 3. Rate of changes in surface roughness values of wood surfaces treated with
acrylic-based coating systems

The wood coating systems prevented wood surface degradation and provided
effective preservation against intensive weathering conditions. The smoothest
surface was obtained with formulations H, P and K for both pine and beech
samples before the weathering test. When the performance of coatings is
considered, formulations K and P provided the smoothest surfaces for both wood
species after the weathering test. The highest changes in the surface roughness
values were recorded from formulations D and L for both pine and beech
samples after the weathering test.
The wood species affects the rate of change in the roughness values of
coating systems after outdoor testing. It was determined that the change in the
coating systems applied to the surface of the pine wood was rather high in
comparison to the beech wood. Wood is anisotropic and composed of
heterogeneous materials. As a result of this, tree species, density, moisture
content and the wood’s anatomical properties (diameter of vessels and tracheids,
and the proportion of early and latewood) affect wood surface roughness [Kiliç
et al. 2006; Csanády et al. 2015]. When wood is exposed to outdoor conditions,
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UV rays, humidity, temperature and oxygen degrade wood surfaces and affect
surface roughness. Surface wettability and contact angle, which are sensitive
against roughness, have a significant effect on coating as well as the evaluation
of coating performance [Csanády et al. 2015].
The surface roughness values of the pine and beech wood coated with 12
different formulations before and after the natural weathering test are shown in
Table 5.
Table 5. Surface roughness values of wood surfaces treated with acrylic-based
coating systems
Beech
Sample
Code

Before
Weathering

After Weathering

Ra

Rz

Ra

Rz

0.79
(0.14)
0.52
(0.07)
0.71
(0.08)
0.99
(0.18)
0.48
(0.07)
0.63
(0.32)
1.23
(0.31)
0.56
(0.11)
0.59
(0.06)
1.08
(0.18)
0.67
(0.21)
0.58
(0.13)

16.6
(3.87)
18.9
(2.66)
27.4
(3.97)
18.8
(4.59)
12.1
(3.02)
13.1
(4.40)
19.2
(5.90)
15.7
(3.76)
21.8
(2.75)
15.3
(3.16)
14.6
(7.48)

1.00
(0.25)
0.40
(0.05)
0.40
(0.05)
1.54
(0.46)
0.48
(0.09)
0.52
(0.05)
1.26
(0.35)
0.38
(0.07)
0.41
(0.07)
1.52
(0.35)
0.50
(0.10)

13.3
(2.79)
6.17
(0.88)
6.76
(0.72)
16.4
(3.52)
6.05
(1.81)
7.58
(0.89)
16.2
(5.89)
6.90
(6.90)
7.25
(0.84)
17.5
(7.12)
6.72
(1.23)

Pine
Sample
Code

Before
Weathering

After Weathering

Ra

Rz

Ra

Rz

1.10
(0.20)
0.72
(0.12)
0.92
(0.33)
1.05
(0.22)
0.62
(0.16)
0.58
(0.08)
0.92
(0.35)
0.39
(0.04)
0.51
(0.09)
1.50
(0.62)
0.52
(0.07)

18.9
(4.73)
20.9
(3.01)
23.5
(3.78)
13.8
(4.67)
13.9
(3.92)
9.23
(2.03)
15.0
(4.22)
11.8
(3.16)
15.4
(15.4)
18.1
(4.42)
12.4
(3.97)

1.09
(0.49)
0.34
(0.06)
0.58
(0.06)
1.32
(0.28)
0.46
(0.46)
0.78
(0.89)
1.23
(0.48)
0.34
(0.10)
0.50
(0.50)
1.53
(0.16)
0.46
(0.08)

13.0
(6.87)
4.89
(1.48)
7.49
(2.85)
15.2
(4.92)
5.82
(0.92)
9.15
(6.56)
17.3
(6.50)
5.87
(1.43)
7.42
(1.86)
15.2
(4.37)
5.23
(0.78)

0.66
12.2
12.3
0.56
7.57
T
(0.20) (2.95)
(2.25)
(0.07)
(1.05)
*Mean values from 4 samples; Values in parentheses are standard deviations.

0.52
(0.08)

6.52
(1.22)

A
B
C
D
E
F
G
H
K
L
P
T

A
B
C
D
E
F
G
H
K
L
P

Macroscopic evaluation
Due to the fact that such factors as the region’s altitude, climate conditions and
air pollution differ in terms of deformations on wood surfaces coated with
acrylic systems exposed to natural weathering tests, the visual evaluation points
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of the samples were also found to be different. After the 12-month weathering
test, the visual evaluation performance of the beech and pine surfaces coated
with 12 formulations was evaluated as to the ASTM D662-93 standard (Table 6).
In comparison to the pine samples, macroscopic evaluation of the beech surfaces
coated with 12 different acrylic formulations received quite high scores
(Table 6).
Table 6. Macroscopic evaluation of coated wood samples after artificial weathering
test
Sample Code
A
B
C
D
E
F
G
H
K
L
P
T

Beech
6
6
7
6
5
7
6
7
9
7
9
8

Pine
6
7
7
5
6
6
5
8
9
5
9
7

It may be seen in Table 6 that especially the wood samples coated with
formulations P and K for both beech and pine received quite high visual
evaluation scores. It was also seen that formulation H for pine and formulation T
for beech provided very high protection after natural weathering testing.
According to the results obtained from similar studies, coating treatment with
water-repellent transparent acrylic resin does not provide effective protection
against photo-degradation under natural weather conditions. However, a high
durability performance of wood surfaces subjected to organic or inorganic UV
absorbent acrylic resin coating was determined [Custόdio and Eusébio 2006;
Schaller et al. 2008; Evans et al. 2008; Forsthuber et al. 2013a].
The pine and beech surfaces coated with formulations A, D, G and L were
darkened. Additionally, the pine and beech surfaces coated with acrylic coating
due to the air pollution outside were also dirtied. The dirty layer forming on the
wood surface coated with waterborne acrylic resin containing UV absorber may
be cleaned with a slightly damp cloth [Xie et al. 2008; Nejad 2011; Nejad and
Cooper 2011].
The beech surfaces coated with formulations B, E and H were found to have
deformations on their sides after the natural weathering test, as seen in Figure 4.
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Fig. 4. Wood surfaces treated with acrylic-based coating systems

Conclusions
Wood surfaces coated with waterborne acrylic containing UV absorber or HALS
provide quite good protection against degradation caused by natural weathering
conditions. In this study, we evaluated the performance of 12 different
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waterborne acrylic wood coating systems against natural weathering conditions.
Despite the intensive weathering conditions, the wood coating systems presented
a very good performance. Especially formulation P for both wood species
improved colour stability and significantly prevented macroscopic deformation
and changes in surface roughness. However, for both types of wood, formulation
E provided very high colour stability, but it did not provide effective protection
for surface roughness and macroscopic deformation. According to the
macroscopic evaluation, formulations P and K completely eliminated such
erosion as the formation of cracks, tears and fibre stand-up on the wood surfaces
exposed to weathering conditions over 12 months. It is thought that the
durability performance of the formulation P and K acrylic systems shall be
investigated on heat-treated or pre-treated wood surfaces in outdoor conditions.
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Piotr MAŃKOWSKI, Sławomir KRZOSEK, Bogusław ANDRES

THE SUSCEPTIBILITY OF SCOTS PINE HEARTWOOD
FROM VARIOUS POLISH FORESTRY REGIONS TO THE
BROWN ROT FUNGUS CONIOPHORA PUTEANA
(SCHUMACH.) P. KARST.

This paper presents the results of tests of compression strength parallel to the
grain, conducted on pine wood (Pinus sylvestris L.) samples from various Polish
forestry regions, exposed to the Coniophora puteana fungus. According to the test
results, the resistance of wood to the fungus varies only slightly depending on its
place of origin. Exposure to the tested fungus caused a reduction of density and
compression strength parallel to the grain. No correlation was found between this
reduction and the place of origin of pine wood samples.
Keywords: Pinus sylvestris L., Coniophora puteana, wood density, compression
strength, compressive strength parallel to grain

Introduction
Variability in the characteristics of wood depending on the location of its
harvesting has been the subject of numerous studies [Kobyliński 1967; Laurow
1973; Niedzielska and Muszyński 1986; Mederski et al. 2015].
Poland is divided into eight forestry regions, according to the different
climate and natural conditions present in each of them. The names of the regions
are Baltic, Masuria-Podlachia, Greater Poland-Pomerania, Masovia-Podlachia,
Silesia, Lesser Poland, Sudetes and Carpathians [Zielony and Kliczkowska
2012]. They are further divided into smaller mesoregions, according to their
surface morphology and related soil properties. This diversity of conditions in
forest habitats can translate into differences in the quality of raw timber between
regions.
The density of pine wood has already been studied by Witkowska
[Witkowska and Lachowicz 2013]. The quality of pine wood in Poland
depending on its place of origin has been studied by Dziewanowski. After
a thorough analysis of the quality of round logs from every forest inspectorate in
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Poland, it was proposed to divide Poland into four belts: I Lake Pine Belt, II
Lowland Pine Belt, III Highland Pine Belt and IV Mountain Belt
[Dziewanowski 1967].
The variations in pine wood properties depending on place of origin have
been studied by Laurow [1973]. The impact of forest cultivation on the
mechanical properties of wood has been studied by Pazdrowski [Pazdrowski and
Spława-Neyman 1997] and Medelski [Medelski et al. 2015].
Research on the mechanical properties of pine wood from selected regions of
Poland has also been performed at the Wood Technology Institute in Poznan
[Noskowiak and Szumiński 2006; Noskowiak et al. 2010] and the Faculty of
Wood Technology at SGGW in Warsaw. Sawn timber from five forestry regions
of Poland was tested. The habitat characteristics of the tested timber are shown
in Table 1 [Krzosek et al. 2008; Krzosek 2009, 2011]. Other studies have been
devoted to the determination of compression strength parallel to the grain
[Mańkowski et al. 2011].
Studies of the properties of wood depending on its origin and tree growth
conditions have also been carried out in other countries [Sable et al. 2012;
Schniewind and Boulevard 1986]. Similar research on the properties of wood
from different European regions, including pine and spruce wood from Poland,
was carried out in other European countries as part of the Gradewood research
project [Ranta-Maunus et al. 2011]. In Poland, studies of this kind were
conducted by Paschalis [1980] and Wąsik et al. [2016], but they were limited to
selected locations.
Many research teams have studied the impact of fungi on the natural
resistance of pine wood [Brischke et al. 2014], as well as changes in its
mechanical [Ormondroyd et al. 2017], physical [Ważny 1959] and chemical
properties [Bader et al. 2012a, 2012b]. Variability of the natural resistance of
wood has been analysed in the context of its physical properties and macro- and
micro-structure [Bader et al. 2012b], as well as its chemical composition
[Witomski et al. 2012], including the content of non-structural substances
[Zimmer and Melcher 2017].
Additional studies have examined the resistance of pine wood from various
Polish forestry regions to fungi. It was expected, due to the variability of the
mechanical properties of the tested timber, that its resistance to fungi would also
vary between regions. The heartwood of pine is considered impossible to
impregnate. At the same time, it has higher natural resistance to fungi than
sapwood. If lower natural resistance were observed in the case of pine wood
from a given forestry region, this might be a basis to issue general
recommendations concerning special protection measures required for such
wood.
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Material and methods
The measurements presented below were performed on wood after previous
research. Detailed characteristics of the research material are given by Krzosek
[2009].
Timber elements were selected for the study from the following forestry
regions: Baltic, Masuria-Podlachia, Greater Poland-Pomerania, and Lesser
Poland.
The data concerning sample origin are presented below in Table 1.
Table 1. Origin of test material [Krzosek 2009]
Designation

Habitat

Stand characteristics

Soil type

Site
index

Quality

1

2

3

4

5

6

Baltic
Forestry
Region

Forest
Inspectorate
Leśny Dwór,
Forest District
Skarszów,
Branch 594,
area 31.64 ha

Albic Brunic
Arenozol, weak
loamy sand on
loose sand

II

2

Carpathian
Forestry
Region

Forest
Inspectorate
Brzegi Dolne,
Forest District
Krościenko

Dystric
Cambisol, fertile
soil

I

3

Lesser
Poland
Forestry
Region

Forest
Inspectorate
Smardzewice,
Forest District
Prócheńsko,
Branch 259J,
area 4.27 ha

Brunic Arenosol

II

2

Greater
PolandPomerania
Forestry
Region

Forest
Inspectorate
Brodnica,
Forest District
Buczkowo,
Branch 102d,
area 1.67 ha

Haplic Brunic
Arenosol, loose
sands

I

2

MasuriaPodlachia
Forestry
Region

Forest
Inspectorate
Strzałowo,
Forest district
Babięta,
Branch 190,
area 2.82 ha

Mixed fresh forest
Stocking: 1.0
Moderate crown cover
Average age: 100 years
Average diameter at breast height:
34 cm
Average height: 25 m
In addition: beech
Mountain forest Stocking: 0.7
Broken crown cover Average age:
85 years
Average diameter at breast height:
48 cm Average height: 25 m
In addition: fir, beech
Mixed fresh forest
Stocking: 1.1
Broken crown cover
Average age: 85 years
Average diameter at breast height:
28 cm
Average height: 18 m
In addition: silver birch, spruce, oak
Mixed fresh forest
Stocking: 0.8
Broken crown cover
Average age: 96 years
Average diameter at breast height:
33 cm
Average height: 27 m
In addition: spruce, beech
Mixed fresh coniferous forest
Stocking: 0.9
Broken crown cover
Average age: 95 years
Average diameter at breast height:
33 cm
Average height: 30 m
In addition: spruce

Albic Brunic
Arenosol, loose
sands

II

2
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The values of density and growth ring width are presented in Table 2 below.
Table 2. Density and width of annual increment in the tested lumber [Krzosek 2009]

Region
Baltic
Lesser Poland
Greater Poland –
Pomerania
Masuria-Podlachia
Overall

density

annual growth
ring width

MOE

MOR

[g cm-3]

average [mm]

[MPa]

[MPa]

150
150
150

0.524
0.474
0.522

2.05
2.46
2.58

10708
9349
11126

41.6
35.2
45.1

166
766

0.468
0.486

3.11
2.85

8994
9584

34.0
36.2

number of
pieces

The moisture content of the timber was about 12%. Before the strength tests,
the research material was stored for over a year in an air-conditioned room at
a relative humidity of 65% and a temperature of 20°C. This corresponds to a
wood moisture content of 12% [Krzosek 2009].
For timber coming from individual regions, 100 pieces of heartwood
samples per region had been obtained, in order to test the compression strength
of the wood according to the PN 77/D 04102 standard. Ultimately, 60 samples
per region were selected to be tested in the study, meeting the requirements of
PN 77/D 04102. Each batch of 60 samples was divided into two parts, 30
samples each:
– control samples (C);
– samples exposed to the fungus (F).
All the samples were subjected to drying and thermal sterilisation treatment
(according to PN-EN 113:2000), to exclude the influence of sterilisation of just
one group on the further analysis. The density in completely dry state was
determined, and subsequently, half of the samples were inoculated with fungi.
The methodology was developed on the basis of the PN-EN 113:2000
standard. Some changes were introduced to the methodology, to enable the
testing of heartwood, the type of wood used most often in construction works. In
addition, samples were exposed to the fungus for a period of 8 weeks –
a decision was made to shorten fungal exposure time from 16 to 8 weeks.
A former study by Ważny [1959] shows that the degradation of heartwood by
C. puteana after 8 weeks is sufficiently advanced to be the subject of analysis.
Tests of compression strength parallel to the grain were carried out on Scots
pine wood degraded by the brown fungus C. puteana (Schumach.) P. Karst., in
laboratory conditions, and also on control samples not exposed to the fungus. To
obtain comparable test conditions for all sample groups, control samples (C)
were subjected to the same test procedure as samples intended for fungal
inoculation (thermal sterilisation, drying). Compression strength was determined
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with the use of an Instron 3382 testing machine. The relationship between the
force compressing the samples and their deformation was determined.
The measurements of compression strength parallel to the grain were
conducted for wood in absolutely dry state. Samples inoculated with fungi (F)
were tested directly after thermal sterilisation, while control samples (C) were
tested after drying.

Results and discussion
Density in the state of absolute dryness was determined for control (C) and
fungal (F) samples. The results for the control samples are presented in Table 3.
The variations in wood density depending on place of origin are small: density
values range from 0.395 g·cm-3 for the Masuria Forestry Region to 0.451 g·cm-3
for the Greater Poland-Pomerania Forestry Region. We also observed diverse
values of standard deviation for the density of samples from different regions.
The lowest value of standard deviation was observed for samples from the Baltic
Region (0.018), and the most heterogeneous, in terms of density, turned out to be
the material originating from the Greater Poland-Pomerania Region (0.061).
Afterwards, compression strength parallel to the grain was determined for
samples of natural wood (C) and wood degraded by C. puteana (F) (Fig. 1).
Analysis of the chart shows that the distribution of density results for control
samples (C) was similar for all of the studied forestry regions. The average
density slightly exceeds 0.400 g·cm-3 (the density values of most samples ranged
between 0.350 and 0.500 g·cm-3), the only exception being the Greater PolandPomerania region, where samples of higher density occurred, even reaching the
value 0.600 g·cm-3.
Compression strength parallel to the grain, both for control samples (C) and
for wood degraded by C. puteana (F), did not depend on the forestry region.
A high correlation was observed between density and compression strength
parallel to the grain for the control samples (C). A similar relation was found for
wood degraded by C. puteana (F). There is one exception, however: for fungus-infested samples originating from the Baltic region, where the relation between
wood density and compression strength was statistically insignificant. As the
density increases, the compression strength parallel to the grain increases as
well.
The average density values of samples infested by C. puteana (F) are
comparable, and a reduction of density resulting from fungal infestation is
observed (Table 3). The largest decrease in density was observed for samples
originating from the Lesser Poland Region (decrease from 0.408 to
0.368 g·cm-3), while the smallest reduction occurred for samples from the Baltic
Region (from 0.416 to 0.400 g·cm-3). Also in the case of samples subjected to
fungal inoculation, low density of wood and low dispersion were found within
samples from individual regions.
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Table 3. Pine wood density changes as a result of degradation caused by C. puteana
Forestry Region
Lesser Poland
C
Number of
samples
Average
density
St. Dev.

[-]

30

Greater PolandPomerania

F
30

C
30

Baltic

F
30

C

Masuria-Podlachia
F

30

C

27

F

29

27

[g cm-3]

0.408 0.368

0.444

0.419

0.416

0.400

0.374

0.332

[g cm-3]

0.030 0.044

0.067

0.070

0.017

0.026

0.022

0.029

As a result of the degradation of wood by C. puteana, a decrease in the
compression strength parallel to the grain was also observed (Table 4).
Table 4. Compression strength of pine samples degraded by C. puteana
Regions
Lesser Poland

Number of samples
[-]
Compression
strength [MPa]
St. Dev. [MPa]

Greater PolandPomerania

Baltic

MasuriaPodlachia

C

F

C

F

C

F

C

F

30

30

30

30

27

29

29

27

65

26

81

36

66

36

65

21

9

9

16

15

3

8

5

7

For wood originating from each studied region, an approximately two-fold
decrease in the average compression strength parallel to the grain was observed
as a result of the activity of C. puteana. Samples from the Greater PolandPomerania Region, both controls (C) and those degraded by C. puteana (F),
exhibited the highest variability of compression strength parallel to the grain.
This can be explained by the high variability of wood density in this region.
Figure 1 shows the relationship between the density of wood and its
compression strength parallel to the grain for samples from all regions. There is
a noticeable decrease in the wood density as a result of degradation by the
fungus, and this results in a decrease in the compression strength parallel to the
grain.
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Fig. 1. Relationship between wood density and compression strength parallel to the
grain, for fungal (F) and control (C) samples strength
a) Lesser Poland Region
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b) Greater Poland-Pomerania Region

c) Baltic Region

d) Masuria-Podlachia Region

Fig. 2. Relationship between density and compression strength of wood for
individual regions
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Figure 2 shows changes in the compression strength for samples from
individual regions. The relationship between the density of wood and its
compression strength parallel to the grain is seen to be of a similar nature in each
case (it can be approximated by a straight line). The linear approximation for
sets of samples from individual regions has a similar directional coefficient. For
samples from all regions, higher compression strength parallel to the grain is
observed in samples with higher wood density. Due to the small dispersion of
results in the case of density of wood from the Baltic Region, this relationship
was distorted.
The largest dispersion of density results was found for the Greater PolandPomerania Region, and the lowest for the Baltic Region. The diagonal line in the
graph corresponds to no change in density as a result of the fungus. The further
the measurement points are located from the diagonal line, the greater the
changes caused by the fungus. Table 4 shows the average changes for series of
measurements. The diagrams (Fig. 3) show the nature of density changes for
individual measurement series. The smallest density changes were observed for
the Baltic Region, and the largest for the Lesser Poland Region and Masuria-Podlachia Region.
Figure 4 presents the correlation between the destructive force and sample
deformation, using the example of just two samples (one control sample and one
degraded). It can be seen from the graph that the destructive force needed to
destroy the degraded sample (F) is clearly lower than the destructive force that
destroys the control sample (C). The deformation of the sample in the process of
compression parallel to the grain is much greater for control samples (C). The
wood structure destroyed by the fungus (F) requires less force and is destroyed
more quickly. C. puteana belongs to the group of brown rot fungi, which
a) Lesser Poland Region
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b) Greater Poland-Pomerania Region

c) Baltic Region

d) Masuria-Podlachia Region

Fig. 3. Decrease in density of pine wood as a result of fungal infestation
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degrade only polysaccharides in wood. The degradation of these compounds by
C. puteana results in a decrease in the compression strength parallel to the grain.
The results of this study correspond to those obtained by Ważny [1959] and
Witomski [Witomski et al. 2016].

Fig. 4. Force–deformation diagram for tests of compression strength parallel to the
grain

Conclusions
1. The density of pine wood originating from various Polish forestry regions was
comparable and ranged from 0.395 to 0.451 g·cm-3. The mean density did not
differ significantly between stands.
2. Sawn timber from the Greater Poland-Pomerania Region exhibited the highest
heterogeneity of density, and the lowest heterogeneity was found in the case of
wood from the Baltic Region.
3. The compression strength parallel to the grain of pine wood originating from
various Polish forestry regions was comparable and ranged from 65 MPa to
81 MPa.
4. After 8 weeks of exposure to fungi, we did not observe any influence of
sample origin on the resistance of wood to C. puteana.
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Serhiy GAYDA, Orest KIYKO

THE INVESTIGATION OF PROPERTIES OF
BLOCKBOARDS MADE OF POST-CONSUMER WOOD

Today in woodworking, there are problems with the use of wood waste and the
accumulation of involved wood as an additional and not fully used resource. The
problem has not been completely solved, as there is no scientific basis and
practical recommendations for efficient production processes with predicting the
properties of products made from Post-Consumer Wood (PCW), in particular in
the production of blockboards (BB). The objective of the studies is to substantiate
and develop a scientific and technical basis for resource-saving and
environmentally friendly technologies, to establish the influence patterns of PCW
properties on the mechanical characteristics of the products obtained, to develop
operating parameters and to formulate practical recommendations, confirmed by
the results of experimental studies. The studies have proved the expediency of
using PCW in technological processes of woodworking, in particular in the
production of construction materials - blockboards with predicted characteristics.
In order to rationally use raw materials for the manufacture of conventional
blockboards made from Post-Consumer Wood (PCW-BB), new designs of
a conventional PCW blockboard with a thickness of 22 mm and with a unified
strip width of 16, 32, 48, and 64 mm, the strips are glued ones, 3 mm thick, and
faced with plywood on both sides. The authors of the article found that in order to
ensure improved operating characteristics of the blockboards, it is important to
lay radial, semi-radial and tangential strips in structures with the ratio of width to
thickness of the cross-sections of the strips - rationally and efficiently - 1:1, 2:1,
3:1. Substantiation on this basis of new designs of PCW blockboards makes it
possible to reveal shortcomings of these products at the conceptual stage of the
project and correct them before manufacturing taking into account the specified
technical conditions and reducing costs at the development stage. Mathematical
models for predicting the main characteristics of conventional PCW blockboards
(PCW-BB) have been constructed, which made it possible to determine the
indexes of the bending strength of the BB across the strips, σ BB, and the shear
strength of the BB along the glue line, τ ВВ. The coefficients of approximation of
mathematical dependencies for predicting the strength of PCW-BBs, the strips of
which were made of fir wood, were calculated, which would allow for the
selection of rational designs of blockboards with appropriate characteristics. It
has been established that the developed mathematical models make it possible to
Serhiy GAYDA (serhiy.hayda@nltu.edu.ua), Orest KIYKO (orest.kiyko@nltu.edu.ua),
Department of Furniture Production Techniques and Wood Products Technology,
Educational and Scientific Institute of Woodworking and Computer Technology and Design,
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predict the characteristics of the PCW-BB depending on the cross-sectional
dimensions of the strips, the angle of the annual rings slope to the blockboard
face and the age of the PCW, and, on this basis, to propose improved designs of
these blockboards for the technological processes of woodworking. The influence
patterns of the properties of structural elements on the indicators of conventional
PCW-BB (500 × 500 × 22 mm) were experimentally established. It was found that
an increase in the width of the strips leads to a decrease in the strength indexes
(by 29-37%); an increase in the angle of the annual rings slope to the BB face
leads to an increase in static bending strength (by 31-33%) but to a decrease in
shear strength (by 4-7%); an increase in the age of the PCW leads to a decrease
in strength indexes (by 3-8%). It was found that the physical and mechanical
parameters of the experimental PCW-BBs with a strip cross-sections of 1:1, 2:1,
3:1 meet the requirements of the standard (larger values: for static bending of
a rate of 15 MPa and for shearing at a rate of 1 MPa), and for the 4:1 cross-section, they partially had lower indexes by 2-3%. To ensure the strength of the
developed structures of the PCW-BBs, it is recommended to use the 3:1 ratio of
the sides in the cross-section of the strips, and the slope of the annual rings to the
blockboard face must be at least 45o. It was found that the deviation of the values
obtained by mathematical models in determining the strength in static bending
and shearing in comparison with the experimental ones did not exceed 8% and
10%, respectively.
Keywords: post-consumer wood, blockboards, mathematical model, physical
and mechanical properties, characteristics, strength, recycling,
technology, use

Introduction
Two problems – the problem of raw materials and the problem of waste
management – are the most relevant issues in the woodworking industry in the
world, Europe and Ukraine, particular, at the beginning of the 21th century
[Gayda 2007]. A partial solution to the latter is a rational and comprehensive
approach to reducing the former – the problem of raw materials.
Nowadays, an unused wood raw materials base and a really potential
resource, the size of which increases with the development of manufacturing and
processing industries, are the stock of post-consumer wood [Marutzky 1996c,
2003; Onisko and Dobrowolska 1997; Ratajczak et al. 2003a; Ratajczak and
Szostak 2003b; Lykidis and Grigoriou 2005; Mantau et al. 2005a, 2005b; Gayda
2011a, 2012, 2013, 2016; Gworek 2016; Ratajczak et al. 2018].
Post-consumer wood (PCW) is used wood and any products made from it
that do not have their further use according to their original purpose and are
subject to recycling in order to protect the environment and human health or to
re-involving them in economic activity as raw materials or/and energy resources.
According to the large-scale European project COST Action E31 [2007], the
definition of post-consumer wood (PCW) is interpreted as follows: “Recovered
Wood (“post-consumer wood” or “post-use wood”) is demolished solid products
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biomass (examples: used construction biomass, used pallets biomass) and used
products biomass that is going to be used in the same product for another
purpose (example: used railway sleepers), generated from used solid wood
products”. “The term Recovered Wood does not cover biomass in used solid
wood products that is going to be used once more in a new setting (example:
wooden chair), or biomass in intermediate solid wood products that is going to
be used in new solid material products (example: used panel boards)”. That is,
post-consumer wood is all kinds of wood (woody biomass), available after the
completion of the existence of primary products.
On March 1, 2003, the European Union adopted the regulatory document
AltholzV [2002, 2003a, 2003b], which prohibits the removal of environmentally
questionable and harmful resources to landfills, and obliges wood product
manufacturers to think about future disposal of products that ended their useful
life. According to scientists Michanickl [1996, 1997], Grigoriou [1996, 1998],
Boeme [2003], Erbreich [2004], Garg and Singh [2004], Lykidis and Grigoriou
[2005], Werner et al. [2007] decomposition of contaminated PCW is very
destructive to the environment due to the content of harmful substances such as
glue, halogenated substances in coatings (in particular PVC films), antiseptics,
flame retardants, etc.
Polish scientists Ratajczak and Szostak [2003c] and Wróblewska and Cichy
[1997] argue that all wood waste should be divided into clean and polluted.
The PCW accounting was carried out by Danecki and Rodzeń [1997],
Danecki [2003], Ratajczak et al. [2003a] who noted that back in 2002 the
potential amount of PCW, in particular in Poland, was 2.8 million tons. The
volume of used wood is quite significant in Western Europe. In Austria, its
volumes may annually reach about 1.0 million tons [Brandstätter 1994]. This
figure for Germany was already a reality 30 years ago, and data from other years
indicate a much higher volume of PCW. As early as 1996, Marutzky [1996a,
1996b] estimated the volume of PCW formation in Germany at 8.0 million tons,
and the scientists Mantau et al. [2005b] voiced in 2003 data on the volume of
PCW at the level of 6.531 million tons. The scientist Ratajczak [2013] believes
that the rational management of secondary timber resources should be based on
the cascading use of the raw material model – the gradual re-transformation of
the resource into suitable products. If the products are not suitable – only then
they may be burned. The researcher Marutzky [2003] back in 1995 argued that
PCW would primarily be used in the manufacture of particleboards. Today,
approximately 20% to 25% of PCW is used in the production of particleboards.
Glued wood structures made of anisotropic strips (spliced or solid strips)
have strength characteristics and deformability indices that are decisive in the
design of new wood products. Scientists have given much attention to the
physico-mechanical properties and shape stability of glued boards made from
primary wood [Pardaev 2009; Kryvyk et al. 2012; Kiyko 2014 and others] but
not to the blockboard study, and especially those made from PCW.
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The problem of blockboard strip width is still debatable today. Thus,
scientists Maevskyy and Benyakh [2005] in the study of glued oak wood panels
for the manufacture of front surfaces, recommend the use of 40 mm wide strips
at an angle of slope of 68° to the blockboard face, and when using only radial
strips, the maximum width can be 67.9 mm.
Pardaev [2009] in the study of glued panels made from primary wood (pine)
offers a thickness-to-width ratio in the cross section of the strips 1:2,5-2,8 with
an angle of slope within the range between 40° and 50° to the blockboard face.
To date, laborious research has been done on the possibility of using solid PCW
in the field of woodworking for the manufacture of structural materials, in
particular for the manufacture of blockboards (BB). However, there are still
weak spots here, and in some studies, the problem has not been studied enough.
The results of the analysis of the above studies show that this problem has
not been completely resolved, since the scientific basis and practical
recommendations for efficient production processes with predicting the
properties of products made from PCW have not been developed, in particular,
in the production of blockboards (BB). Thus, the substantiation and
establishment of the influence patterns of the PCW parameters on the
mechanical characteristics of the products obtained, the development of new
designs of PCW blockboards and providing practical recommendations,
confirmed by the results of experimental studies, is an urgent scientific and
technical problem of our time, which is of great importance.
Therefore, the purpose of scientific work in this article is the investigation of
the properties of blockboards made of post-consumer wood.
Main objectives:
– to propose new designs of blockboards and to develop mathematical
models for predicting the main characteristics of conventional PCW
blockboards: static bending strength and shear strength depending on the
width of the strip, the angle of the annual rings slope to the blockboard
face, and the age of the PCW.
– to experimentally determine the physical and mechanical characteristics
of conventional PCW blockboards and compare the strength indexes with
the data obtained by mathematical dependencies.
Solving the set tasks will allow PCW to be involved in the technological
processes of woodworking, in particular for the production of structural materials blockboards with predictable characteristics.

Materials and methods
The blockboard panels in this study were manufactured by using the following
materials:
– structural wooden elements from the dismantled house (demolition wood),
– wooden bars and rails from used window and door casings (Fig. 1),
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– three-ply plywood (3 mm) from used furniture pieces,
– polyvinylacetate glue (PVA glue of the Jowat 103.05 brand).
This wood was not dissimilar in outward appearance to primary wood,
although it was about 1-20 years old. Experimental and theoretical studies were
carried out by applying a system approach using computers and the existing
software.
This paper uses the following methods:
– physical and mechanical – to determine the size of the PCW-BB and
indexes of their physical and mechanical characteristics,
– mathematical theory of planning experiments – to establish dependencies
and analyze them,
– mathematical statistics – for processing the results of experimental
studies.

Fig. 1. Post-consumer wood to be used for manufacturing blockboards

Theoretical research on the problem
Development of constructions of the PCW-BB
The research on the material use of PCW was based on the developments
devoted to the manufacture of high-quality blockboards with the predicted
characteristics of various designs (Fig. 2).
The determining input components (geometric and physical characteristics)
that will affect the physico-mechanical characteristics of the PCW-BB are:
Kp – the width/thickness ratio of the strip (code: 1 – 1:1; 2 – 2:1; 3 – 3:1; 4
– 4:1) Кр = a/h (Fig. 3);
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Fig. 2. Proposed structures for the PCW-BB panels, to be investigated

Kα – the slope of annual rings of strips (code: 1 – 61-90 о; 2 – 31-60о; 3 –
1-30о) Кα = 90/α (Fig. 4);
KN – PCW age (the lifetime of the product) (code: 1 – 0; 2 – 1-5; 3 – 6-10;
4 – 11-15; 5 – 16-20).
The age of PCW was determined in two ways:
1. For used furniture – by labels (tags) glued by the producers which indicated
the time of manufacturing.
2. For joinery products – according to a survey on the time of constructing.

Fig. 3. The width/thickness unified ratios of the strip

Fig. 4. Types for strips of cross-sections of different angles of the annual rings slope
to the blockboard face
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Construction of mathematical models for predicting the characteristics of
PCW blockboards
Taking into account the results of theoretical studies and the results of long-term
experimental studies, as well as the nature of the change of characteristics,
mathematical exponential dependences were calculated and proposed to predict
the characteristics of PCW blockboards (the functions of the research results
were approximated). Based on the numerical methods of mathematical
modeling, an engineering solution to the problem of predicting the
characteristics of PCW blockboards was obtained. General view of mathematical
models for predicting the characteristics of PCW blockboards [Gayda 2015]:
BB strength in bending across the BB strips (σBB) (norm 15 Mpa)

σ BB= A⋅exp(−B⋅σ⋅K NPCW )⋅exp(−C⋅K p )⋅exp (−D⋅K α )

(1)

BB shearing strength along the glueline (τBB) (norm 1 Mpa)

τ BB = A⋅exp(−B⋅τ⋅K NPCW )⋅exp(−C⋅K p )⋅exp(−D⋅K α )

(2)

where: A, B, C, D are approximation coefficients of exponential dependence;
σ is the static bending strength of PCW of a certain species by the slope angle of
the annual rings to the blockboard face, MPa;
τ is the shearing strength of PCW of a certain species by the slope angle of the
annual rings to the blockboard face, MPa;
Types of experimental tests – methods of experimental research
The general research methodology covers the methods for manufacturing
a blockboard from PCW and the methods for determining the characteristics of
the PCW blockboard, in particular, its static bending strength and shearing
strength. Since the research was based on the study of the influence of the
characteristics of the BB structural components on the bending strength and
shearing strength, we fabricated PCW blockboards in accordance with the
methodological research grid (Table 1).
Таble 1. Methodical grid of experimental studies on PCW blockboards
Input factors – coefficients
PCW age

КN1; КN2; КN3;
КN4; КN5,

Annual rings slope

Strip cross-section – thickness-to-width ratio

Кα1

Кр1

Кр2

Кр3

Кр4

Кα2

Кр1

Кр2

Кр3

Кр4

Кα3

Кр1

Кр2

Кр3

Кр4

84

Serhiy GAYDA, Orest KIYKO

The design of PCW blockboards envisages the use of strips of the same
wood species. The PCW- blockboards were manufactured using glued strips (GS
type). All BBs were manufactured with a thickness of 22 mm in accordance with
GOST 13715:1978 and ISO 13609-2014. The width of the strips was 16, 32, 48
and 64 mm, and the thickness after milling of the blockboards on a thicknessing
planer on both sides was 16 mm. To compare the obtained results, a blockboard
from fresh wood was also manufactured, that is, with an age coefficient of
0 years.
Based on the methodological grid of experimental studies, in particular the
number of variable factors (Kα = 3, Kp = 4, KN = 5), 3 × 4 × 5 = 60 types of PCW
blockboards were manufactured
Technology of obtaining the PCW-BB
The manufacturing procedure for BB from PCW involves the following steps:
clearing the used wood off ironmongery and other foreign inclusions; breaking
finger joints and making trims to remove defects; removing of finish coating
from the wood surface (varnish, paint); face planning; length cutting of the
wood; double-edge profiling; trimming to size; gluing of variously-constructed
BB (Fig. 5); cutting of plywood, laying plywood on the core-board under
pressure; cutting to size; sanding. Strips moisture content – 8 ±2%; moisture
differences among the wood strips – 2 ±1%; the moisture content was controlled
by the device S200; polyvinylacetate glue (PVA glue of the Jowat 103.05 brand).

Fig. 5. The process of manufacturing a BB shield
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Preparing the blockboard core involves selection of strips according to the
strip width, annual rings angle, applying glue to the strips edges with the glue
spread of 200-250 g/m2, clamp bonding (operation parameters: temperature –
85-90°C; soaking time – 30-40 min; pressure – 0.5-1.0 MPa), technological
conditioning (humidity – 60 ±5%; temperature – 20 ±2°C) for 8-12 hours;
double-side milling up to 16 mm; dimension cutting into a size of 520×520 mm.
The final stage of the PCW BB comprises the following steps: application of
glue to the blockboard core with glue spread of 150-200 g/m 2, the formation of
package, facing in a flat press (operation parameters: temperature – 115-120°C;
press time – 4-6 min; pressure – 1.2-1.3 MPa), technological conditioning
(humidity – 60 ±5%; temperature – 20 ±2°C) for 4-8 hours; cutting on the
perimeter into dimension of 500 × 500 mm (Fig. 6).

Fig. 6. The view of the experimental PCW-BB

Methods of preparing test specimens
Specimens selection, their quantity, making and preparing for testing was done
according to GOST 9620:1994 and DIN EN 326-1:1994. Test specimens for
determination of static bending strength across strips were made according to
GOST 9625:2013 which refers to GOST 13715:1978 and ISO 13609-2014. The
specimen’s thickness is equal to the thickness of the BB, that is 22 mm. The
width of the specimen b=50 mm, and, the length l1 = 15 h = 15∙22 = 330 mm
(Fig. 7).
Test specimens for determination of shearing dry strength along glue line,
were made according to GOST 9624:2009 and ISO 12579-2007.
The shape and dimensions of test specimens for determination of shearing
strength along glue line should correspond to the 85 × 40 × 22 mm dimensions
with the kerf of 5 mm (Fig. 8).
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Fig. 7. Specimens of veneered BB with the core-board from PCW to test the static-bending
strength across strips

Fig. 8. Specimens of veneered BB with the core-board from PCW to test the shearing
strength along glue line

Description of methods of investigation
To suit GOST 13715:1978, ISO 13609-2014, PN-76/D-97000, DIN 687052:2016-03 for BB the definition of such physical and mechanical characteristics
is regulated: static-bending strength across strips and shearing strength along
glue line
To measure the strength of the BB on static-bending strength across strips,
the recommendations described in GOST 9625:2013 and PN-EN 310:1994 were
followed.
Static bending strength ( σ BB) in MPa was calculated by the formula:

σ BB=

3 P max l
2 bh

2

(3)

where: Pmax – maximum load, H; l – spacing between supports, mm; b – the
width, mm; h – the specimen thickness, mm.
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The strength along glue line τBB is determined in MPa by rounding the result
to 0.05 MPa by the formula:

τ BB =

P max
b sh⋅l sh

(4)

where: Pmax – maximum load, H; bsh, lsh – the width and the length of the shear
area, mm.
According to GOST 28840:1990 in order to determine static bending
strength across strips, the laboratory test machine IР5057-50 (maximum load –
50 kN) (fig. 9) was used while the test machine YММ-5 was used to determine
shearing strength with a measurement error of 1%.

Fig. 9. The laboratory test machine IР5057-50 (maximum load – 50 kN)

Results and discussion
Results of development of mathematical models
In order to determine the indexes of static bending strength and shearing strength
of the PCW blockboard, in addition to the data of these studies, we used the
results of previous studies on the parameters of strength and panel structures
[Gayda 2010, 2011b, 2018].
To determine the approximation coefficients, the Microsoft Office Excel
program and the least squares method were used. To select the optimal structure
of the functional dependence model, we used the determination coefficient R 2 as
the value of the approximation reliability, which indicates how well the obtained
observation results confirm the model. The approximation coefficients of the
model were defined to predict the bending strength in the following form: A =
42.36; B = –0.0204 (–0.0002σ); C = –0.115; D = –0.156, where σ is the bending
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strength of the strips made from PCW of a certain age group. Similarly, the
approximation coefficients of the model for predicting the shearing strength
were determined: A = 2.016; B = –0.0226 (B = –0.0027τ); C = –0.15; D =
−0.027, where σ is the shearing strength of the strips made from PCW of a
certain age group.
Taking into account the values of the approximation coefficients, the
mathematical dependences of blockboards made from fir-species PCW will take
the form:
a) The mathematical dependence of the strength in bending across the strips,
σBB, for blockboards with a thickness of 22 mm from glued strips ( GS type ),
made from fir wood, lined with 3 mm plywood, takes the form:

σ BB=42.36⋅e−0.0002⋅σ⋅KNPCW⋅e−0.115⋅K ⋅e−0.156⋅K
p

H

(5)

b) The mathematical dependence of the shearing strength along the glue line,
τBB , for blockboards with a thickness of 22 mm from glued strips (GS type),
made from fir wood, lined with 3 mm plywood, takes the form:

τ BB =2.016⋅e−0.0027⋅τ⋅KNPCW⋅e −0.15⋅K ⋅e −0.027⋅k
p

H

(6)

Results of the experimental test
Influence of the characteristics of the PCW-made strips on the bending
strength of the blackboards (BB)
According to the results of the experiment (Fig. 10, Fig. 11) and processing of
the test data, graphical dependences (Figs. 12-14) were obtained of the effect of
the ratio of the width to the thickness of the strip, the slope of the annual rings at
the ends of the strips and the age of the PCW strips on the strength of the
blockboard (Table 2).

Fig. 10. Test specimen of the PCW-BB for bending strength at the moment of load
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Fig. 11. The nature of the destruction of the specimens of the PCW-BB during the
bending strength test
Table 2. The bending strength of the PCW-BB across the strips, MPa
PCW
age

Кр1
Кα30

Кα60

Кр2
Кα90

Кα30

Кα60

Кр3
Кα90

Кα30

Кα60

Кр4
Кα90

Кα30

Кα60

Кα90

0

22.58 27.05 31.32 20.53 25.32 28.91 18.21 22.89 25.92 15.05 19.84 22.17

5

22.31 26.32 30.38 20.28 24.64 28.05 17.99 22.27 25.15 14.87 19.30 21.51

10

22.07 25.76 29.65 20.06 24.11 27.37 17.80 21.80 24.53 14.71 18.89 20.99

15

21.99 25.46 29.23 19.99 23.83 26.98 17.73 21.54 24.19 14.66 18.67 20.69

20

21.81 25.16 28.83 19.83 23.55 26.61 17.59 21.29 23.86 14.54 18.45 20.41

It was found that the highest index of strength in static bending (31.32 MPa
at a rate of 15 MPa) is characteristic of PCW-BB of the following structures: the
ratio of the cross-sectional dimensions of the strips Kp1 (1:1) with the annual
rings slope to the blockboard face Kα1 (61-90o), at the age of the PCW KN1 (0),
and the lowest (14.54 MPa) - at Kp4 (4:1) with the annual rings slope to the
blockboard face Kα3 (1-30o), at the age of the PCW KN5 (16-20). This indicates
that the radial strips in the blockboard structure offer greater resistance to
destruction than tangential ones. The physical and mechanical parameters of the
experimental PCW-BB with a cross-section of strips 1:1, 2:1, 3:1 meet the
requirements of the standard (larger values: for static bending at a rate of
15 MPa), and for a cross-section of 4:1 partially had lower indexes up to 3%.
Thus, as can be seen in Figures. 12-14, increasing the strip width leads to
a decrease in static bending strength, σBB. Graphic interpretation shows that
a decrease in the angle of the annual rings slope to the blockboard face and
increasing the age of the PCW results in a decrease in static bending strength
(Fig. 15).
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Fig. 12. The results of the PCWBB static bending strength (Kp – the thickness-towidth ratio of the strip; Kα – the slope of annual rings of strips; KN – PCW age (the
lifetime of the product))
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Fig. 14. Graphic dependencies σBB = f(Kα, KN) at the cross section of the strip 64 ×
16 (Kp4)

Fig. 15. Measuring the angles of annual rings slope at the ends of the strips to the
face of the PCW using an angle protractor

Influence of PCW-made strips characteristics on the shear strength of the
blockboards (BB)
According to the results of the experiment (Figs. 16, 17) and data processing,
graphical dependences (Figs. 18-20) were obtained of the effect of the thickness-to-width ratio of the strip, the slope of the annual rings at the ends of the strips,
and the age of the PCW-made strips on the strength of conventional blockboards
(Table 3).
The highest index of shear strength along the glue line (1.71 MPa at a rate of
1 MPa) is characteristic of PCW-BB of the following design: the cross-sectional
dimensions of the strips Kp1 (1:1) with the annual rings slope to the blockboard
face Kα3 (1-30o) at the age of the PCW KN1 (0), and the lowest index (0.97 MPa)
at Kp4 (4:1) with the annual rings slope to the blockboard face Kα1 (61-90o), at
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the age of the PCW KN5 (16-20). It can be seen that the tangential strips adhere
better (have greater adhesion) to the facing than the radial ones.
Table 3. Shear strength of the PCW-BB along the glue line
Кр1

Кр2

Кр3

Кр4

PCW
age

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

0

1.71

1.66

1.64

1.41

1.35

1.31

1.20

1.14

1.11

1.10

1.05

1.02

5

1.65

1.63

1.61

1.36

1.32

1.29

1.16

1.12

1.09

1.07

1.03

1.00

10

1.60

1.60

1.59

1.32

1.29

1.27

1.13

1.10

1.08

1.04

1.01

0.99

15

1.58

1.58

1.58

1.30

1.28

1.26

1.11

1.08

1.07

1.02

1.00

0.98

20

1.56

1.57

1.57

1.29

1.27

1.26

1.10

1.08

1.06

1.01

0.99

0.97

Fig. 16. Test specimen of the PCW-BB for shear strength at the moment of load

It was determined that the physical and mechanical parameters of the
experimental PCW-BB with a strip cross-section of 1:1, 2:1, 3:1 meet the
requirements of the standard (larger for shearing at a rate of 1 MPa), and for a
cross-section of 4:1, they partially had lower indexes by 2-3%. Therefore, as can
be seen in Figures 18-20, increasing the width of the strips leads to a decrease in
shear strength, τBB. A decrease in the angle of the annual rings slope to the
blockboard face and an increase in the age of the PCW leads to a decrease in
shear strength. An increase in age slows down the dynamics of reducing the
effect of annual rings on the shear strength index. With the age of PCW being
15-20 years, there is practically no effect (Fig. 20).
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Fig. 17. The nature of the destruction of the specimens of the PCW-BB during the
shear strength test
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Fig. 18. The results of the PCW BB shear strength (Kp – the thickness-to-width ratio
of the strip; Kα – the slope of annual rings of strips; KN – PCW age (the lifetime of
the product))
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Comparison and discussion of results
Comparative analysis of strength values in static bending
In the process of research and data processing, a comparative analysis of both
theoretical and experimental studies of the physico-mechanical characteristics of
the PCW-made blockboards was performed, namely, a comparative analysis of
the strength values of the PCW-made blockboards in static bending obtained by
the mathematical model and by experiment for strips with a cross section of
16 × 16 mm (K1) of different ages (KN) and different angles of the annual rings
slope to the blockboard face (Kр), (table 4), a comparative analysis of static
bending strength values obtained by the mathematical model and by experiment
for strips with a cross section of 64 × 16 mm (K4) (Table 5).
Table 4. Comparative analysis of the bending strength of the PCW-BB for Kp1
Mathematical model results
PCW age
0
5
10
15
20

Experiment results

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

23.25
22.87
22.50
22.14
21.79

27.15
26.69
26.26
25.84
25.44

31.70
31.15
30.63
30.12
29.63

22.58
22.31
22.07
21.99
21.81

27.05
26.32
25.76
25.46
25.16

31.32
30.38
29.65
29.23
28.83

Table 5. Comparative analysis of the bending strength of the PCW-BB for Kp4
Mathematical model results
PCW age
0
5
10
15
20

Experiment results

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

16.47
16.20
15.94
15.68
15.43

19.23
18.91
18.60
18.30
18.01

22.45
22.06
21.69
21.33
20.98

15.05
14.87
14.71
14.66
14.54

19.84
19.30
18.89
18.67
18.45

22.17
21.51
20.99
20.69
20.41

The largest deviations of the experimental data on conventional PCW
blockboards for Kp1 and Kp4 from the model data are insignificant. The
deviation of the experimental data from the model for strips with a cross section
of 16 × 16 mm (K1) data for the angles of the annual rings slope to the
blockboard face for Kα30 was 1-3%, Kα60 – 1-2%, and Kα90 – 1-3% (Fig. 21).
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Fig. 21. Graphical comparative analysis of the results of the PCW-BB bending
strength with model and experiment for Kp1 strips of different ages
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Fig. 22. Graphical comparative analysis of the results of the PCW BB bending
strength with model and experiment for Kp4 strips of different ages

The deviation of the experimental data from the model for strips with a cross
section of 64 × 16 mm (Kp4) data for the angles of the annual rings slope to the
blockboard face for Kα30 was 6-8%, Kα60 – 2-3%, and Kα90 – 1-3% (Fig. 22). The
model for static bending and influence of factors to be equivalent to the
experimental data.
Comparative analysis of shear strength values
Comparative analysis of shear strength values obtained by the mathematical
model and by experiment for strips with a cross section of 16 × 16 mm (K1)
(Table 6): The deviation of the experimental data from the model data for the
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angles of the annual rings slope to the blockboard face for Kα30 was 6-9%, Kα60 –
3-5%, and Kα90 – 1-2% (Fig. 23).
Table 6. Comparative analysis of the shear strength of the PCW-BB for Kp1
Mathematical model results
PCW age
0
5
10
15
20

Experiment results

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

1.57
1.54
1.51
1.48
1.45

1.61
1.58
1.55
1.52
1.49

1.66
1.62
1.59
1.56
1.53

1.71
1.65
1.60
1.58
1.56

1.66
1.63
1.60
1.58
1.57

1.64
1.61
1.59
1.58
1.57

Shear strength, τВВ, MPa

.

Comparative analysis of shear strength values obtained by the mathematical
model and by experiment for strips with a cross section of 64 × 16 mm (K4)
(Table 7): The deviation of the experimental data from the model data for the
angles of the annual rings to the blockboard face amounted to 7-10% for Kα30,
Kα60 – 2-4%, and Kα90 – 1-4% (Fig. 24).
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Fig. 23. Graphical comparative analysis of the results of the PCW-BB shear
strength with model and experiment for Kp1 strips of different ages

The shear strength model is completely equivalent for factors such as the
ratio of the cross-sectional dimensions of the strips K p and the age of the PCW
KN, but it is only partially equivalent for the factor such as the angle of annual
rings slope to the blockboard face Kα for strips Kp1, and for other strips, the trend
of the lines was slightly changed, which is associated with an insignificant error
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in experimental studies, in particular, when measuring the angles of the annual
rings slope to the blockboard face, this is especially true for wide strips.
Table 7. Comparative analysis of the shear strength of the PCW-BB for Kp4
Mathematical model results
PCW age

Shear strength, τВВ, MPa

0
5
10
15
20

Experiment results

Кα30

Кα60

Кα90

Кα30

Кα60

Кα90

1.00
0.98
0.96
0.95
0.93

1.03
1.01
0.99
0.97
0.95

1.06
1.04
1.02
1.00
0.98

1.10
1.07
1.04
1.02
1.01

1.05
1.03
1.01
1.00
0.99

1.02
1.00
0.99
0.98
0.97

1.10
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Fig. 24. Graphical comparative analysis of the results of the PCW-BB shear
strength with model and experiment for Kp4 strips of different ages

Conclusions
1. It is proved that PCW is suitable as a secondary resource for use in
woodworking industry: the manufacture of structural materials, in particular, the
blockboards (BBs) with predictable characteristics.
2. New designs have been developed for a conventional PCW- blockboards with
glued strips having a unified size ratio of the sides of the cross section 1:1, 2:1,
3:1 and 4:1. In the designs of conventional PCW blockboards the use of strips
with different angles of the annual rings slope to the face is possible on
condition of their properly laying.
3. Mathematical models have been developed for predicting the main
characteristics of conventional PCW-made blockboards: strength under static
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bending across strips, σBB, shearing strength along the glue line, τBB, the
implementation of which will facilitate the selection of rational designs of PCWmade blockboards.
4. Identified were the patterns of the influence of the structural elements
properties on the characteristics of conventional PCW-made blockboards
(500 × 500 × 22 mm). It was found that increasing the width of the strips leads
to a decrease in strength (by 29-37%); an increase in the angle of the annual
rings slope to the BB face leads to an increase in static bending strength (by 31-33%) but to a decrease in shearing strength (by 4-7%); an increase in the age of
PCW leads to a decrease in strength values (by 3-8%).
5. It was found that the deviations of the values obtained by mathematical
models for determining the strength in static bending of conventional
PCWblockboards, compared to the experimental data did not exceed 8%. The
model for in static bending and influence of factors to be equivalent to the
experimental data.
6. It was found that the deviations of the values obtained by mathematical
models for determining the strength in shearing of conventional PCW
blockboards, compared to the experimental data did not exceed 10%. The shear
strength model is completely equivalent for factors such as the ratio of the crosssectional dimensions of the strips Kp and the age of the PCW KN, but it is only
partially equivalent for the factor such as the angle of annual rings slope to the
blockboard face Kα for strips Kp1, and for other strips, the trend of the lines was
slightly changed, which is associated with an insignificant error in experimental
studies, in particular, when measuring the angles of the annual rings slope to the
blockboard face, this is especially true for wide strips.
7. The obtained patterns of the effect of the width of BB strips made from
PCWsolid on the static bending strength and the shearing strength allow
establishing rational schemes for laying strips, applying the optimal size ratio in
the sides of the cross section of strips for blockboard structures.
8. It was found that the highest index of strength in static bending (31.32 MPa at
a rate of 15 MPa) is characteristic of PCW-BB of the following structures: the
ratio of the cross-sectional dimensions of the strips Kp1 (1:1) with the annual
rings slope to the blockboard face Kα1 (61-90o), at the age of the PCW KN1 (0),
and the lowest (14.54 MPa) − at Kp4 (4:1) with the annual rings slope to the
blockboard face Kα3 (1-30o), at the age of the PCW KN5 (16-20). This indicates
that the radial strips in the blockboard structure offer greater resistance to
destruction than tangential ones.
9. It was found that the highest index of shear strength along the glue line (1.71
MPa at a rate of 1 MPa) is characteristic of PCW-BB of the following design:
the cross-sectional dimensions of the strips Kp1 (1:1) with the annual rings slope
to the blockboard face Kα3 (1-30o) at the age of the PCW KN1 (0), and the lowest
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index (0.97 MPa) at Kp4 (4:1) with the annual rings slope to the blockboard face
Kα1 (61-90o), at the age of the PCW KN5 (16-20). It can be seen that the
tangential strips adhere better (have greater adhesion) to the facing than the
radial ones.
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THE PROPERTIES OF LIGHTWEIGHT STABILISED
BLOCKBOARD PANELS

Lightweight Stabilised Blockboard (LSB) panel is a product newly introduced
onto the market. Research was carried out to determine the main physical and
mechanical properties of the panel and to evaluate the effect of panel direction
and moisture content.
LSB panels have wide potential for application in the furniture industry, door
production, transport, and construction board production. Potentially LSB panels
are lighter, with lower density and higher form stability than solid wood and
conventional fibreboard, particle board, oriented strand board (OSB) and
plywood.
LSB panels produced from solid pine wood core and High Density
Fibreboard (HDF) skins are found to have the following physical properties:
average moisture content 8.6%; density 450 kg·m-3; shrinkage coefficients
0.36% %-1 for thickness and 0.25%·%-1 for length and width; thickness swelling
6.3% after 24 hours’ immersion in water. The following mechanical properties
were determined: internal bond 0.51 N mm-2; screw withdrawal resistance 1076 N
from plane and 553 N from edge; bending strength 13.4 N mm -2; and modulus of
elasticity in static bending 1754 N mm-2.
Keywords: Lightweight Stabilised Blockboard, physicalmechanical properties,
high density fibreboard

Introduction
The production of timber building materials requires less energy than steel,
concrete or plastic construction elements. When wood construction elements are
used, they reduce the negative impact on air and water quality in the processes of
production, utilisation and recycling [Labans 2016]. However, the reduction of
costs of manufacturing, transporting, assembling and utilising wood furniture
and building elements is an important factor both ecologically and economically.
Several researchers [Voth 2009; Labans and Kalnins 2010; Skuratov 2010] have
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Uldis SPULLE (uldis.spulle@llu.lv), Latvia University of Life Sciences and Technologies,
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searched for new lightweight constructions for the furniture, transportation and
building industries, paying attention to the cost-effectiveness of sandwich
materials [Pflug et al. 2003]. One way to achieve this is to reduce the weight of
various elements during the manufacturing process, modifying their structure by
replacing high-density materials of the elements with lower-density material.
One such product is the Lightweight Stabilised Blockboard (LSB) panel,
patented in Latvia by ARB Pope Ltd. This panel is made of Scots pine (Pinus
sylvestris L.) solid wood boards and high density fibreboard panels. This
combination can be called sandwich panels. The mechanical performance of
sandwich panels depends mainly on the mechanical properties of the individual
components from which they are built [Labans 2016]. For the LSB middle layer,
double-sided longitudinal grooves cut in the sawn material make it
approximately 40% lighter. LSB panel is obtained when these boards, in a 45
direction, are glued between two skins (usually high-density fibreboard panels).
A significant influence of the relative humidity of the air and related moisture
content of the panel on thickness swelling and internal bond properties was
observed in this study. However, a change in relative humidity of the air and
moisture content of the panel did not have an effect on the density and screw
withdrawal strength properties of LSB panel. The panel direction was found to
have a significant influence on both screw withdrawal strength and bending
properties.
Several advantages of LSB panels may be highlighted in comparison with
DendroLight [Iejavs and Spulle 2016] and conventional wood-based panels:
manufacture is cost-effective due to a simplified production process; physical
and mechanical properties of the panel in the length and width directions are
identical, because of the panel’s symmetry; thickness changes can be calculated
from the shrinkage and swelling properties of solid wood and fibreboard. Due to
the longitudinal grooves in the wood layer, internal stresses are reduced and the
form stability of the panel is increased.
In some cases, reduced-weight Lightweight Stabilised Blockboard panels
provide better or equivalent mechanical properties compared with conventional
wood-based panels, for example OSB. The most important property of a cover
material is the modulus of elasticity in tension and strength [Ashby 2004]. In the
production of various construction elements, many products of sandwich panel
type are well known: honeycomb structures for furniture and doors [Sandwich
panels with cardboard core for furniture applications 2020]; the door panel from
the German company Moralt [Wood based sandwich-type door panels 2020] and
a new product called Diagonal Laminated Timber (DLT) [Production of the
Diagonal Laminated Timber 2020]. Srinivasan [Srinivasan et al. 2007] and
Banerjee and Bhattacharyya [Banerjee and Bhattacharyya 2011] have
investigated the optimisation of lightweight sandwich panels with curved
plywood in the core and skins. A modified version of hollow core sandwich
panels with combined curved and straight vertical stiffeners has been
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investigated by Šliseris and Rocēns [Sliseris and Rocens 2013]. A wooden
honeycomb panel was developed by Smardzewski [Smardzewski 2019]. In the
present research, the properties of the newly developed wood product
Lightweight Stabilised Blockboard (LSB) were investigated, leading to
improved understanding of its suitability for particular applications.

Materials and methods
To produce LSB panels, mechanically graded solid pine (Pinus sylvestris L.)
sawn materials of strength class C24 were used. The nominal dimensions of the
sawn materials were 36 × 110 × 5000 mm, and they were dried to 12% moisture
content. The end thickness of the LSB panels depends on the initial thickness of
the sawn materials used. In addition to the mechanical strength grading, after
visual assessment several significant defects were cut out from the lamellas:
black knots with diameter larger than 15 mm, loose knots with diameter larger
than 10 mm, knots with diameter larger than 30 mm, wane, bark and resin
pockets.
After the removal of defects, finger jointing was carried out with polyvinyl
acetate (PVAC) adhesive (water-based, white colour, glue line invisible after
hardening, density 1.1 kg/l, pH approx. 3, solid residue approx. 50%, bond
quality class D4 according to EN 204/205). Technical data of the finger joints
were as follows: finger length 10 mm, finger pitch 3.8 mm, tip gap 0.6 mm. The
finger joints were visible on the flat side of the lamellas. Figure 1 shows
a schematic diagram of the manufacturing process of the LSB panels.
After finger jointing and planing, 2150 mm long planed boards with cross-sectional dimensions of 28 × 105 mm were obtained.
The next processing operation was longitudinal double-side groove cutting.
The width of the grooves was 3 mm and the pitch 6 mm. The depths of the
grooves were 5 and 18 mm. A cross-section of a board with grooves is presented
in Figure 2.
These longitudinal grooves reduced the panel mass and density. When
lamellas in a 45° direction were glued between two high-density fibreboard
panels, an LSB panel was obtained.
A 6 mm thick HDF panel with dimensions of 2070 × 2800 mm was used for
the LSB panel top layers. According to the manufacturer, the physical and
mechanical properties of the HDF panel were as follows: density 800 kg·m-3;
moisture content 6%; bending strength 23 N mm-2; modulus of elasticity in
bending 2700 N mm-2. Thickness swelling reaches 17% after 24 h immersion in
water. The mechanical properties of the HDF panel are significantly worse than
those of birch plywood and solid pine wood, but significantly better than those
of OSB and particle boards.
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Fig. 1. Schematic diagram of the manufacturing process of LSB panels

Fig. 2. LSB panel internal layer board profile: dimensions in mm

PVAC adhesive (mentioned above) was used to glue together the solid wood
and HDF panels, with the following gluing parameters: pressure 0.2 N mm-2;
glue spread 180 g·m-2; pressing time 60 min; temperature 20°C. The boards were
oriented in a 45° direction against the longitudinal direction of the HDF panels,
to achieve symmetry of the LSB panel in longitudinal and transverse directions.
After the use of a pneumatic vacuum press, the final thickness of the LSB panel
was 40 mm.
The final processing operation was panel format cutting, in which panels
with nominal dimensions of 40 × 1220 × 2440 mm were produced.
In total, three full-size panels were used in the research. Figure 3 presents an
LSB panel after format cutting.
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Fig. 3. LSB panel with HDF external layers

The properties of the LSB panel were determined according to European
standard testing methods widely used for the determination of the properties of
conventional wood-based panels.
Because LSB panels and their products are planned mainly for use in indoor
conditions, three pre-treatment conditions were used to evaluate the influence of
relative air humidity and related panel moisture content on some physical and
mechanical properties.
The pre-treatment conditions were defined as follows:
 reduced moisture content (30 ±5% relative humidity, 20 ±2°C
temperature);
 standard climate (65 ±5%, 20 ±2°C); and
 elevated moisture content (85 ±5%, 20 ±2°C).
When a constant mass of the specimens was reached after each pretreatment condition, the following properties of the panels were determined:
moisture content according to the LVS EN 322:1993 standard; density according
to LVS EN 323:2000; dimensional changes and related shrinkage and swelling
coefficients according to LVS EN 318:2003; thickness swelling after 24 h
immersion in water according to LVS EN 317:2000; internal bond according to
LVS EN 319:2000; and screw withdrawal resistance (in both characteristic
directions as shown in Fig. 4) according to LVS EN 320:2011. To determine the
influence of specimen cutting angle on the bending strength and modulus of
elasticity of LSB panels, the LVS EN 310:2001 standard was applied.
Because LSB panels are made from both solid wood and HDF panels, the
equilibrium moisture content will differ. The structure and moisture content of
an LSB panel may affect both physical and mechanical properties of the panel.
In this research, several correlations were found between the main physical and
mechanical properties of LSB panel and the moisture content and direction of
the panel.
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Fig. 4. Screw withdrawal resistance test specimen: 1 – from plane and 2 – from edge

Test specimens for bending strength and modulus of elasticity, cut in three
different directions relative to the longitudinal direction of the panel, are
presented in Figure 5. The difference is expressed as an angle between the length
direction of the panel and the test specimen.

135°

0°

45°

Fig. 5. Bending strength and modulus of elasticity test specimens: angle in degrees
shows the deviation between specimen and panel length directions

Specimens for the bending test with 0° angle describe the properties of the
panel as produced. Specimens with angles of 45° and 135° describe the stronger
and weaker diagonals of the LSB panels.
Specifications of all test specimens used in the research are presented in
Table 1.
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Table 1. Specification of test specimens
Test
standard

Parameter

Group
No.

Specimen
No., pcs.

Moisture content W, %
12
LVS EN
3
24
322
12

Nominal
dimensions
mm

Relative
humidity
%

40 × 50 × 50

30
65
85

40 × 50 × 50

30
65
85

Density ρ, kg·m-3
LVS EN
323

3

12
24
12

Swelling in thickness after 24 h in water Ts, %
12
LVS EN
3
12
40 × 50 × 50
317
12
In thickness direction
In longitudinal direction

Shrinkage coefficient kr, %·%-1
LVS EN
12
318
2
12

In thickness direction
In longitudinal direction

Swelling coefficient kb, %·%-1
12
LVS EN
2
12
318

30
65
85

40 × 50 × 300

30
65

40 × 50 × 300

65
85

40 × 50 × 50

30
65
85

40 × 75 × 75

30
65
85
30
65
85

Internal bond Ib, N mm-2
LVS EN
319

From plane
From edge

3

12
12
12

Screw withdrawal resistance Fsk, N
12
3
12
LVS EN
12
320
24
3
24
24

Bending strength fm and modulus of elasticity in bending Em, N mm-2
0° direction
12
LVS EN
3
45° direction
12
40 × 50 × 850
310

35° direction

65

12

For the average values of all of the determined properties, standard
deviations and coefficients of variation in % were determined. Correlation and
regression methods were used to determine correlations between the investigated
properties. The average values of the properties were compared using Student’s
t-test with a p-value approach, with a confidence level of 95%.
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Results and discussion
The obtained average physical properties, standard deviations (SD) and
coefficients of variation (COV) of LSB panels are presented in Tables 2 and 3.
Table 2. Physical properties
Parameter
Moisture content W
(SD; COV, %), %
Density ρ
(SD; COV, %), kg m-3
Thickness swelling Ts after 24 h
immersion in water
(SD; COV, %), %

Relative humidity of the air
30%

65%

85%

5.51
(0.205; 3.76)
442
(25.5; 5.78)

8.59
(0.191; 2.22)
450
(25.9; 5.76)

13.7
(0.193; 1.41)
445
(20.6; 4.63)

7.8
(1.26; 16.2)

6.3
(1.04; 16.6)

5.2
(0.584; 11.3)

The moisture content increases on average by 8.2% (from 5.5% to 13.7%)
after the relative humidity of the air increases by 55% (from 30% to 85%).
Under standard climate, the average moisture content of the panels was 8.59%.
The average moisture content of LSB panels is 2.6% higher than for HDF panels
and approximately 3.4% lower than for solid pine wood, according to the
literature [DIN 68100:1984]. The average moisture content of the LSB panel is
1.4% below that of the DendroLight type panel. The difference in moisture
content can be explained by the difference in the thickness proportions of
covered HDF and the middle layer wood in cross-sections of the DendroLight
and tested panels.
Close positive correlations, with correlation coefficient r = 1, were obtained
between air relative humidity and the moisture content of the LSB panels.
Figure 6 shows a significant increase (p < 0.05) in moisture content related to
the relative humidity of the air.
The average density values range from 442 to 450 kg·m -3, and individual
values vary from 402 to 494 kg·m -3 for all three pre-treatment conditions
(Table 2). The average density of LSB panels was 10% lower than that of solid
pine wood [Šķēle et al. 2002] and approximately 50% lower than the density of
HDF panels [Bowyer et al. 2003].
According to the literature, the density of the DendroLight panel is directly
dependent on the panel thickness. For example, the average density of a 25 mm
thick panel made of cellular wood material covered with 4 mm HDF was
477 kg·m-3, but for a 60 mm thick panel it was 385 kg·m -3. Using the
interpolation method, the density of a 40 mm thick DendroLight panel was
calculated to be 438 kg·m-3. This is only 3% lower than the density of a 40 mm
thick LSB panel with 6 mm top layers.
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16

Moisture content W, %

14
y = 0.003x 2 - 0.197x + 8.66
R² = 1.00

12
10
8
6
4
2
0
0

20

40
60
Relative humidity of the air RH, %

80

100

Fig. 6. The influence of relative humidity of the air RH on LSB panel moisture
content W

According to the results of the research, an increase in air relative humidity
from 30% to 85% and the related increase in the panel moisture content from
5.5% to 13.7% did not influence the average density of the LSB panels
(p = 0.72). All data were obtained at a constant temperature of 20°C.
Thickness swelling properties after 24 h immersion in water decrease as the
average initial moisture content of LSB panels increases. Thickness swelling
decreased by 2.6% (from 7.8% to 5.2%) when the initial moisture content of the
specimens increased from 5.5% to 13.4%. Thickness swelling data are presented
in Table 1.
A moderately close negative polynomial correlation, with r = 0.74, was
observed between the initial moisture content and thickness swelling properties
of the LSB panels (Fig. 7).
Thickness swelling in DendroLight panels is directly dependent on the
panel’s thickness. For example, in 25 mm thick panels made of cellular wood
material covered with 4 mm HDF, the average thickness swelling was 8.2%, but
for 60 mm thick panels it was 3.6%. The thickness swelling calculated by the
interpolation method for a 40 mm thick DendroLight panel after immersion in
water was 6.2%. This is practically the same as for a 40 mm thick LSB panel
with 6 mm top layers.
The shrinkage and swelling coefficients of the LSB panels are presented in
Table 3. These coefficients are valid in an air relative humidity range from 30%
to 85%. In the thickness direction the shrinkage coefficient was 15 times higher
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Thickness sw elling after 24 h immersion
w ater Ts, %
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12
y = 0.0325x2 - 0.942x + 11.97
R² = 0.55
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8
6
4
2
0
0

2

4
6
8
10
12
Initial moisture content of the panel W, %

14

16

Fig. 7. The influence of the initial moisture content W on thickness swelling after
24 h immersion in water Ts of LSB panels

The shrinkage coefficient in the thickness direction of the LSB panel can be
compared with the shrinkage coefficients of a conventional wood-based panel
(plywood; OSB and particle board), which are from 0.3 to 0.7%·% -1. In the
panel’s length and width directions the shrinkage coefficients are mainly lower
than those of the conventional wood-based panel (from 0.02 to 0.05%·% -1)
[CEN/TS 12872:2007]. Data on the internal bond properties of the LSB panel
are presented in Table 4.
Table 3. Shrinkage and swelling coefficients
Parameter

Relative humidity of the air
30%

65%

85%

Shrinkage coefficient in thickness direction
ksh (SD; COV, %), %·%-1

0.361
(0.101; 27.8)

–

Shrinkage coefficient in length and width
direction ksh (SD; COV, %), %

0.0245
(0.00618; 25.2)

–

Swelling coefficient in thickness direction
ksw (SD; COV, %), %·%-1

–

0.471
(0.0497; 10.6)

Swelling coefficient in length and width
direction ksw (SD; COV, %), %

–

0.0337
(0.00597; 17.7)

than in the length and width directions. The panel swelling coefficient in the
thickness direction was approximately 14 times higher than in the length and
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width directions. This characteristic feature was taken into account when
designing the panel, to decrease warping of panels in the length and width.
If we compare the internal bond of LSB panels after conditioning at 30%
relative humidity and after conditioning at 65% relative humidity, no significant
differences are observed (p = 0.74). After conditioning at 85% relative humidity,
a significant decrease (p < 0.05) in the internal bond properties of the panel was
observed. The data obtained correspond with those described in the literature,
where it has been reported that an increase of up to 12% in the moisture content
of conventional wood-based panels (for example OSB) significantly reduces the
internal bond properties of the panel [Wu and Piao 1998].
Table 4. Internal bond and screw withdrawal resistances
Parameter
Internal bond Ib
(SD; COV, %), N mm-2
Screw withdrawal resistance
from plane Fsk
(SD; COV, %), N
Screw withdrawal resistance
from edge Fsk
(SD; COV, %), N

Relative humidity of the air
30%

65%

85%

0.510
(0.101; 19.9)

0.508
(0.0884; 17.4)

0.304
(0.0708; 23.3)

970
(203; 20.9)

1076
(267; 24.9)

823
(180; 21.9)

551
(98; 17.7)

553
(164; 29.6)

476
(77; 16.1)

The influence of moisture content on the internal bond strength of the LSB
panels is presented in Figure 8. Close negative correlation (r = 0.79) was found
between the moisture content and internal bond properties.
After pre-treatment of specimens in the standard climate, an average internal
bond strength of 0.51 N mm-2 was obtained. This is approximately by 4-6%
higher than the internal bond strength of the DendroLight panels. More
significant differences were observed in comparison with OSB (0.3 N mm -2) and
particle board (0.4 N mm-2). After all three pre-treatment conditions, for all
internal bond test specimens, 100% failure between the HDF panel internal
layers describes the failure mode of the LSB panels. The same failure mode was
observed for DendroLight type panels with HDF external layers. The failure
mode shows that the technological gluing parameters used in the research are
optimal for covering pine boards with HDF panels.
The screw withdrawal resistance from the panel plane ranged from 614 to
1512 N. The average value of screw withdrawal resistance was 956 N for all
three specimen pre-treatment conditions. The screw withdrawal resistance from
the LSB panel edge was 55% lower on average (527 N), and ranged from 272 to
996 N (Table 4). The screw withdrawal capacity increases by more than 1000 N
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if the screw depth increases by more than 20 mm, but a different screw geometry
must be chosen for that purpose.
0,8

Internal bond Ib, N mm-2

0,7
0,6
0,5
0,4
0,3
y = -0.0044x2 + 0.058x + 0.333
R² = 0.63

0,2
0,1
0
0

2

4

6
8
10
Moisture content W, %

12

14

16

Fig. 8. The influence of the moisture content W on internal bond Ib of LSB panels

An increase in moisture content from 5.5% to 13.7% did not significantly
influence the screw withdrawal resistance, since the observed correlations were
weak.
No significant difference was found between the DendroLight panel and
LSB panel in terms of screw withdrawal resistance. The values for the
DendroLight panel ranged from 760 to 950 N when screws were withdrawn
from the face, and ranged from 530 to 560 N when screws were withdrawn from
the panel edge [DendroLight 3-layer panel – technical specification, 2020].
The results of the bending test show that the cutting angle of the specimen
from the panel’s longitudinal direction significantly influences the bending
strength and modulus of elasticity values (Table 5).
The highest bending strength (26.4 N mm -2) and modulus of elasticity in
bending (3660 N mm-2) were observed in the specimens cut at 45° (the
longitudinal direction of the specimens matches the grain direction of the sawn
materials). The lowest bending strength (9.56 N mm -2) and modulus of elasticity
(1432 N mm-2) were observed for specimens made using an angle of 135° (the
longitudinal direction of the specimens matches the transverse direction of the
sawn materials). Average bending strength (13.4 N mm -2) and modulus of
elasticity (1754 N mm-2) were obtained for specimens produced with a 0° angle.
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Table 5. Results for bending strength and modulus of elasticity
Specimen manufacturing angle

Parameter

0°

45°

135°

Bending strength
(SD; COV, %), N mm-2

13.4
(1.59; 11.9)

26.4
(4.03; 15.3)

9.56
(1.65; 17.2)

Modulus of elasticity
(SD; COV, %), N mm-2

1754
(51; 2.90)

3660
(263; 7.19)

1432
(106; 7.38)

As presented in Figures 9 and 10, the angle used in the production of
specimens significantly influences both the bending strength and modulus of
elasticity of the LSB panels. In both cases close correlations were observed, with
r = 0.94 in the case of bending strength and r = 0.98 in the case of modulus of
elasticity.

Bending strength fm, N mm-2

35
30
25
20
y = 0.0018x2 - 0.372x + 26.4
R² = 0.89

15
10
5
0
0

45
90
Specimen cutting angle α tow ards the longitudinal dirrection
of the panel, 

135

Fig. 9. The influence of the specimen cutting angle on the bending strength of LSB
panels

When a product (such as a table top) is made with the same longitudinal
direction as the LSB panel, the average bending strength (13.4 N mm -2) and
modulus of elasticity (1754 N mm-2) may be used to calculate the load bearing
capacity and deflection of the construction.
When the longitudinal direction of a product deviates by a certain angle from
the LSB panel’s longitudinal axis, the correlations shown in Figures 9 and 10
may be used for the prediction of bending strength and modulus of elasticity
values.
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Modulus of elasticity in bending Em,
N mm-2
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Specimen cutting angle α tow ards the longitudinal dirrection
of the panel, 
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Fig. 10. The influence of the specimen cutting angle on the modulus of elasticity in
bending of LSB panels

Bending strength calculated by the interpolation method for a 40 mm thick
DendroLight panel in the longitudinal direction was 14.8 N mm -2, and the
modulus of elasticity was 1953 N mm -2. In a transverse direction, the bending
strength was 13.4 N mm-2 and the modulus of elasticity 1840 N mm -2. In both
cases the values of bending strength and modulus of elasticity of the
DendroLight panel did not differ significantly from those of the LSB panel when
the specimens were produced at a 0° angle.
For comparison, OSB bending strength ranges from 18 to 22 N mm -2 in a
longitudinal direction and from 9 to 11 N mm -2 in a transverse direction. OSB
modulus of elasticity ranges from 1400 N mm-2 in a transverse direction to
3500 N mm-2 in a longitudinal direction, at the average panel density of
650 kg·m-3.
Due to the panel structure, in some cases LSB panels provide better physical
and mechanical properties than conventional wood-based panels (such as OSB).

Conclusions
The average density of the LSB panels was 450 kg·m -3 after conditioning in the
standard climate. Individual density values range from 402 to
494 kg·m-3 for a relative humidity range from 30% to 85%. The average density
of the LSB panels is 10% lower than that of solid pine solid wood and
approximately 50% lower than that of HDF panels. No significant difference in
the average density values was observed between the LSB panel and
DendroLight type panel.
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There was a significant decrease in thickness swelling in the LSB panels on
immersion in water (from 7.8% to 5.2%) after conditioning at high relative
humidity, and the average moisture content of the LSB panels increased.
Average thickness swelling (6.3%) was observed in specimens conditioned in
the standard climate.
The shrinkage and swelling test showed that the LSB panel’s thickness
shrinkage coefficient (0.361%·%-1) is comparable to that of conventional wood-based panels, but in the length and width directions the shrinkage coefficient
value (0.025%·%-1) is significantly lower.
No significant difference was found between the average internal bond
strength values (0.510 and 0.508 N mm-2) when the specimens were conditioned
at 30% and 65% relative humidity. A significant decrease in the internal bond
strength value (to 0.304 N mm-2) was observed in specimens conditioned at 85%
relative humidity.
The gluing parameters used in the research were optimal for the bonding of
solid lamellas to high-density fibreboard panels, since failure of the specimens in
all cases occurred in the middle layer of the fibreboard panel.
The average screw withdrawal resistance from panel edges (527 N) is 45%
lower than the withdrawal resistance from the panel plane (956 N). An increase
in the average moisture content of the panel from 5.5% to 13.7% did not
influence the screw withdrawal resistance significantly. The screw withdrawal
resistance values of the LSB panels are similar to those of the DendroLight type
panels. For investigation of the screw withdrawal capacity of these types of
materials, a modified testing method must be applied using a greater screw
depth.
The bending strength and modulus of elasticity values of LSB panels depend
on the cutting angle of the test specimens. When the panel’s longitudinal
direction matches the longitudinal direction of the specimen, average values of
bending strength (13.4 N mm-2) and modulus of elasticity (1754 N) were
observed.
This research has shown that the physical and mechanical properties of the
LSB panel are similar to those of the DendroLight panel. Due to the simplified
manufacturing process of the LSB panels compared with the DendroLight
panels, a significant reduction in production costs may be expected.
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LVS EN 310:2001 Wood-based panels. Determination of modulus of elasticity in bending
and of bending strength
LVS EN 317:2000 Particleboards and Fibreboards. Determination of swelling in thickness
after immersion in water
LVS EN 318:2003 Wood-based panels. Determination of dimensional changes associated
with changes in relative humidity
LVS EN 319:2000 Particleboards and fibreboards. Determination of tensile strength
perpendicular to the plane of the board
LVS EN 320:2011 Particleboards and fibreboards. Determination of resistance to axial
withdrawal of screws
LVS EN 322:1993 Wood-based panels. Determination of moisture content
LVS EN 323:2000 Wood-based panels. Determination of density
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INVESTIGATIONS OF THE SPACE VIBRATIONS
OF A WOODWORKING SHAPER

The proposed study investigates the spatial vibrations of a woodworking shaper. It
presents an original mechanic-mathematical model targeted to investigations of
the spatial vibrations of woodworking shapers, developed by the authors. The
model considers woodworking shapers with lower placement of the spindle. In
this model the woodworking shaper, the spindle and the electric motor’s rotor are
regarded as rigid bodies, which are connected by elastic and damping elements
with each other and with the motionless floor. The model takes into account the
needed mass, inertia, elastic and damping properties of the elements of the
considered system. It includes all necessary geometric parameters of this system.
After that a system of matrix differential equations is compiled and analytical
solutions are derived. Numerical calculations are carried out by using the
developed model and modern computer programs. The calculations use the
parameters of a machine used in practice. As a result of the whole study, the
natural frequencies and the mode shapes of the free spatial vibrations of the
studied mechanical system are calculated and illustrated. Then the free damped
spatial vibrations of this system are obtained and illustrated also.
Keywords: woodworking shapers, spatial vibrations

Introduction
The tendency to significantly reduction of the level of the vibrations and the
noise accompanying the work of modern woodworking machines in recent years
implies expanding and deepening the research of the dynamic processes in these
machines. The specificity of the work of woodworking shapers implies frequent
passing through transient regimes. It turns out that studying the characteristics of
these regimes is especially important to ensure the proper machine’s work [Veits
et al. 1971; Orlowski et al. 2007; Barcík et al. 2011; Kminiak et al. 2016].
Consequently, a careful study of damped vibrations of this machine is required
[Gochev and Vukov 2017; Gochev et al. 2017]. Investigations of these vibrations
facilitate selecting of some of the woodworking shaper’s components and aid the
control of its technical state [Minchev and Grigorov 1998; Beljo-Lučić and
Georgi VUKOV (georgiv@abv.bg), Zhivko GOCHEV (zhivkog@yahoo.com), University of
Forestry, Sofia, Bulgaria
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Goglia 2001; Barcík et al. 2011]. This mainly concerns the vibroisolators
between the machine and the floor, as well as the bearing units of the spindle and
the rotor of the electric motor [Stevens 2007]. Such a study can be done
numerically with the parameters of a particular woodworking shaper [Nikravesh
1988; Shabana 2005; Vukov et al. 2016]. It is based on a previously developed
mechanic-mathematical model of this machine [Coutinho 2001; Amirouche
2006; Angelov 2011].
The proposed study considers the class of woodworking shapers with
a lower spindle position, which are often used in practice of the forestry industry.
The analysis of their construction shows the strong interconnection between the
work of spindle with mounted tool on it, the rotor of the drive motor and the
operation of the whole machine. The idea that the woodworking shaper, its
spindle and the electric motor’s rotor are regarded as rigid bodies, which are
connected by elastic and damping elements with each other and with the
motionless floor, derives from this analysis. These elastic and damping elements
are four-vibration isolators between the machine and the floor, two bearing units
of the spindle and two bearing units of the electric motor’s rotor.
The aim of this study is to investigate the spatial vibrations of the
woodworking shaper. Therefore, first it is necessary to develop mechanic –
mathematical model of the woodworking shaper, its spindle and the rotor of the
driving electric motor. The model should take into account the characteristics of
the woodworking shaper construction, the mass, inertia, elastic and damping
properties of its components as well as all needed geometric parameters of the
system. A system of matrix differential equations is composed on the basis of
this model and analytical solutions are presented. Numerical calculations are
carried out by using the developed model and modern computer programs. The
calculations use the parameters of a real machine. The obtained results are
illustrated graphically so as to make their analysis easier.

Materials and methods
This study examines the class of woodworking shapers with a low positioned
spindle, which are often used in the practice of the forestry industry [Filipov
1977; Obreshkov 1996]. The analysis of their construction shows the strong
influence of the spindle and the drive motor on the operation of the whole
machine. Figure 1 shows the general view of woodworking shapers. Figure 2
shows a scheme of this type of woodworking shapers. The machine’s body is
marked with 1, 2 is the drive electric motor, 3 – the belt drive, 4 – the vibration
isolators between the machine and the floor, 5 – the spindle with the bearings, 6
– wood shaper’s saw.
Figure 3 shows the spindle with its bearing units. Figure 4 shows the spindle
with fitted cutter. Figure 5 shows the drive electric motor.
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Fig. 1. General view of wood shaper
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Fig. 2. Scheme of wood shapers

Fig. 3. Spindle with Fig. 4. Spindle with fitted cutter Fig. 5. Drive electric motor
its bearing units

In the following discussions, the woodworking shaper, its spindle and the
rotor of the driving electric motor are regarded as rigid bodies, which are
connected by elastic and damping elements with each other and with the
motionless floor. These elastic and damping elements are the four vibration
isolators between the machine and the floor, the two bearing units of the spindle,
and the two bearing units of the electric motor’s rotor.
A mechanic-mathematical model of wood shapers with lower spindle is built
for studying its free damped spatial vibrations. The model is shown in Figure 6.
The following symbols are used:
m1, m2, m3 – mass of the woodworking shaper, the spindle and the rotor of the
driving electric motor;
I1θ θ ,Iθ2 θ ,I3θ θ – inertia moment tensors of the woodworking shaper , the spindle
and the rotor of the driving electric motor;
cx1i, cy1i, cz1i, i = 1, 2, 3, 4 – elastic coefficients of the vibroisolators between the
machine and the floor;
bx1i, by1i, bz1i, i = 1, 2, 3, 4 – damping coefficients of the vibroisolators between
the machine and the floor;
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cx2i, cy2i, cz2i , i = 1, 2 – elastic coefficients between the body of the machine and
the spindle;
bx2i, by2i, bz2i, i = 1, 2 – damping coefficients between the body of the machine
and the spindle;
cx3i, cy3i, cz3i, i = 1, 2– elastic coefficients between the body of the machine and
the rotor of the driving electric motor;
bx3i, by3i, bz3i, i = 1, 2 – damping coefficients between the body of the machine
and the rotor of the driving electric motor.

Fig. 6. Mechanic - mathematical model of wood shapers with lower spindle for
studying its free damped spatial vibrations

The three bodies of the mechanical system perform spatial vibrations - three
small translations and three small rotations relative to the axes of the rectangular
local coordinate systems that are fixedly connected to the bodies. It is assumed
that the axes of the local coordinate systems are parallel to the axes of the
reference coordinate system.
The position of the mechanical system in space is defined by the vector of
the generalized coordinates (Fig. 6), which is
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q=[ x 1 y1 z1 θx 1 θ y 1 θ z1 x 2 y 2 z 2 θx 2 θ y 2 θ z 2 x3 y 3 z 3 θx 3 θ y 3 θz 3 ]

T

(1)

The mechanical system has 18 degrees of freedom. The building of its
mechanic-mathematical model is presented below.
The matrixes of the transition in small vibrations from the local coordinate
systems of the bodies Oi xi yi zi to the reference coordinate system Oxyz have the
form
1 −θzi θ yi x i
θ
1 −θ xi y i
A 0i = zi
,i=1,2,3
(2)
−θ yi θxi
1
zi
0
0
0
1

[

]

The vector of the position of the center of mass of the relevant body,
projected in the reference coordinate system, is determined with

[

]

l Cx +x i +l Cz⋅θ yi −l Cy⋅θzi
l + y +l ⋅θ −l ⋅θ
R 0Ci=A0i ⋅r Ci = Cy i Cz xi Cx zi ,i=1,2,3
l Cz +z i +l Cy⋅θxi −l Cx⋅θ yi
1



where rCi  lCx

lCy

lCz



T

(3)

is the vector of the position of the center of mass in

the local coordinate system.
The linear velocity vector of any point Ci of body i, projected in the
reference coordinate system, is obtained by differentiating by the time of the
position’s vector of the same point

[

]

ẋi +l Cz⋅θ˙yi −l Cy⋅θ˙zi
0
d
R
ẏ + l ⋅θ˙ −l ⋅θ˙
Ci
V 0Ci=
= i Cz xi Cx zi ,i=1,2,3
dt
żi +l Cy⋅θ˙xi −l Cx⋅θ˙yi
0

(4)

The vector of angular velocity of the body i, projected in the local coordinate
system, is

[]

θ˙xi
θ˙
Ωii = yi ,i=1,2,3
θ˙zi
0

(5)

The kinetic energy of the mechanical system is
3

E K =∑ E Ki
i=1

(6)
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1 i
0 T
0
i T
i
where E Ki = ⋅( m RR⋅V Ci ⋅V Ci +Ωi ⋅I ω ω⋅Ωi ) ,
2

m iRR=∫ ρi⋅I⋅dV i =mi⋅I .
Vi

The elements of the matrix M of mass-inertial properties are defined by the
expression
∂2 EK
mi , j =
∂ q̇ i⋅∂ q̇ i

(7)

The potential energy is defined by
E P =E PK (q )m + E PG (q)i
8

where E PK (q)m= ∑

m=1

(8)
3

1 T
0
T
⋅q ⋅C(q )⋅q , E PG (q)i =∑ −mi⋅g ⋅R Ci ,
2
i= 1

C(q) is a matrix of elastic properties,
g=[0 0 g 0]T – vector of gravitational acceleration,
m – the number of the elastic element between two bodies of the
mechanical system.
The differential equations of the free damped spatial vibrations are derived
by using the Lagrange’s method

( )( )

∂ EK ∂ F b ∂ EP
d ∂ EK
−
+
+
=0
dt ∂ q̇
∂q
∂ q̇ ∂ q

(9)

where EK and EP are respectively the kinetic and the potential energy of the
systems, and Fb is the energy dissipation or dissipative function.
The obtained system of differential equations, which describes the small free
damped vibrations of the mechanical system, is
M⋅q̈ +B⋅q̇ +C⋅q =0

(10)

The matrix in these equations which characterizes the mass-inertial
properties of the mechanical system is М, and the elastic properties – C⋅B( q̇)
is the matrix that characterizes the damping properties of this system.
∂2 E K
∂2 E P
, C=[c ij ] , cij =
∂ q̇ i⋅∂ q˙ j
∂ q i⋅∂ q j
The matrix B = [bm,n] is obtained by substituting the elements of the matrix C –
cm,n, with bm,n.
Solutions of the system of the differential equations (10) are searched as
M=[a ij ] ,

aij =

q=V⋅e pt

(11)

After differentiation of equations (11) and substituting in (10) it is obtained
( p 2⋅M + p⋅B+C)V=0

(12)
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where V is the matrix of natural vectors (modal matrix).
The matrix of natural vectors (modal matrix) has the form
V=[ v r , j ]18×18

(13)

where vr = [vri], i = 1, 2, ..., 18 is the natural mode vector on the generalized
coordinate for r-th natural frequency.
The vibrations are defined by their natural values pr and their natural vectors
ur, which in their general type are complex conjugate numbers
p r =−α r ±i⋅βr ,

u r =v r ±i⋅w r

(14)

where α r =σ r⋅ωr , βr =ω r √1−σ r ,
σ r – relative damping coefficient,
α r – damping coefficient,
βr – frequency of free damping vibrations,
wr – the imaginary part of the natural vector caused by the damping of the
system,
v r , ω r – mode shapes and natural frequencies of not damping system.
The determination of ar and wr from the matrix V and B makes it possible to
form this matrix
2

K=( V T⋅M⋅V)−1⋅(V T⋅B⋅V)=[ k ik ]

(15)

The damping coefficients are ar = 0.5 krr. By using the matrix K is formed
the matrix
D=[d ik ]

∣

∣

d ik =0, when ω 2i =ω2k ;
ω
d ik =k ik 2 k 2 , when ω2i ≠ω2k
( ωk − ω i )

(16)

The matrix W of the imaginary part of the natural vectors of the damped
system is determined by the formulas
W=V⋅D

(17)

where D = [dik] is matrix (16); V = [vrk] – matrix (13).
The general solutions of the system of natural values pr and natural vectors
ur, are derived from the initial conditions of motion. The general solutions of the
system of differential equations in matrix form, with initial conditions t = 0,
q(0) = q0, q̇ (0)= q˙0 are
18

q (t )=∑
r =1

2
−α t
⋅cos βt t +
2 [ G r⋅M⋅q̇(0)+(− αr⋅G r⋅M+ βr⋅H r⋅M+G r⋅B)⋅q (0)] e
g +hr
r

2
r
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18

+∑
r=1

2
−α t
⋅sin βt t
2
2 [ H r⋅M⋅q̇ (0 )+(−α r⋅H r⋅M− βr⋅G r⋅M+H r⋅B)⋅q (0) ] e
g r +hr
r

where
g r =−2 α r (VTr ⋅M⋅Vr −WTr ⋅M⋅W r )−4 βr V Tr⋅M⋅W r +V Tr ⋅B⋅V r −WTr ⋅B⋅W r ;
h r =2 βr ( V Tr ⋅M⋅V r −W Tr ⋅M⋅Wr )−4 α r V Tr ⋅M⋅Wr + 2 V Tr ⋅B⋅Wr ;
Gr =g r L r + h r R r ; L r =Vr⋅V Tr −W r⋅WTr ;
H r =h r Lr −g r R r ; R r =V r⋅W Tr +W r⋅V Tr .

Results and discussion
Carrying out numerical investigations of the spatial vibrations of a woodworking
shaper with lower spindle requires knowledge of the parameters of its elements.
Therefore the three bodies and the whole machine are modeled with software
Solid Works. These models are shown respectively in Figures 7, 8, 9 and 10. The
mass center of the body 1 coincides with the center of the local coordinate
system of the body 1 and the center of the reference coordinate system. The
mass center of the body 2 coincides with the center of the local coordinate
system of the body 2. The mass center of the body 3 coincides with the center of
the local coordinate system of the body 3.

Fig. 7. Body 1

Fig. 8. Body 2
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Fig. 9. Body 3
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Fig. 10. Woodworking shaper

The presented data of the machine FD-3, which is produced in ZDM –
Plovdiv, is used for calculations.
Mass of the bodies: body 1 – m1 = 391,52 kg; body 2 – m2 = 11,123 kg;
body 3 – m3 = 14,378 kg.
Tensor of mass inertia moments of the body 1 to the local coordinate system
of the body 1, kg·m2

[

49.2672 −0.0395 −0.2525
I1 = −0.0395 52.0000 −0.4405
−0.2525 −0.4405 47.9480

]

Tensor of mass inertia moments of the body 2 to the local coordinate system
of the body 2, kg.m2
I 2=

[

0.2937
0
0
0
0.2937
0
0
0
0.0052

]

Tensor of mass inertia moments of the body 3 to the local coordinate system
of the body 3, kg.m2
I3 =

[

0.0516
0
0
0
0.0516
0
0
0
0.0206

]

The coordinates of the mass centers of the bodies are shown in table 1.
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Table 1. Coordinates of the centers of mass
Body No

lCx, m

lCy, m

lCz, m

1
2
3

0
0.009
0.019

0
0.066
–0.115

0
–0.020
–0.134

The coordinates of the supporting points of the elastic elements are shown in
tables 2, 3 and 4.
Table 2. Coordinates in the coordinate system of the body 1
Point

lxi, m

lyi, m

lzi, m

1
2
3
4
5
6
7
8

0.309
0.309
-0.291
-0.291
0.009
0.009
0.019
0.019

0.316
-0.284
0.316
-0.284
0.066
0.066
-0.015
-0.015

-0.654
-0.654
-0.654
-0.654
-0.234
0.076
-0.210
-0.050

Table 3. Coordinates in the coordinate system of the body 2
Point

lxi, m

lyi, m

lzi, m

5
6

0
0

0
0

-0.214
0.096

Table 4. Coordinates in the coordinate system of the body 3
Point

lxi, m

lyi, m

lzi, m

7
8

0
0

0
0

-0,076
0,084

The elasticity and damping coefficients are shown in tables 5 and 6.
Table 5. Elasticity coefficients
Between Bodies

Cxi, N/m

Cyi, N/m

Czi, N/m

0-1
1-2
2-3

350000
2250000
2250000

350000
2250000
2250000

800000
2250000
2250000

Investigations of the space vibrations of a woodworking shaper

131

Table 6. Damping coefficients
Between Bodies

bxi, (N·s)/m

byi, (N·s)/m

bzi, (N·s)/m

0-1
1-2
2-3

980
980
980

670
670
670

470
470
470

The calculations are performed by using a software product Mathematica.
The free space vibrations are investigated first. Figure 11 graphically illustrates
the calculated natural frequencies [Hz] and mode shapes of free spatial
vibrations of the studied mechanical system. Natural frequencies are 120.24 Hz;
120.22 Hz; 119.30 Hz; 119.29 Hz; 102.90 Hz; 90.91Hz; 90.85Hz; 90.48Hz;
82.70 Hz; 82.67 Hz; 22.45 Hz; 21.98 Hz; 13.92 Hz; 11.50 Hz; 4.95 Hz;
4.94 Hz ; 0 Hz; 0 Hz . These values are required for determination of the

Fig. 11. Natural frequencies [Hz] and mode shapes of the studied mechanical system
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resonance zones. The knowledge of the resonance zones allows optimizing
working regimes by taking measures to avoid machine operation in these areas
or to pass quickly through them. The obtained and illustrated mode shapes are
useful for the investigation of the vibration behavior of the machine. Analysis of
the received natural frequencies and mode shapes provides an additional
opportunity for the formation of reasonable recommendations for the
construction of these machines. Then the amplitudes of the free damped
vibrations are calculated for the above-mentioned wood shaper. Figure 12
graphically shows the results of the numerical investigations of the free damped
vibrations. Just a few of the results are represented here due to the limited place.
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Fig. 12. Results of the investigations

The obtained graphs of the damped vibrations show that at the used
coefficients of elasticity and damping all vibrations in the mechanical system get
quiet within 1 sec. These coefficients are on a machine in optimal technical
condition. The presented model allows modelling and exploration of various
technical conditions of this machine and offers possibilities for the practical
determination of the current technical state.

Conclusions
The presented study investigates spatial vibrations of a woodworking shaper.
The investigations are carried out on the base of an original mechanic-mathematical model of a woodworking shaper, developed by the authors. The
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model considers woodworking shapers with lower placement of the spindle. In
this model the woodworking shaper, the spindle and the electric motor’s rotor
are regarded as rigid bodies, which are connected by elastic and damping
elements with each other and with the motionless floor. It takes into account the
characteristics in the construction of woodworking shapers. The model renders
into account the needed mass, inertia, elastic and damping properties of the
elements of the considered system. It includes all necessary geometric
parameters of this system. Then a compiled system of matrix differential
equations is presented and analytical solutions are derived. Numerical
calculations are carried out by using the developed model and modern computer
programs. The calculations use parameters of a machine, used in practice. As
a result of the whole study, the spatial vibrations of the studied mechanical
system are obtained and illustrated. The results of the conducted study allow
analyzing the influence of the parameters of the elastic and damping elements of
the construction on the machine’s work. The main goal is to increase the
reliability of the machine, as well as the accuracy and quality of the wood
articles' processing.
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Krzysztof MICHALEC, Radosław WĄSIK, Anna BARSZCZ,
Janusz M. SOWA

THE EFFECT OF STAND ORIGIN ON THE WOOD
STRUCTURE OF NORWAY SPRUCE

A study was carried out to compare the annual ring width, latewood share and
density of spruce wood from the north-eastern and south-western ranges of
Norway spruce. Twelve trial plots were located in the north-eastern range, while
within the south-western range eight trial plots were established in the Sudeten
Mountains and twelve trial plots in the Carpathian Mountains. On every trial plot
fifteen spruce trees were chosen, from which increment cores were sampled using
a Pressler borer. Next, the increment cores had their surfaces smoothed, and
measurements were made of the width of annual rings, latewood zones and the
share of latewood. Then the cores were divided into 2 cm sections, for which the
relative wood density was determined.
The analyses indicate that annual rings were wider in trees growing within
the north-eastern range than in those from the south-western range, and the
Kruskal-Wallis test showed the differences to be statistically significant. The
latewood share followed an opposite pattern: the wood from the Mazury region
had a higher proportion of latewood than the wood from the mountainous areas,
and the statistical test again indicated that the differences were significant. The
analysis of wood density showed slight differences between the density of wood
from the north-eastern and south-western ranges, but in this case the Kruskal-Wallis test showed the differences to be statistically insignificant.
Keywords: annual ring width, latewood share, north-eastern Norway spruce
range, south-western range

Introduction
Norway spruce (Picea abies [L.] Karst.) accounts for 6.3% by volume of all
dominant tree species in Polish forests, placing it in fourth position in the
volume-based ranking, following Scots pine, oak and beech [GUS 2017]. Its
major natural range covers mountainous regions, although it can also be
encountered in Warmia and Mazury. The latter regions are contained within the
Krzysztof MICHALEC (krzysztof.michalec@urk.edu.pl), Radosław WĄSIK (radoslaw.wasik
@urk.edu.pl), Anna BARSZCZ (anna.barszcz@urk.edu.pl), Janusz M. SOWA (janusz.sowa@
urk.edu.pl), Department of Forest Utilization, Engineering and Forest Technology,
University of Agriculture in Krakow, Krakow, Poland
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north-eastern range of Norway spruce in Poland, while the mountain regions
constitute its south-western range [Jaworski 2011].
There is a general opinion [Michalec 2007] that the wood obtained from
mountainous spruce stands is of higher quality than that of lowland stands.
Certain researchers [Grabczyński 1998; Ochał 2000], having analysed the
variability in annual ring widths with altitude, have reported that as the height of
the terrain above sea level increases, the annual ring width decreases. The same
tendency applies to wood density, since the wood density of coniferous species
is greater within the narrower annual rings [Krzysik 1974; Petty et al. 1990;
Wąsik 2007; Jyske et al. 2008; Tomczak et al. 2009].
However, other researchers [Barzdajn 1996; Matras 2002; Szaban et al.
2014] have reported quite the opposite dependency, visible particularly when
comparing the wood density of Norway spruce growing in different locations.
Having in mind these discrepancies in results, in the present study the
authors performed an analysis of selected features of macrostructure, namely the
annual ring width, the share of latewood, and the wood density, in individual
trees from the north-eastern and south-western ranges of Norway spruce.

Materials and methods
A preliminary selection of stands for investigation was made based on
descriptions contained in the forest management plans of particular forest
districts. This selection included only stands where the spruce trees had reached
a mature age, or at least where all tending treatments (late thinning) had been
completed. These criteria were met by stands aged 70 years or more, covering
areas of at least 3 hectares. The choice of stands for investigation was also
dependent on the possibility of establishing 1 ha trial plots. At the preliminary
stage of selection the following features were taken into account: tree species
composition (monocultures or stands where the share of spruce prevailed
amongst other tree species), growing stock index, site class, habitat type, and –
in the case of the south-western range – the altitude and exposure of stands. For
every forest district a few stands were identified, among which one or two were
ultimately chosen as best meeting the required criteria. Finally, within the northeastern Norway spruce range (Warmia and Mazury) 12 trial plots were
established (located in 12 forest districts), while for the south-western range
(mountainous regions) eight trial plots in the Sudeten Mountains (six forest
districts) and 12 plots in the Carpathians (seven forest districts) were set up.
These trial plots were located within the areas being the most representative for
the conditions encountered in particular stands in terms of growing stock index,
crown closure and quality of spruce wood. In the case of stands other than
spruce monocultures, each trial plot was established in such a manner as to
enclose the highest possible share of Norway spruce. Trial plots were
quadrangular (100 × 100 m), covering an area of 1 ha. In each trial plot every
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tree with diameter equal to or exceeding 7 cm was measured for diameter at
breast height, and then a group of 15 individuals was chosen for sampling of an
increment core with the use of a Pressler borer. The selection of trial trees from
which increment cores were sampled was performed according to Draudt’s
method [Grochowski 1973], based on adjusting the number of tested individuals
proportionally to the number of trees within particular ranges, determined by the
values of diameter at breast height. In mountainous regions (sloping terrain), for
silvicultural reasons, increment cores were sampled from the slope foot upward.
The increment core was always taken to a depth reaching the trunk pith, at
a height of ca. 30 cm above ground level, but not exceeding a maximum depth of
40 cm.
The surfaces of the increment cores were then smoothed, and the samples
were used for determining the width of annual rings, latewood zones, and the
share of latewood. Next, the increment cores were scanned to obtain digital
images. These images were used to perform measurements, made with an
accuracy of 0.01 mm, using specialised software named Przyrost WP.
Afterwards, the cores were divided into 2 cm sections, for which the relative
wood density was determined, according to the following formula:
γ w=

m0
V max

(1)

where: γw – relative wood density [g·cm-3];
m0 – weight of absolutely dry wood [g];
Vmax – volume of wood in maximally swollen state [cm3].
Wood volume was measured using the hydrostatic method (water
displacement) [Olesen 1971]. Following measurement of the wood volume the
samples were dried, and their weight in absolutely dry state was determined.
Then the values of wood density within particular sections were recalculated
proportionally for the entire increment core, according to the following formula:
n

∑ γ si p i
γ w= i= 1
100

(2)

where: γw – relative wood density [g·cm-3];
γsi – relative density of wood within a particular section of the increment
core [g·cm-3];
pi – percentage of the particular section within the total area of the trunk
cross-section [%];
n – number of sections [Niedzielska 1995].
Because the results obtained did not follow a normal distribution, for testing
for significance of differences the Kruskal-Wallis test was employed, while for
investigating possible correlations Pearson’s test was used [Kot et al. 2007].
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Results and discussion
The analyses led the authors to conclude that the widths of annual rings of trees
growing in the north-eastern range of Norway spruce (Mazury) were greater than
those from the south-western range (mountainous regions) (Fig. 1), with
coefficients of variation equal to 43.0% and 45.3% respectively (Table 1). The
minimum values of annual ring widths were also higher in the north-eastern
range, and the Kruskal-Wallis test showed these differences to be statistically
significant (p < 0.001). Moreover, the investigators proposed a further division
of the south-western range of Norway spruce into two regions of its occurrence,
namely the Sudeten and the Carpathian Mountains. On analysis of the annual
ring widths within these two regions, it was established that their mean values
were smaller in trees growing in the Sudeten Mountains than in those from the
Carpathians (Fig. 1), despite the fact that both the minimum and maximum
widths were greater in trees from the former region (Table 1). However, the
statistical analyses did not prove these differences to be significant.
Table 1. Statistical characteristics for annual ring width and share of latewood
SouthNorthwestern
eastern
Sudeten
range
range
(Mazury) (mountains)
annual
ring
width
Number of
measurements

1223

Carpathian

share of
latewood

annual
ring
width

share annual share annual
of late- ring of latering
wood width wood
width

1223

1610

1610

722

722

888

share
of latewood

888

Min

0.7

9.4

0.4

8.7

0.7

10.7

0.4

8.7

Max

6.2

70.8

6.2

45.9

6.2

45.9

5.9

38.6

Median

2.7

23.6

2.0

24.9

2.0

27.0

2.0

24.1

Standard
deviation

1.2

7.8

1.0

6.3

0.9

6.8

1.1

5.5

Coefficient
of variation

43.0

32.4

45.3

24.3

42.9

24.9

46.7

22.5

On the other hand, the share of latewood followed an opposite pattern.
Spruce wood obtained from Mazury had a lower share of latewood than that
from the mountainous regions (Fig. 2), although the minimum and maximum
values of this parameter were higher in the north-eastern range (Mazury)
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Fig. 1. Annual ring width depending on the provenance of wood under study
28
27

Share of latewood [%]

27

26

26

25
24
24

24

23

22
North-eastern
range (Mazury)

North-eastern
range (mountains)

Sudeten

Carpathian

Fig. 2. Share of latewood depending on the provenance of wood under study

(Table 1). The Kruskal-Wallis test proved that the differences between the two
groups of samples were significant (p = 0.023). Moreover, when the samples
from the south-western range were divided into the Sudeten and Carpathian
regions, it was established that the mean share of latewood (Fig. 2), the
minimum and maximum values, and the variability in this feature (Table 1) were
all higher for trees from the Sudeten Mountains. These differences were also
confirmed as statistically significant by the Kruskal-Wallis test (p = 0.014).
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The analyses of wood density revealed slight differences between the density
of wood obtained from the north-eastern range of Norway spruce (Mazury) and
that of trees from the south-western range (mountainous regions) (Fig. 3,
Table 2). The wood of spruces from the Sudeten Mountains was denser than that
from the Carpathians. However, the Kruskal-Wallis test did not indicate any
significant differences between either the ranges or the specific mountain
regions (p = 0.066).
0.37
0.359

Wood density [g·cm-3]

0.36

0.36

0.35

0.353
0.349

0.348

0.35

0.34

0.34
North-eastern
range (Mazury)

North-eastern
range (mountains)

Sudeten

Carpathian

Fig. 3. Wood density depending on the provenance of wood under study
Table 2. Statistical characteristics for wood density
North-eastern range
(Mazury)
Number of
measurements

1223

South-western range
(mountains)
1610

Sudeten

722

Carpathian

888

Min

0.248

0.269

0.274

0.269

Max

0.523

0.545

0.490

0.545

Median

0.341

0.347

0.349

0.342

Standard
deviation

0.05

0.04

0.04

0.04

Coefficient of
variation

13.74

11.85

11.86

11.62

In addition, the relationship between the studied wood features was analysed
using the Pearson correlation test (Table 3). It was found that in all studied data
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groups (ranges and regions) there is a high negative correlation between the
width of annual growth and the share of latewood. Considering the share of
latewood and wood density, it was found that in the south-western range (and in
the two studied regions) the correlation between these features was highly
positive, while in the north-eastern range it was weakly positive. The
dependence of wood density on the width of annual growth varied differently:
from weak negative correlation (in the north-eastern range), through moderate
negative correlation (in the south-western range and the Carpathian region) to
high negative correlation (in the Sudeten region).
Table 3. Results of Pearson's correlation test
SouthNorthwestern
eastern
Sudeten
range
range
(Mazury) (mountains)
annual
ring
width
Share of
latewood
Wood density

share of
latewood

-0.513
-0.224

annual
ring
width

Carpathian

share annual share annual share
of late- ring of late- ring of latewood width
wood width wood

-0.539
0.277

-0.432

-0.542
0.599

-0.509

-0.546
0.586

-0.377

0.627

The present research shows that the wood of Norway spruce from its north-eastern and south-western ranges significantly differs in terms of annual ring
widths and the share of latewood, while the differences in wood density proved
to be statistically insignificant. This is in disagreement with the findings of
Barzdajn [1996] and Matras [2002], who investigated the density of spruce
wood from various regions of Poland. Those authors established that most
spruce populations in the north-eastern range had a greater specific gravity,
while the smallest specific gravity was recorded for individuals from the
mountainous populations, particularly those growing at higher altitudes
(negative correlation), despite the fact that the growth of the latter was
considerably poorer. A similar pattern was reported by Szaban et al. [2014], who
investigated the wood of spruce trees of various provenance. These authors
stated that the wood of spruces growing in lowlands was denser than that from
mountainous regions. Nabais et al. [2018], analysing the effect of climate on
wood density in various tree species, found that in the case of spruce, climatic
conditions do not affect the density of the wood. Studies conducted in southwestern Germany by van der Maaten-Theunissen et al. [2013] also proved that
spruce trees growing under warmer climatic conditions with lower rainfall
produced higher-density wood than those developing in a cooler and wetter
climate. In the present study, the climatic data of the compared ranges were not
analysed in detail, as this was beyond the scope of the research. It is well-known,
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however, that the mountainous and north-eastern areas of Poland differ in terms
of climate. Thus, indirectly, apart from traits associated with the race of spruce
[Jaworski 2011] and a number of other factors affecting the studied
characteristics of spruce wood [Krzysik 1974], climatic differences may affect
the values of the studied parameters and their mutual relationships.

Conclusions
1. The annual ring width was significantly greater in trees from the north-eastern
range of Norway spruce than in those from its south-western range. On
comparison of this feature between individuals growing in the Sudeten and
Carpathian Mountains, no statistically significant differences were revealed.
2. Statistically significant differences in the share of latewood were identified
between spruces growing in the two studied ranges. Moreover, the share of
latewood in trees from the Sudeten Mountains was significantly higher than in
trees from the Carpathians.
3. In respect of wood density, no statistically significant differences were
identified either between the ranges of the species or between the specific
mountain regions (Sudeten, Carpathian).
4. Analysing the relationships between the studied features of wood by range
and region, a high negative correlation was found between annual growth and
the share of latewood, while in mountain stands the density of wood was
positively correlated with the share of latewood. In the lowland stands these
features exhibited only weak correlation. Analysis of the relationship between
the annual growth rate and the density of wood in mountain areas indicated
a high negative correlation of these features only in the Sudeten.

References
Barzdajn W. [1996]: Zmienność gęstości drewna świerka pospolitego [Picea abies (L.)
Karsten] w Polsce (Variability of Norway spruce wood density in Poland). PTPN. Prace
Komisji Nauk Rolniczych i Komisji Nauk Leśnych, 82: 7-14
Grabczyński S. [1998]: Przyrost pierśnicy drzew w sześćdziesięcioletnich drzewostanach
świerkowych Beskidów Zachodnich (The growth in diameter at breast height in 60-year-old spruce stands in the Western Beskids). Sylwan 142 [9]: 13-17
Grochowski J. [1973]: Dendrometria (Forest mensuration). PWRiL. Warsaw
GUS [2017]: Leśnictwo 2017 (Forestry 2017). Warsaw
Jaworski A. [2011]: Hodowla lasu. Charakterystyka hodowlana drzew i krzewów leśnych.
(Silviculture. Silvicultural characteristics of forest trees and shrubs). T. 3. PWRiL.
Warsaw
Jyske T., Mäkinen H., Saranpää P. [2008]: Wood density within Norway spruce stems.
Silva Fennica 42 [3]: 439-455
Kot S.M., Jakubowski J., Sokołowski A. [2007]: Statystyka (Statistics). Difin. Warsaw
Krzysik F. [1974]: Nauka o drewnie (Wood science). PWN. Warsaw

The effect of stand origin on the wood structure of Norway spruce

145

Matras J. [2002]: Zróżnicowanie gęstości drewna populacji świerka na powierzchni
doświadczalnej w Knyszynie w relacji do zróżnicowania populacji matecznych
(Variability of wood specific gravity among Norway spruce populations and the
heritability of this feature for populations from the Knyszyn experimental plot). Prace
IBL. Seria A. 2 [914]: 21-33
Michalec K. [2007]: Jakość surowca świerkowego (Picea abies [L.] Karst.) pochodzącego z
głównych ośrodków i zasięgów jego występowania w Polsce (Quality of spruce raw
material (Picea abies [L.] Karst.) from main centers and ranges of spruce distribution in
Poland). Drewno – Wood. Prace Naukowe, Doniesienia, Komunikaty 50 [177]: 57-78
Nabais C., Hansen J.K., David-Schwartz R., Klisz M., López R., Rozenberg P. [2018]:
The effect of climate on wood density: What provenance trials tell us? Forest Ecology
and Management, 408: 148-156. https://doi.org/10.1016/j.foreco.2017.10.040
Niedzielska B. [1995]: Zmienność gęstości oraz podstawowych cech makroskopowej
struktury drewna jodły (Abies alba Mill.) w granicach jej naturalnego występowania w
Polsce (Variability of density and basic macrostructural features of wood of fir (Abies
alba Mill.) in its natural boundary in Poland). Zesz. Nauk. AR w Krakowie. Rozprawy nr
198
Ochał W. [2000]: Struktura i dynamika przyrostu grubości drzew w drzewostanach
świerkowych masywu Skrzyczne (Structure and dynamic of diameter increment in
spruce forest of the Skrzyczne range). Sylwan 144 [1]: 75-85
Olesen P.O. [1971]: The water displacement method. The Royal Veterinary and Agricultural
University of Copenhagen
Petty J.A., Macmillan D.C., Teward C.M. [1990]: Variation of density and growth ring
width in stems of Sitka and Norway spruce. Forestry 63 [1]: 39-49
Szaban J., Kowalkowski W., Karaszewski Z., Jakubowski M. [2014]: Effect of tree
provenance on basic wood density of Norway spruce (Picea abies [L.] Karst.) grown on
an experimental plot at Siemianice forest experimental station. Drewno – Wood. Prace
Naukowe, Doniesienia, Komunikaty 57 [191]: 135-143
Tomczak A., Pazdrowski W., Jelonek T., Grzywiński W. [2009]: Jakość drewna sosny
zwyczajnej (Pinus sylvestris L.). Część I. Charakterystyka wybranych cech i właściwości
drewna wpływających na jego jakość (Quality of Scots pine (Pinus sylvestris L.) wood
Part I. Characteristics of selected wood traits and properties affecting its quality). Sylwan
153 [6]: 363-372
Van der Maaten-Theunissen M., Boden S., van der Maaten E. [2013]: Wood density
variations of Norway spruce (Picea abies (L.) Karst.) under contrasting climate
conditions in southwestern Germany. Ann. For. Res. 56 [1]: 91-103
Wąsik R. [2007]: Zmienność wybranych cech makrostruktury i gęstości drewna daglezji
zielonej (Pseudotsuga menziesii var. viridis Franco) na terenie Polski (Variability of the
features of macrostructure and wood density of Douglas fir (Pseudotsuga menziesii var.
viridis Franco) in Poland). Drewno – Wood. Prace Naukowe, Doniesienia, Komunikaty
50 [178]: 57-85

Acknowledgements
This Research was financed by the Ministry of Science and Higher Education of
the Republic of Poland.

146

Krzysztof MICHALEC, Radosław WĄSIK, Anna BARSZCZ, Janusz M. SOWA

Submission date: 5.01.2018
Online publication date: 5.10.2020

Drewno 2020, Vol. 63, No. 206
DOI: 10.12841/wood.1644-3985.350.07

Krzysztof ADAMOWICZ, Aleksandra GÓRNA
THE APPLICATION OF TREND ESTIMATION MODEL
IN PREDICTING THE AVERAGE SELLING PRICE OF TIMBER

The article analyzes the possibility of adopting trend estimation model to predict
the average selling price of timber (CGUS). The study used information about the
average selling prices of timber in chosen periods (2006-2017). The data
concerning the actual CGUS was used to create a trend estimation model. The
models and CGUS predictions were conducted based on three different time series
encompassing 5-year periods. The predicted (CGUS) trend estimation in
particular years was requested based on extrapolation, which exceeded the
accepted set of information used in the study to create a trend estimation model.
On the basis of the conducted study it was ascertained that the method of
modeling linear trend estimation should be adopted in the price prediction
process. The error assessment with which the linear function formulas are
burdened, it was noticed that the value of the coefficient of residual variation was
between 4.40% and 7.82%. It was also noticed that the linear modeling of CGUS
trend estimation, despite unfavorable values of coefficient of determination and
convergence, to some extent, can be viewed as an assistance tool in the decisionmaking process in the scope of predicting the height of the analyzed price. This
view was supported by the achieved predictions which were verified with the
actual prices of timber. The price difference between the actual and the predicted
one was between -1.59 PLN to 2.27 PLN, and in relative terms the predictive
error was between 0.83 to 1.15%. In our opinion the presented research process
can constitute a reference point as a comparative element to verify the results for
other, new price prediction models. The process of modeling timber prices should
be extended by other predicators which are connected with forest market chain.
Keywords: wood economics, forest economics, price forecast, prediction
methods, trend estimation model

Introduction
A sustainable development of multifunctional forestry practices requires
cooperation of numerous sectors as it takes places on three areas i.e. ecology,
economics, and social [Zajac 2001; Płotkowski 2004; Gołos and Zając 2008;
Paschalis-Jakubowicz 2011; Adamowicz and Kaciunka 2014; Kaliszewski and
Młynarski 2014; Szramka et al. 2016]. All these areas penetrate and permeate,
Krzysztof ADAMOWICZ (krzysztof.adamowicz@up.poznan.pl), Aleksandra GÓRNA
(aleksandra.gorna@up.poznan.pl), Poznan University of Life Sciences, Poznan, Poland
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but the economic dimension is the one which is the mutual dimension. Naturally,
this is connected, among other things, with the necessity of decision- -making as
far as forest marketing is concerned, and the price constitutes its significant part.
Both prices as well as the quality of timber on the market are subject to change,
hence monitoring and predicting these changes is a vital element of the process
[Wysocka-Fijorek and Lachowicz 2018]
Paschalis-Jakubowicz indicate that the factors which shape the relations of
supply and demand for timber and wood products are demographic changes,
economic growth, local environmental conditions and energy policy (or policies)
[Paschalis-Jakubowicz 2012]. The market mechanisms are also influenced by
the legal and organizational solutions of managing forest resources adopted in
particular countries. This influence on the examples of the Czech Republic and
Slovakia was discussed by, among others: [Grladinović et al. 2007; Suchomel
and Gejdos 2007; Teplická et al. 2015]. The Polish conditions in this scope were
analyzed by: [Szyndler 2007; Ratajczak 2011; Zubkowicz 2013; Adamowicz and
Noga 2014; Grzegorzewska and Stasiak-Betlejewska 2014; Szramka et al. 2016;
Szramka and Adamowicz 2017]
Regardless of the adopted forest farm management system in particular
countries, the synthetic indicators which characterize the economic condition of
a forest farm are the relations between the labor costs and the prices of timber,
and clean earnings [Ripken 2000]. That is why, it is necessary to search for
academic methods of supporting the forest farm management systems in this
particular scope.
One of the elements of the first management function, i.e. planning, is
predicting future situations and economic phenomena. Here, predicting the
prices of timber, from forest marketing viewpoint, is particularly significant. The
development of the studied phenomenon is the basis for economic and market
analyses, and for a proper market orientation and to realize marketing strategies
it is vital to monitor the price changes on the local and global scale [Suchomel
and Gejdos 2007]. Furthermore, the prices of timber and wood products are
shaped by market regulations and the wood market, in numerous countries,
including Poland. Despite some restrictions resulting from the adopted forest
industry paradigm, the prices are shaped by the free market. That is why, the
knowledge concerning the future fluctuations and price trends constitute the
basis for understanding the system mechanisms and trend estimations to take
place on the wood market [Chai et al. 2019].
The analysis of time series is particularly important in the prediction process.
The analysis of time series can encompass observations collected in different
time periods [Bowerman et al. 2005]. For example, time series are usually
constructed as yearly, quarterly or monthly observations. Suchodolski and
Idzik’s [2018] opinion was taken into account while constructing the research
methodology; they claimed that based on the research conducted in Płock forest
district the timber prices are characterized by a visible changeability which was
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systematic in nature, which means that it is possible to isolate trends and
cyclicity. They also indicated that the decisive factors influencing changeability
of timber prices in Płock forest district were long-term changes, which include
trend estimation as well as cyclical fluctuations. At the same time, the seasonal
changes impact the short-term price fluctuations per annum [Suchodolski and
Idzik 2018].
Taking into consideration the above observations, it has been decided to test
the possibility of creating year-long predictions of timber prices based on the
trend estimation model. The presented research process is a pilot study, hence it
was decided to use information of wood prices as a subject of prediction study.
The information of wood prices on the basis of article 4 (4) of the Act from 30 th
October 2002 on forest tax [Dz. U. from 2017 poz.1821 and from 2018 poz.
1588 and 1669] that are released by the Central Statistical Office of Poland.

Research methodology
The source information about the average timber prices (C GUS) in particular
periods (2006-2017) was collected from Monitor Polski 1 published in Dziennik
Ustaw [Journal of Laws]2. The data dealt with the actual C GUS which were used
to create trend estimation model. The models and C GUS predictions were
conducted based on three time series encompassing 5-year periods. The
predicted in particular years (CGUS) trend estimation was requested based on
extrapolation, which exceeded the accepted set of information used in the study
to create CGUS trend estimation model (prolonging the trend line in linear
function).
Prediction accuracy is determined by the means of ex post errors [Kocel
2010]. Creating predictions should be monitored, i.e. their accuracy should be
checked and, if necessary, adjustments should be made. Bearing this in mind, the
accuracy verification process of the C GUS predictions, created by means of
particular trend estimation models in the research, ex post analysis was
conducted, which was based on CGUS predictions for 2015, 2016, and 2017 and
compared the achieved results with the actual (empirical) C GUS for these
particular years. The accuracy of the predictions was estimated by calculating
the absolute error (EI) out of the actual difference and the predicted C GUS, from
the classical cross proportions the approximation error (EII) was determined for
the two types of prices.
In order to create the CGUS trend estimation model, the parameter estimation
of the linear function was conducted (yt = at + b). The parameter estimation for
CGUS function was done by solving the classical set of formulas:
1

Monitor Polski is an official gazette of the Republic of Poland published by the Prime Minister of
Poland, in which legal acts (not laws) and public decisions are published.
2
Dziennik Ustaw is a Journal of Laws of the Republic of Poland in which legal acts are published.
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]

[1]

yt – the price of timber in period t;
t – period (1 year);
n – the number of observations;
a – coefficient of CGUS trend estimation;
b – constant term of CGUS trend estimation (theoretical CGUS in period t = 0).
At first, following the above formula (1), the value of trend coefficient (a)
was estimated:
a=

y⋅t − y⋅t
t 2 −(t)2

[2]

Symbols as in formula no.1
On this basis, the coefficient the average CGUS increase and decrease between
the particular periods (t) were determined. The value of free parameter of the
analyzed function (b) was estimated by using the value of C GUS trend estimation
(a), arithmetical average of the number of period used in the simulation (t )
and arithmetical average of CGUS ( y t ) :

b= yt −a×t

[3]

The efficiency of suiting the CGUS trend function to the actual prices was
conducted by determining the parameters of a stochastic structure, i.e.: residual
standard deviation, coefficient of standard variation, coefficient of convergence,
coefficient of determination and the standard errors in structural parameters of
trend equation.
Residual standard deviationwas (S(et)) calculated by following the formula:

S ( e t )=

√

n

∑ ( yt−̂yt )2
i=1

[4]

n−k

yt , n – like in formula 1;
̂
yt – theoretical value in the present time;
k – the number of estimated parameters (in the case of trend linear function the k
symbol is 2).
The coefficient of standard variation (V S (e )) was calculated according to
the formula:
t
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[5]

S(et) – like in formula 4;
yt – like in formula 1.
The coefficient of residual variation explains to what extent the dependent
variable is influenced by the random factor. It means that the obtained
percentage of the average level of the wood raw material price is random
fluctuations. It was assumed that the model is useful for predictions when the
coefficient of residual variation assumes value smaller than 20%
(V S (e )< 20% ).
The coefficient of convergence (φ2) was calculated following the formula:
t

n

∑ ( yt −̂y t)2

2

φ = i=1
n

[6

∑ ( yt −y t)

2

i=1

y t – like in formula 1;
̂
y t – like in formula 4 ;
yt – weighted average value of actual prices of timber in t-period.
The coefficient of determination (R2) was calculated following the formula:
R2 =1− φ 2

[7]

φ 2 – like in formula 6.
By using the coefficient of determination (R2) it was possible to determine
which part of data can be explained by the model. The following classification
of results was adopted: R2 = 0.0-0.5 – insufficient match; R2 = 0.5-0.6 – weak
match; R2 = 0.6-0.8 – satisfactory match; R2 = 0.8-0.9 – good match;
R2 = 0.9-1.0 – very good match. The standard errors for structural parameters of
the trend equation (S(a)) and (S(b)) were calculated by the formulas:

S (a)=

S (e t )

√∑

S (b)=

n

i= 1

2

t −n t

2

√

n

S (e t )∑ t
2

2

i=1

[8, 9]

n

n( ∑ t −n t )
2

2

i=1

S(et) – like in formula 5;
t, n –like in formula 1.
The relative and absolute error was calculated using the formula:
Δ x=∣x− x 0∣
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σ=

Δx
⋅100 %
x

�x – relative error,
x – real value,
x0 – calculated value,
σ – absolute error.
These errors are referred to as ex post errors.

Results by issues
According to the adopted methodology, time series smoothing was conducted
which meant estimating linear function of CGUS trend (Table 1). The model
presented a 5-year-long CGUS trend estimation for the period 2012-2016, and for
it the empirical form of the extrapolation formula was achieved yt1_5 = 2.99 t +
176.85, for 2011-2015 period yt2_5 = 1.26 t + 181.17 and for the model depicting
2010-2014 period the formula was yt3_5 = 5.277 t + 161.70.
The next step of the research was determining the parameters of stochastic
structure. The value of the angular coefficient for the C GUS prediction model,
based on the function yt1_5was 2.99; however, the absolute value of linear
function of the trend was 176.85. It was estimated that the average error of the
prediction (S(et))in this case was 8.18 PLN. On this basis it was assumed that the
empirical CGUS differed from the theoretical values formulated on the basis of
the trend equation by (+)8.18 PLN on average. The coefficient of residual
variation (VS(et)) of the analyzed model was 4.40%, hence it was decided that
the estimated model of the linear function can be used in the C GUS prediction
process. The coefficient of convergence was 0.7 whereas the coefficient of
determination for this model was 0.3. If our task is only to understand the
relationships between the variables then lower values of the determination
coefficient are acceptable however it should be remembered that they will not
explain anything to our explore. It is also useful information that allows to
continue research with the use of different econometric models for example
ARIMA or SARIMA and compare the obtained results.
It was calculated that the standard errors of structural parameters of trend
function are respectively S(a) = 2.59 and S(b) = 8.58. Based on these results it was
ascertained that the angular coefficient of the analyzed linear function of the
trend was accurate in the range +/- 2.59, and the estimated absolute value of the
linear function of the trend was in the range +/- 8.58 (Table 2).
The value of the angular coefficient based on the C GUS prediction model
based on the function yt2_5 was 1.26; however, the absolute value of the linear
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Table. 1 The price of wood in Poland in the years 2006-2017
Period

Price (PLN)

2006

133,37

2007

147,28

2008

152,53

2009

136,54

2010

154,65

2011

186,68

2012

186,42

2013

171,05

2014

188,85

2015

191,77

2016

191,01

2017

197,06

Source: Own study based on data from Monitor Polski.

function of the trend was 181.17. It was estimated that the average error of the
prediction (S(et)) in this case was 9.02 PLN. On this basis it was concluded that
the empirical CGUS differed from the theoretical values calculated by means of
the trend equation by (+)9.02 PLN on average. The coefficient of residual
variation (VS(et)) of the analyzed model was 4.88, hence it was decided that the
estimated model of the linear function can be used in the C GUS prediction
process. The coefficient of convergence was 0.9 whereas the coefficient of
determination for the model of yt2_5 function was 0.1. It was also calculated that
the standard errors of structural parameters of the trend function are respectively
S(a) = 2.85 and S(b) = 9.46. As a result, it was decided that the estimated angular
coefficient of the analyzed linear function of the trend was accurate in the range
+/- 2.85, and the estimated absolute value of the linear function of the trend was
in the range +/-9.46 (Table 2).
The value of the angular coefficient of the C GUS prediction model based on
the yt3_5 function was 5.28, and the absolute value of the linear function of the
trend was 161.70. It was estimated that the average error of the prediction
(S(et))was, in this case, 13.88 PLN. As a result, it was decided that the estimated
model of the linear function can be used in the C GUS prediction process. The
coefficient of convergence was 0.7 whereas the coefficient of determination for
this model was 0.3. The standard errors of the structural parameters of the trend
function were respectively S(a) = 2.59 and S(b) = 8.58. Based on this, it was
estimated that the angular coefficient of the analyzed trend linear function was
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accurate in the range +/-2.59, and the estimated absolute value of the linear
function of the trend was +/-8.58 (Table 2).
Table 2. Linear function formula and stochastic structure parameters for 5-year
CGUS prediction models
Index
Period

a

b

Formula of the linear
function

Parameters of the stochastic structure
S(et) VS(et) (φ2)

(R2)

S(a)

S(b)

2012-2016 2.990 176.850

Yt1_5 = 2.99 t + 176.85

8.18 4.40

0.69

0.31

2.59

8.58

2011-2015 1.261 181.170

Yt2_5 = 1.26 t + 181.17

9.02 4.88

0.94

0.06

2.85

9.46

2010-2014 5.277 161.700

Yt3_5 = 5.28 t + 161.70 13.88 7.82

0.67

0.33

4.39 14.56

According to the methodological assumptions, after creating the trend linear
function model the CGUS theoretical (predicted) values were calculated for the
years 2017, 2016, and 2015. By prolonging the 5-year line of the yt1_5 linear
function of the trend, it was estimated that C GUS reached 194.79 PLN/m3. The
achieved prediction was verified with the actual C GUS in the analyzed year,
which reached 197.06 PLN/m3. Based on these results, it was assumed that the
predicted CGUS was by 2.27 PLN lower than the actual C GUS achieved in 2017;
however, the relative error (EII) for this prediction was 1.15% (Table 3). By
prolonging the 5-year line of the yt2_5 linear function of the trend, it was
estimated that CGUS in the analyzed year reached 188.74 PLN/m 3. The prediction
was verified with the actual CGUS in the analyzed year, which reached
191.01 PLN/m3. Based on these results it was assumed that the predicted C GUS
was by 2.27 PLN lower than the actual C GUS achieved in 2016, however, the
relative error (EII) for this prediction was 1.19% (Table 3). By prolonging the 5year line of the yt3_5 linear function of the trend, it was estimated that C GUS
reached 193.36 PLN/m3. The achieved prediction was verified with the actual
Table 3. Empirical and projected price in 2015-2017 as well as relative and absolute
errors of obtained forecasts
Price (PLN)

EII
(%)

empirical

forecast

EI
(PLN)

2017

197.06

194.79

2.27

1.15

Yt2_5 = 1.26 t + 181.17

2016

191.01

188.74

2.27

1.19

Yt3_5 = 5.28 t + 161.70

2015

191.77

193.36

-1.59

0.83

Model

Year

Yt1_5 = 2.99 t + 176.85
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CGUS in the analyzed year, which reached 191.77 PLN/m 3. Based on these
results it was assumed that the predicted C GUS was by 1.59 PLN higher than the
actual CGUS achieved in 2015; however, the relative error (EII) for this
prediction was 0.83% (Table 3).

Conclusions
In the contemporary and dynamically developing world, the ability of predicting
the socio-industrial phenomena gains on its significance. The key ability of the
managers nowadays is the skill to use the tools at hand in order to make
predictions. Such knowledge is essential in the process of managing economic
phenomena. The outcome of the decisions made today, to a great extent, depends
on the manner in which the situation will develop in the future. Predictions lead
to reducing risk and doubt but at the same time contribute to the increase of apt
decisions, thus eliminating the loss in various areas of industry. As a result, in
previous years, numerous scholars focused on prediction models including price
prediction models. For example, Mondal et al. [2014] and Du [2018] conducted
predictions of share price; McNally et al. [2018] studies the predictions
concerning future Bitcoin prices; Duc Cao et al. [2015] as well as Kowalik and
Herczakowska [2010] focused on the predictions of oil prices; Popławski [2006]
presented short-term predictions of electricity prices at Polish Power Exchange
(Towarowa Giełda Energii). In the subject literature, there are also research
studies which compare various prediction models as far as their potential for
predicting trend prices is concerned. The results of these studies were presented
by, among others, Omar et al. [2016], Du [2018], McNally et al. [2018] Chou
and Ngo [2016] , Shao and Dai [2018]. Only few of these works deal with the
issues of predicting prices of such a specific material, as timber. Soares et al.
[2010] attempted to create a price prediction model of eucalyptus (Eucalyptus
spp). Kocel [2010] discussed the methodological basis for financial-industrial
predictions for National Forests, and claims, among other things that predicting
prices of wood can be conducted by means of: linear econometric models,
exponential smoothing method (Holt’s linear model and Winters’ model) and
ARIMA model. Bearing in mind the above facts, the study presented research
results focusing on predicting timber prices by means of model created based on
linear trends estimations of price change. The potential of using the trend
estimation model for CGUS predictions was presented. The analysis reveals that
the model is an effective tool for short-term predictions of timber prices. The
productivity of the estimated models reflects on the appropriately low value of
ex post errors. CGUS predictions achieved on the basis of the created trend
estimation models differed from the actual prices, the range was from -1.59 PLN
to 2.27 PLN, and in relative terms the prediction error was in the range from
0.83 to 1.15%. Taking into consideration opinions by Cieślak [2008]; Dittmann
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[1996], Zeliaś [1997] and Kocel [2010], there are no predictions without any
errors, hence the achieved results can be perceived as satisfactory. The authors
believe that the presented proposal of methodological support of the planning
system in forestry by using the trend estimation model can currently, to some
extent, have a practical application. Due to the low value of coefficients of
determination and high coefficient of convergence, the research should be
continued in this scope. The search for a new wood price prediction model,
which will consider all the independent variables deriving from related markets
connected with wood, should be continued. It seems these markets should
constitute a forest marketing chain based on wood.
Furthermore, the presented study explains the shaping process of prices in
time series. This indicates the possibility of predicting prices based on the
existing trends as far as price shaping is concerned, hence the achieved results
can constitute a reference point in the search of the most efficient prediction
models in this scope.
In accordance with the assumptions, this article presented a pilot study
focusing on price predictions and their relationship to the so called C GUS. In
order to confirm the usefulness of the analyzed method of wood price
predictions in particular forest districts, the presented process should be repeated
but including the log-length system structure. However, it does not change the
fact that the presented research focusing on C GUS predictions possess academic
and utilitarian validity. It should also be borne in mind that this price is being
referred to by the appropriate regulations from 3 rd February 1995 about the farm
and woodland conservation act Dz. U. from 2017poz. 1161), local government
revenue income act from 13th November 2003 (Dz. U. from 2018 poz. 1530,
with later changes) and the decree of the Minister of Environment from 20 th June
2002 about a one-off compensation for premature felling of a tree stand (Dz. U.
poz. 905). Consequently, CGUS predictions, apart from academic value, have also
utilitarian application and can constitute a reference point for further scrutiny of
price prediction in particular tree ranges.
Managing a forest farm under market conditions is connected with a constant
decision-making process, which directly and indirectly influence the income
obtained from this enterprise. In such a situation, the self-financing of forestry in
Poland is a key factor in realizing statutory goals of forestry. The dynamic
changes taking place in the areas surrounding forest farms as well as the changes
in forest marketing result in making uncertain decisions with long-term
outcomes. The necessity of being prepared for the future consequences of
today’s actions forces the decision-makers to prepare industry predictions and,
on their basis, the action-plan. Hence, the main aim of predictions, in this case, is
indicating the most plausible course of future phenomena and industrial
processes as well as possible outcomes of the decisions. The knowledge about
the shaping of future prices constitutes one of the foundations of the proper
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planning process focused on the income of wood selling, thus becomes
a significant element of support system of the forestry decision-making process.
On the basis of the conducted research aiming at testing the possibility of
creating annual CGUS predictions by means of trend estimation model, it has
been concluded that:
• Trend linear function modeling method should be used in predicting prices.
By assessing the errors of linear functions it was expressed that the value of
coefficient of residual variation was between 4.40% and 7.28%. This
assumption constituted that the level of random fluctuations of C GUS average
in Poland allows the analyzed method to search for the more adequate price
prediction model.
• The study should be continued as far as the more adequate wood price
prediction model is concerned, especially when coefficient of convergence of
the linear models was between 0.67 to 0.94, whereas the coefficient of
determination was between 0.06 to 0.33. The presented research process
should be repeated on a sample of chosen forest district taking into
consideration the assortment prices.
• The linear modeling of CGUS trend estimation, regardless of negative values
of coefficients of determination and convergence, in a limited scope, can
become a tool which supports the decision-making process in predicting the
height of the analyzed price. It is indicated by the verification of the
predicted and the actual prices of timber. The difference between the
predicted and the actual price was between -1.59 PLN to 2.27 PLN, and in
relative terms the prediction error was between 0.83% to 1.15%.
• The presented research process can constitute a reference point as
a comparative element to verify the results of the predictions for other, new
price prediction models. The timber price modeling process should expand
over other predicators, which are connected with the forest marketing chain.

References
Adamowicz K., Kaciunka H. [2014]: Ocena tempa zmian kosztów produkcji drewna “przy
pniu” i cen surowca drzewnego w latach 2001-2009 na przykładzie Regionalnej Dyrekcji
Lasów Państwowych w Zielonej Górze (Assessing the cost changes in wood production
"near the trunk" and the prices of wood raw material in 2001-2009 on the example of the
Regional Directorate of State Forests in Zielona Góra). Leśne Prace Badawcze 75: 5560. DOI: 10.2478/frp-2014-0006
Adamowicz K., Noga T. [2014]: Multivariate analysis of bankruptcy in companies in the
wood sector. Sylwan 158: 643-650
Bowerman B.L., O’Connell R.T., Koehler A.B. [2005]: Forecasting, time series, and
regression: An applied approach. Thomson Brooks/Cole
Chai J., Wang Y., Wang S., Wang Y. [2019]: A decomposition-integration model with
dynamic fuzzy reconstruction for crude oil price prediction and the implications for

158

Krzysztof ADAMOWICZ, Aleksandra GÓRNA

sustainable development. Journal of Cleaner Production 229: 775-786. DOI:10.1016/
J.JCLEPRO.2019.04.393
Chou J.S., Ngo N.T. [2016]: Time series analytics using sliding window metaheuristic
optimization-based machine learning system for identifying building energy
consumption patterns. Applied Energy. DOI:10.1016/j.apenergy.2016.05.074
Cieślak M. [2008]: Prognozowanie gospodarcze: metody i zastosowania (Economic
forecasting: methods and applications). Wydawnictwo Naukowe PWN
Dittmann P. [1996]: Metody prognozowania sprzedaży w przedsiębiorstwie (Sales
forecasting methods in companies). Wydawnictwo Akademii Ekonomicznej im. Oskara
Langego
Du Y. [2018]: Application and analysis of forecasting stock price index based on combination
of ARIMA model and BP neural network. In: Proceedings of the 30th Chinese Control
and Decision Conference, CCDC 2018. pp. 2854-2857. DOI:10.1109/CCDC.2018.
8407611
Duc Cao M., Kumar Purohit P., Bauer L., Faseruk A. [2015]: How effective are
quantitative methods in forecasting crude oil prices?. Journal of Financial Management
and Analysis 28: 1-10
Gołos P., Zając S. [2008]: The role of forestry in the socio-economic development of
Poland’s agricultural region (input-output analysis). Folia Forestalia Polonica/Seria A 4950: 69-80
Grladinović T., Oblak L., Hitka M. [2007]: Production management information system in
wood processing and furniture manufacture. Drvna Industrija 58 [3]: 141-146
Grzegorzewska E., Stasiak-Betlejewska R. [2014]: The influence of global crisis on
financial liquidity and changes in corporate debt of the furniture sector in Poland. Drvna
Industrija 65 [4]: 315-322. DOI: 10.5552/drind.2014.1342
Kaliszewski, A., Młynarski, W. [2014]: Direct costs and sources of financing of nature
conservation and biodiversity protection in forest districts in the Mazowieckie Province.
Sylwan 158: 491-498
Kocel J. [2010]: Podstawy metodyczne prognozy finansowo-gospodarczej dla Lasów
Państwowych (Methodological basis of the financial and economic forecast for the State
Forests). Sylwan 154, 41-51
Kowalik S., Herczakowska J. [2010]: Analiza i prognoza cen ropy naftowej na rynkach
międzynarodowych (Analysis and forecast of crude oil prices on international markets).
Polityka Energetyczna 13: 253-263
McNally S., Roche J., Caton S. [2018]: Predicting the price of bitcoin using machine
learning. In: 2018 26th Euromicro International Conference on Parallel, Distributed and
Network-Based Processing (PDP). IEEE: 339-343
Mondal P., Shit L., Goswami S. [2014]: Study of effectiveness of time series modeling
(Arima) in forecasting stock prices. International Journal of Computational Science and
Engineering 4 [2]: 13-29. DOI:10.5121/ijcsea.2014.4202
Omar H., Hoang V.H., Liu D.R. [2016]: A hybrid neural network model for sales
forecasting based on ARIMA and search popularity of article titles. Computational
Intelligence and Neuroscience 4:1-9. DOI: 10.1155/2016/9656453
Paschalis-Jakubowicz P. [2012]: Uwarunkowania strategii rozwoju Lasów Państwowych
(Conditions for the development strategy of the State Forests). Centrum Informacyjne
Lasów Państwowych
Paschalis-Jakubowicz P. [2011]: Theoretical basis and implementation of the idea of
sustainable development in forestry. Problems of Sustainable Development 6 [2]: 101-106
Płotkowski L. [2004]: Key issues in the forest sector today. Sylwan 148, 22-36

The application of trend estimation model in predicting the average selling price of timber

159

Popławski T. [2006]: Zastosowanie wybranych technik prognostycznych do
krótkoterminowych prognoz cen energii elektrycznej na Towarowej Giełdzie Energii
(Application of selected forecasting techniques to short-term forecasts of electricity
prices on the Polish Power Exchange). Polityka Energetyczna 9: 143-155
Ratajczak E. [2011] Popyt na drewno w Polsce-zmiany strukturalne oraz możliwości
zaspokojenia (Demand for wood in Poland – structural changes and possibilities of
fulfillment). In: Strategy for the development of forests and forestry in Poland until
2030. In: Strategia rozwoju lasów i leśnictwa w Polsce do roku 2030. Zimowa Szkoła
Leśna przy Instytucie Badaw. Leśnictwa III Ses. 15-17
Ripken H. [2000]: Entwicklung der Personalkosten und des Personal-abbaus in den
deutschen Landesforstverwaltungen. Forst und Holz 55: 643-647
Shao Y.E., Dai J.T. [2018]: Integrated feature selection of ARIMA with computational
intelligence approaches for food crop price prediction. Complexity. DOI: 10.1155/
2018/1910520
Soares N.S., da Silva M.L., de Carvalho K.H.A., de Rezende J.L.P., de Lima J.E. [2010]:
Eucalyptus spp. Wood price forecasting model. Cerne. DOI: 10.1590/S0104-7760201
0000100005
Suchodolski P., Idzik M. [2018]: Identyfikacja i ocena zmienności cen drewna
w nadleśnictwie Płock (Identification and evaluation of wood price volatility in the Płock
forest district). Wiadomości Statystyczne: 41-55
Suchomel J., Gejdos M. [2007]: Analysis of wood resources and price comparation in
Slovakia and selected countries. In: Proceedings of the. 4th International Conference
Woodworking Technique: 143-152\r339
Szramka H., Adamowicz K. [2017]: Kierunki modyfikacji statusu Lasów Państwowych
w Polsce (Directions for modifying the status of the State Forests in Poland). Sylwan
161: 355-364
Szramka H., Starosta Grala M., Adamowicz K. [2016]: Leśnictwo w sektorowym rozwoju
gospodarki w Polsce (Forestry in the sectoral development of the economy in Poland).
Sylwan 160: 416-423
Szyndler J. [2007]: Racjonalizacja struktury organizacyjnej LP (Rationalization of the
organizational structure of the State Forests). Las Polski: 20-22
Teplická K., Čulková K., Železník O. [2015]: Application of bayess principle optimum –
Optimization model for managerial decision and continual improvement. Polish Journal
of Management Studies 12 [2]: 170-179
Wysocka-Fijorek E., Lachowicz H. [2018]: Changes in prices, volume and value of wood
raw material sold by the State Forests. Sylwan 162: 12-21
Zając S. [2001]: Lasy i leśnictwo w krajach Europy Środkowej i Wschodniej-proces
transformacji i wyzwania. Międzynarodowe Warsztaty w Debem, 12-14 września 2001 r.
Prace Instytutu Badawczego Leśnictwa, A: 71-77
Zeliaś A. [1997]: Teoria prognozy (Forecast theory), wyd. 3, PWE, Warszawa. PWE,
Warszawa
Zubkowicz R. [2013]: Danina drogowa – pomysł na opodatkowanie LP (Road toll - an idea
for taxing the State Forests). Las Polski: 18-19

Submission date: 28.08.2020
Online publication date: 23.11.2020

