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THE BIOMECHANICAL FORMATION OF TREES

Tree biomechanics and biomechanical tree stability are research problems that
have been discussed in world literature for many years. The biomechanical profile
formation in trees is an extremely complicated problem and has not been fully
clarified to date. It is influenced by many factors, which determine tree growth,
tree development, multifunctionality of organs, and anatomical elements in xylem.
The phenomenon is further affected by the overlapping of functions and
development of numerous interactions between all the systems found in living
trees. This paper presents a synthetic description of selected research results,
providing insight into the mechanical functioning of trees, from initial theories of
mechanical tree formation to the influence of dynamic load on tree stability. Trees
are a biological structure that shows high adaptability to external conditions.
Thus, the response to a specific environmental stressor, including abiotic and
biotic factors, should be considered. Analyses of the biomechanical system in
plants need to be considered in a broader context than a selected single load. Due
to the complexity of these phenomena and numerous interactions, we need more
multidisciplinary research to explain biomechanical mechanism of tree
development.
Keywords: tree biomechanics; tree stability; physiological system; mechanical
system; Biomechanical model; tree formation; wind and trees
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Introduction
Problems connected with tree stability have been investigated for centuries. In
the 17th century Galileo stated that every artificial or natural structure has
a scaling boundary, which when exceeded makes its further normal functioning
impossible. Studies referring to the structure (architecture) of trees were initiated
as early as the 17th century by Euler and Greenhill [James et al. 2006]. Both
scientists used statistical analyses to determine the maximal tree height, which
when exceeded would result in the self-destruction of these trees [Spatz 2000].
Tree biomechanics were first described by Schwendener [1874], followed by
Rasdorsky [1928]. Schwendener [1874] defined plant biomechanics in The
Mechanical Principles of the Anatomy of Monocotyledons as an important
direction of research [Niklas et al. 2006].
Contemporary knowledge on the mechanical formation of trees is
incomplete due to the complexity of these phenomena and the overlapping
effects of numerous endogenous and exogenous factors in the process of tree
formation, which cannot be investigated within a single experimental design.
Thus, tree biomechanics is an open field of science where theories and
hypotheses have existed for many years now and must be continuously verified.

Theories and models of mechanical tree formation
There are two main directions of tree mechanics research, one connected with
the concept proposed by Metzerg and the other related to the theory presented by
Jaccard [Pilat 1928]. Jaccard proposed a physiological theory founded on the
architecture (mainly hydraulic architecture) of plants, which serve the
conducting functions. According to Jaccard, the growth of woody plants in
diameter and height are related to the hydraulic conductivity of the stem, which
is limited primarily by its height and crown size. In turn, the latter is
characterized by variable efficiency, which may affect changes in the
relationship between its size and hydraulically conductive area [Jelonek et al.
2008]. In contrast, Metzerg was a supporter of the mechanical theory, which
assumes that in the growing tree resistance to the action of external forces is
optimized thanks to the maintenance of an appropriate stem cross-section area
and tree height [Jelonek 2013].
The theory proposed by Metzerg stems from the concept of Schwendener,
which first wanted to determine how ideas developed by engineering sciences
might be applied in the understanding of functional anatomy and morphology of
plants.
The aspect of the biomechanical stability of trees and the potential to
estimate its damage and stems from the previously formulated hypotheses on the
adaptation growth of trees, which is connected with the occurrence of growth
stresses and plant response to the effect of mechanical stress [Metzger 1893;
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Ylinen 1952; McMahon and Kronauer 1976; Wilson and Archer 1979; King
1986; Mattheck 1990, 1991; Niklas 1992].
Based on the knowledge available at that time, Ylinen [1952] provided
a relatively accurate presentation of tree biomechanics. This was the first attempt
at describing the biomechanical systems of trees and the relationships between
the physiological and mechanical systems, which is called the theory of
mechanical tree formation. Ylinen described several factors, i.e., the tree crown
area and form, bending strength of wood, variation in bending strength, modulus
of elasticity of standing timber, weight of the stem and crown, and size of the
root system.
With increased knowledge on tree formation, new
models describe trees in terms of their mechanics. The
first, simple biomechanical model of a tree, including
the wood structure, was developed by Euler, followed
by Greenhill [1881]. This model considered a tree as
a gradually tapering pole made from a homogeneous
material (fig. 1.) This model includes only three
variables, i.e., the length of the stem (x), its crosswise
tilt (y), and weight (w) as shown in figure 1.
The next relatively simple model of a tree is a sum
of two independent weights, i.e., that of the
aboveground part and that of the root system,
connected with an elastic column (the stem). This
model is a series of n logs, where branches forming
the tree crown are clustered, as shown in figure 2
[Guitard and Castera 1995; James et al. 2006]. In turn,
Baker [1995] presented a basic mechanical model of a
tree as a system of two weights, i.e., the weight of the
crown together with the root system, which was
connected with an elastic stem at a length equal to the
distance from the ground surface to the center of
gravity of the plant (fig. 2b). This mechanical model
included as many as six variables. The considered
parameters included the wind force, crown weight,
inertia of the crown, as expressed by Eqs. 1, 2, and 3,
respectively,
Fig. 1. Simple tree
d1Y:dt1

(1)

EI d2y:dx2

(2)

H d2(dy:dx):dt2

(3)

where Y denotes transverse displacement of the crown
and the bending moment in the stem, E is the Young’s

model from Greenhill
[1881], where x is the
length of the stem, y is
the crosswise tilt, and w
is the weight [re-drawn
from the data of Spatz
[2000]
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modulus, I is the moment of inertia of the trunk/stem, EI is defined as stiffness
of the trunk/stem, dy:dx is the drag torque of the root system k and inertia of the
root ball, and H is the moment of inertia of the root system mass.
Changes in the approach to tree biomechanics were introduced by Sanderson
et al. [1999], who proposed a dynamic model composed of a conical trunk and
a cylindrical crown (fig. 2c).
(a)

(b)

(c)

Fig. 2. Simplified tree mechanical models: (a) according to James et al. [2006]
redrawn from the data after Guitard and Castera [1995], n – logs, i – number of
elements, Z – height, M – weight, D – diameter, (b) mechanical tree model redrawn
from the data of Baker [1995] P – changes in tree loading by the wind, mg – weight
of crown, Y – instantaneous displacement of the crown mass, x – stem height, at
which displacement by the y value is recorded, y – horizontal stem displacement, k
– torque of the root ball mass, (c) geometric tree model redrawn from the data of
Saunderson et al. [1999], U (x,y) – load by a wind, H – tree height, L – crown length,
D – crown diameter

Concepts referring to mechanical tree formation
Plant tissues are more complex than most engineering structures and as a result
their mechanical properties are frequently difficult to definitely measure,
interpret, or predict [Atkins and Mai 1985; Vincent 1990; Niklas 1992; Niklas
1999; Spatz et al. 1999; Plomion et al. 2001; Vogel 2003; Sanson 2006]. The
natural variation of traits and properties of xylem is connected with the effect of
genotypes, environmental factors, and anthropogenic factors [Wodzicki 2001].
According to Persson et al. [1995], genetic variability of trees determines their
considerable potential, which as a result of the overlapping genetic factors and
environmental conditions leads to the formation of phenotypes, frequently
characterized by traits and properties, which aim is to enhance their resistance to
stress (including mechanical stress).
The effect of genetic factors on the modification of xylem quality has been
confirmed by Prescher and Ståhl [1986], Persson et al. [1995], Allona et al.
[1998], Fujimoto et al. [2006], and Kumar et al. [2006]. In turn, environmental
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effects like the climate, site, social class of tree position in the stand, and
management operations are described by Persson et al. [1995], Kellomäki et al.
[1999], Wiemann and Williamson [2002], Mäkinen and Isomäki [2004], Riesco
Muñoz et al. [2008], Jelonek et al. [2009] and Tomczak et al. [2009].
The xylem, to a varying degree, is optimized during tree growth in terms of
served functions and strategies facilitating tree survival. It is affected by the
heterogeneity of the xylem, reflected in the complex chemical composition and
species-specific anatomical structure, in turn determining physical and
mechanical properties of wood [Barnett and Jronimidis 2003]. Even within one
species, considerable differences may be observed in its tree traits and wood
properties, i.e., depending on the geographical location [Fabijanowski 1961],
tree origin/provenances [Szaban et al. 2014], site conditions [Pazdrowski and
Spława-Neyman 1996, 1997], and age or social class of the tree position in the
stand [Pazdrowski and Spława-Neyman 1993; Fabisiak 2005].
A primary mechanism protecting a tree against stress resulting from dynamic
loading is connected with the maintenance of an adequate stem stiffness. A key
role is played here by the proportions between the height and stem diameter, and
appropriate allocation of biomass [Kim 2000], which shows high variability and
sensitivity on various factors [Poorter et al. 2015; Mensah et al. 2016]. Thus, the
physiological system of a plant is closely related with biomechanical
requirements consisting in the adequate distribution of weight at a proper scale
of anatomical elements [Schniewind 1962]. All of these factors above provide
insight into the importance of the functional and ecological complexity of
biomechanical systems found in trees.
As reported by Spatz and Bruechert [2000], the growth of woody plants is to
a considerable degree determined by certain limitations concerning
photosynthesis and water transport. When physiological limitations are not
exceeded, the size and shape of a tree are subjected to limitations imposed by the
biomechanical system of the plant, which is the primary factor determining the
architecture of self-supporting plants and their maximal size. This system is
optimized so that at every stage of its life a tree is capable of transferring
different physical loads, both static and dynamic. At the same time, structural
requirements concerning its architecture and proportions between the tree size,
properties, and functions of xylem increase with the progressing growth of
woody plants [James et al. 2006].
The mechanical structure of a plant is important for its development and
survival. The assimilating organ has to be distributed so that it may effectively
compete for light. The assimilating organ is supported by the trunk and branches.
The transport system has to be able to withstand the pressure of the column of
liquid. The trunk and branches have to withstand static loading from the crown
weight and dynamic loading, imposed by the wind. Adaptation changes affecting
the structure of xylem may be attained at the expense of other functions, such as
accumulation of carbon or propagation. At the same time, resistance to
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mechanical stress guarantees survival in a particular abiotic environment
[Givnish 1986]. Thus, plants have to create an “intelligent'' system of mutual
relations. As a consequence, the mechanical structure of a tree, starting from the
cellular level up to the architecture of the whole plant, is the basis for its survival
and is probably connected with a strong selective pressure.
Boundaries of structural resistance are reached when the maximum induced
bending moment is greater than the breakdown torque. The volume of maximum
structural loads depends on structural parameters (geometry of the cross-section)
and properties of the material (the modulus of elasticity or critical compressive
stresses leading to material failure when exceeded) [Spatz and Bruechert 2000].
As a consequence, tree biomechanics is rather difficult to describe, since we
need to consider the complicated adaptation growth of trees as a response to
mechanical stimuli. This phenomenon was confirmed qualitatively, but to date
neither mechanical receptors nor the transduction chain signal have been
identified [Telewski 1995; Wood 1995]. Thus, we are faced with the problem of
the nature of the mechanical signal controlling secondary growth, which may be
the adaptation growth of a plant. Metzger [1893] formulated a hypothesis of
(uncertain) steady stresses. However, it is difficult to determine the effect of
slight compressive stresses caused by the tree’s weight on induction of signals
for adaptation growth, particularly in view of large growth stresses [Gril et al.
1997]. Although the hypothesis proposed by Metzger [1893] intuitively seems to
be correct, there are many questions to be answered. First, what is the structure
of mechanoreceptors and where are they located? What mechanical signals are
identified and how are they integrated in time? What is the transduction chain
for the signal leading to adaptation growth of a tree? These questions have been
proposed by Telewski and Pruyn [1998].
Another significant factor affecting the biomechanical system of plants is
connected with relationships between environmental stress and mechanical
properties. They may be specific and direct, guaranteeing plant survival, like the
response of a tree to the action of strong wind by strengthening the structure of
the xylem. Certain traits and adaptations may provide protection against many
forms of stress. In both cases, the adaptation values referring to mechanical
characteristics may vary between sites. Thus, it would be best to consider them
in a broader context of the tree growth environment, and not only a specific
stress.
Plants may also exhibit the above mentioned, considerable phenotypic
plasticity of mechanical systems, consequently facilitating adaptation to the
variable environment. However, it has not been clarified yet whether changes at
the mechanical level have an adaptation background or whether they are
a consequence of physiological changes caused by stress. Mechanical properties
play a significant role in the plant survival strategy, the organization of the
ecosystem and its functioning, such as trophic variation. Moreover, plants
exhibit a considerable ability for phenotypic regulation of mechanical traits,
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potentially facilitating phenotypic plasticity both in time and space [Read and
Stokes 2006]. Although there are certain trends in biomechanical changes of
woody plants along habitat gradients, it may be assumed that many variants of
mechanical adaptations may occur in every habitat [Niklas 1997; Press 1999].
Some of these changes may be far from optimal due to limitations developed in
the course of phylogenesis. Moreover, a variable stress caused by changes in the
habitat during tree growth may contribute to the development of a variable
mechanical profile of a plant within the same species [Niklas 1999]. Schenk and
Jackson [2002] stated that biomechanical traits undergo dynamic changes within
a species and change within the lifetime of a single specimen. As it was reported
by those authors, it results mainly from the fact that plants need to develop
different mechanical strategies, which simultaneously modifies their internal
structure and external architecture.
Thus, biomechanical traits are highly characteristic of the environmental
situation in which a given species is found and they exhibit a certain plasticity.
However, some models may be observed throughout the plant kingdom. An
example in this respect may be provided by the theory of allometry to explain
the evolutionary change in plant size [Niklas 1994; West et al. 1999]. The latest
models describing wood structure in trees suggest that in the course of evolution,
plants developed a tapering structure of conducting elements, narrower at the
circumference, which should minimize the cost of water transport from roots to
leaves [West et al. 1999; McCulloh et al. 2003; Sperry et al. 2006]. However,
these models do not consider multifunctionality of anatomical elements and their
mechanical role in wood. Studies are being conducted on the evolution of xylem
to provide insight into several compromises found in plants, depending on their
hydraulic and mechanical requirements [Vogel 2003; Anfodillo et al. 2006].
Niklas and Spatz [2006] when considering the application of allometric theories
in tree biomechanics stated that in the aspect of plant growth and survival none
of the functions served by individual systems has any priority over others and
their efficiencies have to be optimized in the overall energy balance.

Wood formation and functioning of trees subjected to dynamic loads
Wind has a significant effect on the development of forest ecosystems, and it is
one of the factors determining the formation of trees, landscapes, and forest sites
[Mitchell 2013]. It modifies characteristics of forest stands, significantly affects
their composition and structure, and somewhat determines growth conditions
[Ennos 1997; Jansons et al. 2014]. To a considerable extent, the susceptibility of
trees and whole stands to wind damage depends on individual morphological
traits of trees; in forest communities, it also depends on their structure. Many
sources have described the effect of wind on forest ecosystems, including
problems connected with the effect of wind on stem morphology and mechanics
[England et al. 2000; Spatz and Bruechert 2000; Peltola 2006; Jelonek et al.
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2013]. Dynamic loads may cause several reactions of trees, including
physiological response, which at the stage of xylem formation leads to
adaptation changes in its structure and properties [Wade and Hewson 1979].
Mechanical loads that effect the development, morphology, and structural
traits of woody plants are the foundation for the concept of adaptation growth of
trees, presented in the abovementioned publication by Schwendener [1874] and
adapted to the requirements of forestry by Metzgerg [1893]. This concept was
verified by Morgan and Cannell [1994], who stated that the development of tree
formation (height, diameter) is dependent on stressors which a stem/trunk has to
transmit, and it is optimized during the lifespan of the tree. Alméras and
Fournier [2009] stressed the role of gravity in the formation of xylem and tree
formation. They introduced the concept of gravitropic correction, which is
connected with long-term mechanical stability of trees. They stated that an
increase in tree diameter (increment in diameter) equalizes disturbances caused
by an increase in its structural load, while biomechanical limitations of trees are
connected with an interaction between growth and gravity may be expressed as
a function of basic morphological, anatomical characteristics, and wood
properties. The above was formulated and included in the uniform theory of
stress, stating that in the average range of mechanical loads stresses are
distributed uniformly along the vertical axis of the stem, whereas under extreme
distribution of stresses it will be non-uniform and will depend, among other
things, on changes in the distribution of weight of the stem, the crown, and
external loads [Mattheck 1991; Gardiner 1992; Wood 1995; Nykänen et al.
1997; De Langre 2008].
Studies conducted on stability of trees and stands indicate that to
a considerable degree it is dependent on the volume of external load and stand
structure, in which a particularly important role is played by the species
composition, tree height, and diameter at breast height, crown area, root depth
and spread, stocking, and soil type [Coutts 1986; Kerzenmacher and Gardiner
1998; Peltola et al. 2000; Hale et al. 2004; Scott and Mitchell 2005; Peltola
2006; Jonsons et al. 2014]. James et al. [2006] stated that the stability of a single
tree exposed to a dynamic load is influenced by its size, shape, and structure.
Such understood stability is closely related with the process of growth, which to
a considerable extent is determined by physiological limitations, particularly
those connected with photosynthesis, water transport, and limitations of size and
shape imposed by biomechanical systems [Spatz and Bruechert 2000]. For this
reason, tree structure is designed to transmit increasing loads during tree growth.
Optimization of growth that leads to the formation of trees, is connected to the
static loads of trees, described above and resulting from the weight of the tree
trunk and the crown, and dynamic loads, imposed by wind and causing the
greatest mechanical stress in circumferential parts of the trunk [Mitchell 2013].
Along with the biometrics of trees changing in time (with age) and an
increased risk of wind damage, the ultrastructure and properties of xylem are
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naturally modified at all levels of its structure. As a result, the xylem in the trunk
of a single tree is highly heterogeneous and exhibits variability both in the radial
and axial planes of the trunk [Jelonek 2013]. In terms of mechanics, these
changes may be a major determinant of wind resistance in trees.
Numerous studies have been conducted to provide insight into the behavior
of trees under dynamic loading [Peltola and Kellomäki 1993; Peltola et al. 1993;
England et al. 2000]. Moore and Maguire [2004, 2005] when analyzing the
effect of crown size on wind-induced vibrations of trees stated that the vibration
dampening effect is reduced with an increase in crown reduction and it is
strongly connected with the ratio of DBH (tree diameter at breast height) to the
squared height. Mayer [1987] presented an opinion that in order to reduce the
risk of trees damage by wind, the effect of wind on tree sways needs to be
reduced and the enhancement of their characteristic swaying frequency is
required. In this case wind force takes lower values owing to the narrow energy
transfer band. As it was reported by Milne [1991], dampening of tree sways is
affected by the interference of branches of neighboring trees, aerodynamics of
foliage, and vibration dampening by the trunk and the root system. In turn,
Brüchert and Gardiner [2006] reported variation in tree formation and xylem
properties depending on exposure of trees to wind. The frequency of tree
swaying and dampening increases with an increase in the distance from the edge
of the stand, where the tree exposure to wind is greatest. The most exposed trees,
like those grown at stand edges, were generally characterized by lesser height
and greater stem tapering in comparison to trees growing within the stand. These
trees exhibit a greater stem rigidity at its base and its greater elasticity within the
crown. In contrast, trees growing within the zone located away from the stand
edge showed a greater trunk tapering, compensated by the increase in Young’s
modulus. Similar conclusions were reached in their studies on the effect of wind
on biomechanics of Scots pine in Poland [Tomczak et al. 2014]. They observed
morphological changes in trees depending on wind loading of trees in the stand.
In the stand edge zone, exposed to the greatest wind loading, trees were on
average over 10% lower and 3% thinner than trees growing within the stand. In
contrast, their crowns were located relatively lower, which resulted in a lowering
of the center of gravity and increased tree statics [Tomczak et al. 2014].
The effect of wind and snow on the functioning of forest ecosystems is
considered to be important due to its economic consequences. Dependencies
between the architecture of trees and their biomechanics have also been
investigated in terms of the risk of wind or snow damage to trees [Baker 1995;
Kellomäki and Peltola 1999; Peltola 2006]. Literature sources on the subject
have devoted relatively much attention to problems connected with the
prediction of stand damage caused by strong winds. Baker [1995] and
Saunderson et al. [1999] proposed mathematical models, which describe the
behavior of trees exposed to dynamic loading. Baker [1995] in his model
stressed the importance of natural vibration frequency and wind velocity as the
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basic parameter determining stability of woody plants. Studies on critical wind
velocity in forecasting tree damage were conducted by England et al. [2000]. In
turn, Peltola et al. [1997] presented a model of critical tree loading by the wind
and snow pressure. Kerzenmacher and Gardiner [1998] developed a dynamic
model of movement in spruce depending on wind velocity, while Valinger and
Fridman [1997] described the probability of snow and wind damage in pine
based on characteristics of trees. Cucchi and Bert [2003] considered the crown
size and trunk diameter to be the most important traits of trees from the point of
view of their stability. Those researchers observed lesser wind damage in stands,
in which crown length and trunk circumferences are uniform. Damaged trees
typically had thinner trunks, relatively shorter crowns, and higher slenderness to
trees ratio, which did not suffer wind damage. Similar conclusions were drawn
by Petty and Worrell [1981] when investigating the effect of slenderness on tree
stability. In their opinion, the greatest stability is found in trees growing at lesser
stocking, which are characterized by trunk tapering and a relatively low height.
Numerous studies have been conducted to provide insight into the behavior
of trees under dynamic loading [Peltola and Kellomäki 1993; Peltola et al. 1993,
England et al. 2000]. Mayer [1985] reported that tree stability under dynamic
loading is influenced by three elements, the bending moment induced by the
force of wind (Eqs. 4), the moment induced by the weight of the crown (Eqs. 5),
and the moment induced by the weight of the trunk (Eqs. 6), where K1 is the
force of wind, K2 is the weight of the crown, K3 is the weight of the trunk, X is
sway and hk is the height of the crown center of gravity (fig. 3). In turn, Peltola
and Kellomäki [1993] in the mechanical model estimating stability of pine (fig.
4), which form was expressed in the equation 7, included three variables in time,
i.e. the force of wind (F1(z)) and the coefficient resulting from gravity and
aboveground biomass of a tree (F2(z)) and horizontal sway of a tree (x(z)). In
the presented model variable F1(z) was expressed in the equation 8, where: U(z)
is the velocity of wind, A(z) is the forecasted area of the tree loaded by wind, Cp
is the coefficient of sway and p is air density. In turn, variable F2(z) was
determined based on the product (Eqs 9.), where M(z) is the weight of the crown
and the weight of the trunk, while g is the gravitational constant.
(MW=K1*hk)

(4)

(MB=K2*X)

(5)

(MS=K3*X1)

(6)

T(z)=F1(z)*z+F2*x(z),

(7)

0.5*Cd*p*A(z)*U(z)2,

(8)

M(z)*g

(9)
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Fig. 3. The stability of trees in relation to dynamic loads caused by wind [redrawn
from the data of Meyer 1985]

Fig. 4. Forces affecting a tree. F1 wind, F2 gravity, T total turning moment at the
base of the stem [redrawn from the data of Peltola and Kellomäki 1993]
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Tree biomechanics may be comprehensively understood because the
complex analysis of many factors determine their mechanical stability. Fournier-Djimbi and Chanson [1999] presented general principles of mechanical
analyses of trees. Those authors stressed that in studies on tree biomechanics we
observed many overlapping factors, such as the complex tree geometry (in
comparison to ordinary structures), heterogeneity of xylem at different levels,
the effect of radial growth. These factors lead to the formation of atypical
stresses and deformations resulting from internal physical and chemical
phenomena occurring during xylem formation favouring development of
primary stress, additionally overlapped with external loads.

Conclusions
1. As it was stated by Read and Stokes [2006], we are only beginning to
discover the mechanical structure of plants. Despite significant broadening of
our knowledge on the biomechanical functioning of plants, still numerous
gaps need to be filled by science, particularly concerning interrelations
between the physiological system of trees, their biomechanical system and
energy balance of plants. At the same time we have to take into consideration
the adaptation growth of plants, which is a response to specific environmental
stress, including abiotic and biotic factors as well as nutrient deficits.
2. Depending on environmental factors adaptation growth may considerably
vary even within a single species. In a poor habitat benefits resulting from
tree resistance to mechanical loads may be greater than in environments with
optimal growth conditions for a given species. For this reason analyses of the
biomechanical system in plants need to be considered in a broader context
than a selected single load. Moreover, woody plants exhibit considerable
phenotypic plasticity, facilitating temporal and spatial modification of
mechanical characteristics in relation to morphological traits.
3. Many earlier and contemporary studies conducted on wood structure,
properties and mechanical functioning of trees have frequently neglected
factors determining wood formation or have focused on variation limited to
a narrow area. Due to the complexity of these phenomena and numerous
interactions, tree biomechanics has not been fully clarified and requires
further studies and verification of previously formulated hypotheses.
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Olga RUBLEVA

STRUCTURAL CHANGES OF SCOTS PINE WOOD
CAUSED BY LOCAL PRESSING IN THE LONGITUDINAL
DIRECTION

An indentation can be formed when inserting a punch along wood fibers at the
ends of blanks. The aim of this research is to study structural changes during
local compression of wood in longitudinal pressing. Punches of prismatic shape
were inserted into samples of Scots pine wood with different moisture content. The
stages of wood deformation during the process were analyzed. The author then
evaluated changes in the macrostructure of the wood and determined the
conditions for obtaining a good-quality indentation. This led to a regression
model enabling prediction of the depth of the densified zone. Its size is no more
than 105% of the depth of penetration. Images of the densified zone were obtained
using a scanning electron microscope, and changes in its microstructure were
evaluated. The process of forming a “core” causes uncritical structural changes
in the boundary undeformed sections. This underlines the possibility of using
local pressing technology along the fibers as an alternative to traditional milling
or drilling in order to form grooves and blind holes, for example for such joints as
tongue and groove or mortise and tenon.
Keywords: compression parallel to grain, densified wood, microstructure, joints

Introduction
Wood is a unique natural material which is used in various industries and
spheres of human activity due to its availability, renewability and easy
machinability.
The ability of wood to change its shape, as well as its aesthetic, physical and
mechanical properties, and its performance under the influence of special
processing methods, increase its value and range of use as a structural material
[Kollman et al. 1975; Navi and Girardet 2000; Mohebby et al. 2009; Bami and
Mohebby 2011; Kwon et al. 2014]. There are various ways of modifying wood,
including mechanical, thermal, chemical and radiation methods, as well as
combinations of these [Mitsui et al. 2001; Fojutowski et al. 2009; Rautkari et al.
2011; Ahmed et al. 2013; Kutnar et al. 2015; Herrera et al. 2016; Ayata et al.
Olga RUBLEVA (olga_ru@vyatsu.ru), Department of Machines and Technologies for
Woodworking, Vyatka State University, Kirov, Russia
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2017]. Each method has a different scope, despite some drawbacks – for
example, a decline in the mechanical properties of wood during heat treatment
[Zawadzki et al. 2016].
A feature of mechanical modification is the ability to impart good
mechanical properties to wood due to its densification [Kultikova 1999; Lenth
and Kamke 2001; Heger et al. 2004; Kutnar and Sernek 2007] and also to give it
the required form [Ito et al. 1998; Kutnar et al. 2015].
As a rule, densification of wood by compression is performed in the
transverse direction [Kollmann et al. 1975; Blomberg and Persson 2004]. This
kind of pressing and the structure of densified wood are well studied [Schrepfer
and Schweingruber 1998; Nairn 2007; Tabarsa and Chui 2007; Benabou 2010].
It has been established that heating and moistening of wood and the use of
chemical impregnations provide better conditions for the pressing process and
prevent damage to the cell walls [Morsing 2000; Darwis et al. 2017].
Cold pressing of wood is less common. However, there are research results
which show that the treatment of cold dry wood also has positive results [Gaff
and Gáborík 2014; Kwon et al. 2014].
Uneven pressing to obtain relief indentations in the form of grooves or holes
has been less studied [Hesselbach et al. 2007; Gaff and Gáborík 2014; Gaff et al.
2016]; this includes local pressing in the longitudinal direction [Rubleva
2013a, b]. As regards compression along the fibers, research has mainly
provided data on the properties and structure of wood subjected to axial
compression along the fibers [Kučera and Bariska 1982; Sliker 1985; Poulsen
et al. 1997; Reiterer and Stanzl-Tschegg 2001; Benabou 2010].
The purpose of this research is to study structural changes in wood when
inserting the punch parallel to the grain without heating the wood or the tool, and
to determine the capability of this technology to form grooves and holes.

Materials and methods
Materials
The author studied samples of wood from Scots pine (Pinus sylvestris L.),
a typical coniferous species widely used in woodworking. The samples came
from trees growing in central Russia. Samples were made from the middle zone
of the trunk by cutting parallel to the grain direction to form boards. The boards
were labeled and cut into small samples of the required dimensions: height
H = 60 mm (corresponding to the longitudinal direction of the fibers);
dimensions of cross-section 25 × 40 mm in the radial and tangential directions
respectively. Samples were cut from pure wood, without knots or cracks, with
a slope of fibers no more than 15%, in accordance with the author’s preliminary
exploratory experiment.
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Physical and mechanical properties of specimens
The average density of the wood samples was 505 kg/m3. The static hardness on
the end surface of a sample was determined by the Rockwell method and was
found to be 37 HRL. The tensile strength of the test specimens under
compression in the longitudinal direction was 48.8 MPa, for stretching along the
fibers it was 108.9 MPa, and for static bending it was 83.4 MPa (all of these
properties are given in terms of a normalized 12% moisture content).
The samples were conditioned in air at a temperature of 20°C and a relative
humidity of 50% until they reached equilibrium moisture content. Then,
according to the experimental plan, samples with below the required moisture
content were moistened to reach the required content, and samples with moisture
content higher than required were dried in an SHSP-0.25-60 drying chamber
(Teplopribor, Russia) at a temperature of 60°C until the required humidity was
reached. The moisture content W in the samples for the second stage of the
study, namely investigation of the possibility in principle of forming a groove by
pressing, ranged from 8% to 30%. For this stage, eight groups of five samples
were prepared, with moisture contents of 8%, 12%, 15%, 18%, 20%, 23%, 26%
and 30%, a total of 40 samples. Samples for the third stage of the research –
studying the influence of factors on the depth of the densified zone hd – were
obtained with a moisture content W ranging from 8% to 18%. In accordance
with the Box-Behnken design, for the third stage of research 15 × 3 = 45
samples were prepared. All of the samples prior to testing were stored in
separate sealed vessels.
Humidity was measured using a Hydromette compact (Gann GmbH). For
measurement of the moisture content of the samples, the ends of the probes were
inserted across the wood fibers, both measuring points being located in the same
layer. The moisture value was taken as the arithmetic mean of four
measurements, one made on each longitudinal side of the sample.
Pressure treatment
The treatment was carried out on a P-10 laboratory test hydraulic press (ZIM
Tochmashpribor, Russia). Studies were conducted at an ambient temperature of
20°C.
During the first stage of work, the samples were first subjected to free
compression along the fibers to establish the patterns of cracking. Then, at the
second stage, the author investigated the possibility in principle of forming
a groove by the method of pressing along the fibers in samples with different
moisture contents, and determined the conditions for obtaining high-quality
indentations. During the forming of grooves, the workpieces were fixed in
a special tool (fig. 1a), which provided the base, fixation and four-sided
crimping across the section with a force up to 300 N. It served to minimize the
risk of cracking during the embossing process.
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a
b
с
Fig. 1. Tooling and tools for pressing along the fibers: a – device for fixing the
workpiece and tool; b – example of punch; c – scheme of groove formation, 1 –
punch, 2 – sample, 3 – densified zone, H – sample’s height, B – width of groove, hn –
depth of groove, hd – depth of the densified zone, arrow indicates the direction of
the compression force F

Grooves on the end surface of the samples were formed by punches of
prismatic shape (fig. 1b), with cross-sections of 25 × 4, 25 × 8 and 25 × 20 mm.
The displacement speed of the punch was set based on preliminary research at
50 mm/min.
As a result, on the end surfaces of the blanks, grooves were obtained (fig. 1c)
with width B equal to 4, 12 and 20 mm. During the second stage of the study, the
depth hn of the grooves was varied from 1 to 30 mm to investigate the stages of
wood deformation and to define the limiting criteria for shaping a good-quality
groove. The samples for the third stage of the research (to estimate the depth of
the densified zone) were prepared in the same way as for the second stage, but
hn was varied from 5 to 11 mm based on the results of previous stage, with the
aim of excluding possible defects and obtaining a good-quality groove.
In some samples, the process of groove shaping was carried out step by step,
to obtain images of intermediate stages of the change in the wood structure.
Each step was performed under constant pressure for identical samples (for
example, the pressure force was approximately 17.8 kN for samples with groove
width 12 mm and 18% moisture content). After each stage, the punch was
removed from the sample. Further, the studied surface was sanded to reveal the
structure better and to take photographs. The results obtained for the step-bystep samples and the final samples were not combined, because of the
differences of procedure, and are presented in different sections of the paper.
Estimation of the densified zone depth
At the third stage of the study, a second-order non-compositional plan (known as
the Box–Behnken design) was realized in order to obtain a regression model that
predicts the depth hd of the densified zone. In this three-level factorial
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experiment, each of three independent factors (W, hn and В) was varied between
three levels: –1, 0, +1 (high, average and low). The ranges of variation were:
W from 8% to 18%, hn from 5 to 11 mm, and В from 4 to 20 mm. The
experiments, presented in table 1 at numbers 1-15, were performed in random
order with three replications.
After pressing, the samples were dried in an SHSP-0.25-60 chamber
(Teplopribor, Russia) at a temperature of 40°C until 8% humidity was reached.
Next, digital photos of the samples were obtained using an HP ScanJet 2380
scanner with a resolution of 600 × 600 dpi. In the Microsoft Visio application,
a scale dimension grid was applied to the images, by which means the depth of
the groove hn and the size of the densified zone hd under the groove (fig. 1c)
were measured. The lower limit of hd was identified by drawing a line parallel to
the bottom of the groove, through the furthest protruding parts of the visible
changes in the wood structure, in particular the deformation of the rings. The
term “relative depth of the densified zone”, h3, was introduced, given by the
ratio (1):
hd
(1)
h3 = ×100
hn
where hn is the depth of the groove and hd is the depth of the densified area
under the groove.
The data obtained were processed using statistical analysis methods
according to the technique described by Spiridonov [1981]. The calculations
were carried out manually for training purposes. Then graphical images of the
obtained polynomial model were built using the program Microsoft Excel.
Scanning electron microscopy
At the fourth stage of the study, the anatomical structure of the deformed parts of
the wood was observed with the use of a JEOL JSM-6510 LV (Japan) scanning
electron microscope (SEM). For this, the pressed samples were further
processed. First, cut and split surfaces (respectively tangential and radial) were
obtained in the densified zone (fig. 2). The cut surface was obtained on the
pressed sample using circular sawing, and the split surface was obtained using
a knife by splitting parallel to the grain at the boundary of the pressed and
undeformed zones (fig. 2a).
Next, a small sample was taken with a cross-section of approximately
3 × 3 mm (indicated by an arrow in fig. 2a, b). Vacuum deposition of platinum
was then performed using a JEE-420 apparatus, and images of the wood
structure in the form of microphotographs were obtained. The images were
examined and analyzed, taking account of their scale.
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a
b
Fig. 2. Scheme for obtaining a sample for SEM: a – location of the small sample
with a cross-section of approximately 3 × 3 mm in the pressed sample with cross-section 25 × 40 mm; b – photo of samples; arrows indicate the small sample for
SEM

Results and discussion
Determining the conditions for obtaining good-quality indentations
With free compression of the samples, both across and along the fibers, there are
three main phases of wood deformation [Moran et al. 1995; Poulsen et al. 1997;
Nairn 2007; Tabarsa and Chui 2007; Benabou 2008, 2010]. The first, linear
compression phase is the region of elastic deformations. The second phase, the
onset of plastic deformation, occurs when the peak tension is reached. At this
moment, the cell walls of stronger late wood lose stability. This phase continues
in the case of compression along the fibers prior to the beginning of the
destruction of the wood (the third phase) [Reiterer and Stanzl-Tschegg 2001].
This is manifested in the shifting of the wood [Benabou 2008, 2010] with the
formation of folds and cracks [Brabec et al. 2015]. In the case of loading in the
longitudinal direction, the destruction of the wood with the formation of folds
and cracks occurs without its densification [Reiterer and Stanzl-Tschegg 2001].
With compression along the fibers, a part of the late wood loses stability and
curves in the radial plane, and a part of it in the tangential plane. As a result,
with free compression, the shift occurs in both planes [Reiterer and Stanzl-Tschegg 2001]. A typical pattern of fracture on the specimens under study
consisted of oblique folds with longitudinal splitting (fig. 3а). For different
breeds, the kink band orientation with respect to the cross-section of the blanks
is different [Benabou 2010]. For the observed samples (fig. 3a), the angle ranged
from –7° up to 55°.
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a
b
c
d
Fig. 3. Possible defects in the compression of wood parallel to grain: a – destruction
with free compression; b – crack in a sample of Scots pine under a groove of width
B = 4 mm, depth hn = 13 mm, W = 8% as a result of pressing without crimping; c, d
– low accuracy of the indentation at 30% moisture content, respectively tangential
and radial incision

The formation of an advanced longitudinal crack on local insertion of the
punch without compression of the sample is also inevitable (fig. 3b). It is
established that a crack of considerable size is formed with an increase in the
depth of penetration of the punch hn to one-and-a-half groove widths B:
hn ≤ 1.5В.
Crimping the workpiece in planes parallel to the side faces of the grooves
(fig. 1a) reduces the likelihood of cracks. It also allows an increase in the depth
of insertion of the punch hn to two-and-a-half groove widths В: hn ≤ 2.5В. The
value of the crimping force for the range of values is determined experimentally
and is no more than 300 N for Scots pine wood.
Defects in the form of low accuracy of dimensions and shape were observed
when pressing wood with moisture content increased to 18-30% (fig. 3c, d).
The indentation obtained in moist wood has tears and scuffing of fibers on the
side surfaces, a convex bottom shape due to elastic recovery after removal of
the load, and microcracks caused by the movement of a significant amount of
moisture through the capillaries of the wood.
Thus, the necessary conditions for obtaining a good-quality indentation of
depth hn ≤ 2.5В are crimping of the workpiece with a force of up to 300 N, and
a wood moisture content W in the range from 8% to 18%.
Study of wood deformation stages when inserting a punch along the fibers
An initial evaluation of structural changes was made by observing the densified
zone directly on the samples and on their images (fig. 4) with a small
magnification of between 2 and 5. This technique is fully applicable at the initial
stages of the evaluation of the wood structure, since the samples have visible
changes in their macrostructure [Kučera and Bariska 1982].
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a
b
c
d
e
Fig. 4. Stages of formation of a groove 12 mm wide in a sample of Scots pine wood,
W = 8%: a-e – stages of the deformation process, the scale on image e is valid for all
of the images

Fig. 4 shows photographs of the stages of deformation of Scots pine wood
with 8% moisture content during insertion of a prismatic punch with cross-section 25 × 8 mm.
Inserting the punch along the wood fibers is a process of local compression
and has some similarity to the process of free compression along the fibers. The
nature of the wood deformation is also determined by the rigidity of the
structural timber frame, and in the first stage of the deformation process under
the groove there is an elastic deformation less than or equal to 8%.
At the peak stress (for dry Scots pine wood this is no more than 60 MPa) we
observe a loss of stability of the anatomical elements of the wood. At this point
in the process, the wood platform under the working plane of the punch cleaves.
There is a shift of wood along the fibers, and the formation of sliding surfaces
coinciding with the groove sides begins. The process of plastic deformation –
local crushing of the wood along the fiber – begins. Figure 4a shows the initial
stage of the formation of the groove.
When the punch moves into the workpiece, the depth of the densified zone
increases. The next stages of the process (fig. 4b-e) are characterized by the
pressing and moving of a compressed layer of wood along the slip planes. The
height of the “core” of densified wood (as it was named by Hesselbach [2010])
increases as the punch moves deeper into the bar. The densified zone somewhat
widens in the tangential plane due to the bending of the late wood layers, which
agrees with the data given by Kučera and Bariska [1982]. Similar observations
are described by Brabec et al. [2015], who showed that when the wood is
pressed along the fibers, there is an expansion of the middle zone of the
deformed sample. In our case, the expansion in the tangential direction is
confined to neighboring cells of strong late wood. It leads to the appearance of
frictional forces in the slip planes of the “core” made of pressed wood. As
a result, the initial force necessary to start the local plastic deformation increases
by, at a rough estimate, 8-12% in total during movement deep into the sample.
For example, when forming grooves with width 12 mm in samples with 18%
moisture content, the initial observed force was equal to about 16,226 N, and it

Structural changes of Scots pine wood caused by local pressing in the longitudinal direction

31

then increased to about 17,848 N. A similar pattern was observed for all test
samples, but this phenomenon is not considered in detail in this paper, since our
goal was to determine the final pressing force of the groove.
At the end of the pressing process (fig. 4e), under the base of the punch,
there was formed a “core” of pressed wood with height hd usually smaller than
hn. The elastic recovery of the “core” is not more than 2%.
Thus, when inserting the punch, we observe three processes: chipping, local
crushing, and friction of the tool faces against the wall of the resulting hole. The
data obtained are consistent with the results given by Hesselbach [2010].
Influence of the moisture content and width and depth of the groove on the
depth of the densified zone
Assessment of the macrostructure using photographs of the type shown in
figure 4, with a scaled mesh, makes it possible to obtain enough data to
determine the size of the densified zone h3 [Kučera and Bariska 1982]. The
results of estimation of h3 are presented in table 1.
Table 1. Results of estimation of h3
Number
of experiment

W
(%)

hn
(mm)

B
(mm)

Average for three estimates
of h3
(%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

18
18
8
8
13
18
18
8
8
13
13
13
13
13
13

11
5
11
5
8
8
8
8
8
8
11
11
5
5
8

12
12
12
12
12
20
4
20
4
12
20
4
20
4
12

70.59
85.71
62.50
100.11
94.12
80.06
70.59
114.29
53.33
99.87
100.03
55.56
64.29
92.86
98.95

By processing the experimental data using the technique of Spiridonov
[1981], we obtain a regression model for Scots pine wood (2):
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2

2

h3 =−27.28+12.69 W +6.14 h n +3.21 B−0.34W −1.10 h −0.16 B −
−0.32 WB+0.76 h n B

(2)

where h3 is the relative depth of the densified zone (%), W is the moisture
content of the wood (%), hn is the depth of the groove (mm), and B is the width
of the groove (mm).
Following the method of Spiridonof [1981], the variances of the regression
coefficients were calculated, confidence intervals were determined, and the
significance of the regression coefficients was checked. Insignificant coefficients
were excluded from the polynomial model. All variables in model (2) are
statistically significant. Verification of the adequacy of the model was carried
out by the F-test. The estimated value of the Fisher criterion was 15.68 against
the table value of 19.3; therefore the resulting model is adequate. A more
detailed statistical analysis might be of interest, but this is not the main goal of
the study, and is not possible here because of the limited length of this paper.
Consequently, the represented regression model (2) can be used to approximate
(estimate) the degree of influence of variable factors on h 3, and requires further
discussion.
Some graphic representations of the model are shown in figure 5. In the
studied range of factors, the depth of the groove and its width most strongly
influence the depth of the deformed zone. The depth of the densified zone,
depending on the pressing conditions, ranges from about 41% (if hn = 11 mm,
W = 13%, В = 4 mm) up to 105% (for example, if hn = 8 mm, W = 8%,
В = 20 mm).

a
b
Fig. 5. Dependence of the depth of the densified zone h 3 for Scots pine wood: a – on
the width B and the depth of the groove hn at a humidity of W = 13%; b – on the
depth of the groove hn and the moisture content W at a width of B = 12 mm
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Study of the structure of the densified zone
To study the structure of the densified zone under the groove, tangential and
radial sections of the samples were obtained. Enlarged images of the
deformation zones are shown in figures 6 and 7.
When inserting the punch, shearing and bending of the layers are observed
mainly in the radial direction (fig. 2a; fig. 7). The stronger late wood acts as
a “reinforcing” element, and so a loss of stability, in the radial direction, is more
likely due to pressing of the looser and easily deformed early wood [Kučera and
Bariska 1982]. The magnitude of the bend is limited by the core rays.

a
b
Fig. 6. Radial surface of the densified zone in a Scots pine wood sample, W = 8%:
a – cut surface; b – split surface; 1 – bottom of the groove; 2 – side face of the
groove; 3 – area of the densified zone

a
b
Fig. 7. Macrostructure of the densified zone in Scots pine wood, W = 8%:
a – tangential cut, b – radial cut; 3 – section of the densified zone; arrows indicate
the lower boundaries of the densified zone
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Accordingly, there is a thickening of the zones of late wood on the radial
surface of the specimen (figs. 6a, 6b, 7b), and on the tangential section there are
folds of the deformation of the late zone shift in the radial direction (fig. 7a). It
can be seen that the volume fraction of early wood decreases, and consequently,
the degree of densification of the early zone will be somewhat higher than that
of the late zone. The data obtained are consistent with the results given by
Kučera and Bariska [1982].
The images (figs. 6, 7) show a clearly discernable boundary between the
pressed wood and the undeformed wood. It is quite clearly seen that the areas of
undeformed wood adjacent to the “core” retain their original structure.
The structure and dimensions of the folds of wood fibers in the densified
zone were studied in more detail from micrographs of the split surface in the
tangential plane (fig. 8) and the split surface in the radial plane (fig. 9).

Fig. 8. SEM images of wood samples (Pinus sylvestris L.) subjected to local
pressing in the longitudinal direction, showing structure of wood in tangential
section; light arrows indicate the folds of wood fibers

The light arrows in figures 8-9 indicate the lines through which the folds of
wood fibers pass. At the tangential cut, these are the lines of cutting of the
folds. It may be noted that the wood remains practically intact between the fold
lines (fig. 8).
In the early wood layers of the studied region, there are uneven small and
large folds from 67 to 333 µm in height and from 138 to 650 µm in width
(fig. 9). The folds in the late zone are more even: their height ranges from 277
to 500 µm, and their width from 290 to 330 µm. The structural elements of the
wood outside the folding zones remain virtually intact.
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a
b
c
Fig. 9. SEM images of wood samples (Pinus sylvestris L.) subjected to local
pressing in the longitudinal direction, showing structure of wood in radial section:
a – folds in deformed zone; b – zone of deformed late wood; c – zone of deformed
early wood; light arrows indicate the folds of wood fibers

Studying the image of the bottom of the groove (the face surface of the
indentation) (fig. 10), it may be noted that the surface has low roughness, with
maximum profile peaks no more than 86 μm in height. The pores are “closed”
by tilting and squeezing of the surface fiber. The surface is considerably
densified, as confirmed by the Rockwell test [Rubleva 2011]. Closing of the
pores and densification of the wood can mitigate one of the problems in gluing
the end surfaces: the high absorbance of glue. This is consistent with the data
obtained by Džinčić and Živanić [2014] and is important for the development of
processing modes for innovative gluing along the grains with rectangular
tenons. Figure 1a in the tooling set shows a punch for implementing this
method of gluing.

Fig. 10. A micrograph of the end surface of an indentation formed in the process of
local pressing in the longitudinal direction; the arrows indicate some profile peaks
on the bottom of the groove
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Conclusions
When inserting a prismatic punch along the grains in a Scots pine wood sample,
it is possible to form a good-quality indentation in the form of a groove with the
relative height of the densified “core” no more than 105% of the depth of the
groove. The conditions for this are: moisture content of wood up to 18%,
crimping of the workpiece in the tooling, and penetration depth of the punch not
more than two-and-a-half groove widths (hn ≤ 2.5B).
The densified zone contains folds from deformed layers of early and late
wood, with heights of 67 to 333 µm and 277 to 500 µm respectively. The
roughness of the bottom of the indentation is no more than 86 μm. The wood of
neighboring undeformed areas retains its original structure. The “core” can be
considered as a denser inclusion in the wood, similar to a knot. Therefore,
insertion of a punch along the fibers can be used as a new technology for
forming grooves and blind holes, as an alternative to drilling and milling. To
support this assertion, it is necessary to study the effect of the “core” on the
mechanical strength of the wood and the quality of joints obtained using the
described method.
The data obtained as a result of this research may be used to develop
technological systems for compressive molding of the elements of glued joints,
such as tongue and groove or mortise and tenon, by the method of cold local
pressing in the longitudinal direction.
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INFLUENCE OF MOISTURE CONTENT ON ELASTIC
CONSTANTS OF SCOTS PINE WOOD SUBJECTED
TO COMPRESSION

Moisture content is the environmental factor that has the greatest influence on the
physical and mechanical properties of wood materials. This research aimed to
quantify the effect of moisture content on the elastic constants of Scots pine wood
grown in Turkey under different humidity regimes. The elastic properties
investigated include EL, ER, ET, GLR, GLT, GRT, ʋLR, ʋLT, ʋRL, ʋRT, ʋTL and ʋTR under
compression. The compression strength in all principal directions was also
studied. Specimens were cut from sapwood of pine logs and sorted into four
matched MC groups. Clear wood samples were conditioned at 21°C and 45%,
65%, 85%, 95% RH, and subjected to compression tests. A biaxial extensometer
was used to measure active and passive strain during loading. Young’s modulus,
shear modulus, Poisson’s ratios and compression strength were calculated and
compared for all orthotropic directions. The results indicate that the elastic and
strength properties are significantly different in the principal directions. The
Young’s modulus, shear modulus and compression strength of the tested samples
were strongly affected by moisture content. These properties exhibit a linear
decrease with increasing moisture content. Poisson’s ratios are not sensitive to
MC changes.
Keywords: elastic constants, compression, moisture content, Scots pine

Introduction
Wood is a widely used material, of which the mechanical properties are strongly
influenced by surrounding relative humidity. Thus, the mechanical properties of
wood are altered by its moisture content (MC) in practical use, particularly in
structural applications. MC is accepted as a major strength and stiffness reducing
factor [Ross 2010]. Most of the elastic and strength properties of wood decrease
with increasing MC below fibre saturation point [Panshin and de Zeeuw 1980].
The susceptibility of mechanical properties to MC changes will vary, with
strength properties more sensitive than stiffness properties, and static properties
more sensitive than dynamic properties [Dinwoodie 2000]. More detailed
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discussion on this matter can be found in the studies of Gerhards [1982], Green
and Kretschmann [1994], Kretschmann and Green [1996], Hering et al.
[2012a,b], and Ozyhar et al. [2013]. While the influence of MC on the
mechanical behaviour of wood in the L direction is relatively widely
investigated [Gerhards 1982], studies on behaviour in the perpendicular
directions (R and T) are scarce. Understanding of moisture-dependent
anisotropic behaviour of wood species is necessary for advanced computational
models, such as the finite element models used in engineering analysis.
The most widely distributed pine species throughout the world, Scots pine
(Pinus sylvestris), can be found across Eurasia. Scots pine is also one of the most
important wood species grown in Turkey, covering approximately 6.8% of total
forestland [Büyüksarı et al. 2017]. Mechanical investigations of Turkish wood
species are generally concerned with behaviour at a constant MC of 12% in
bending. Although data are needed for three-dimensional modelling of moisture
dependent mechanical behaviour, only a few references are available for this
purpose [Güntekin et al. 2015, 2016a,b].
The purpose of this study was to determine a set of elastic and strength
parameters of Scots pine wood in compression tests under different humidity
regimes. The parameters evaluated in this study are the Young’s modulus, shear
modulus, Poisson’s ratios, and compression strength in the principal directions.

Materials and methods
Small clear wood specimens were cut from Scots pine (Pinus sylvestris) logs
harvested from Bolu-Aladaglar Forest District in Turkey. The geographical
coordinates of the research area are 40°36'N 31°39'E. Logs were approximately
50 cm in diameter. Ten samples with nominal dimensions of 20 × 20 × 60 mm
for each direction (L, R, T), and with a 45° angle in planes LR, LT and RT from
the planks, were prepared (fig. 1).

Fig. 1. Specimens used in compression testing
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All samples came from sapwood planks cut from the trunk section between
1 and 3 metres from ground level. Before testing, compression specimens were
randomly divided into four groups and conditioned in climatic chambers at 45%,
65%, 85% and 95% relative humidity (RH) at a temperature of 21°C. After the
specimen reached equilibrium MC, uniaxial compression tests were carried out
using a universal testing machine (ELISTA® brand). All tests were performed at
standard climatic conditions (65% RH and 21°C). To minimize the influence of
the MC change, specimens were tested immediately after removal from the
climatic chamber. Wood MC was determined by the oven-drying method. The
feed rate was defined in such a way that failure of the specimen should be
attained in 90 (±30) s. The strains were measured using a biaxial extensometer
(fig. 2).

Fig 2. Compression testing using a biaxial extensometer

Apparent densities of the samples were calculated using a stereometric
method, based on measurements of the sample volume and mass. The stressstrain curves obtained were used to evaluate the Young’s modulus, Poisson’s
ratios and strength properties of the specimens. The following formulae were
applied:
Δ σ i σ i ,2 −σ i ,1
Ei=
=
i ∈R , L ,T
(1)
Δ ε i ε i ,2 −ε i ,1
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ε
υ ij =− ε ij ,

i , j ∈R , L ,T and i≠ j

(2)

where Ei is the elastic modulus, σ i is the stress in the linear portion of the stress-strain curve, εi is the corresponding strain in the linear portion of the stress-strain curve, ʋij are Poisson’s ratios, and the limits of proportionality were
derived from the linear portion of the stress-strain curve. The elastic modulus is
in the direction of the subscript: L (longitudinal), R (radial) or T (tangential). For
the ʋ ratios, the first subscript is the direction of the load, and the second
subscript is the perpendicular direction of measured dimensional change. Since
the strength behaviour of wood in the R and T directions is obscure, maximum
compression strength (CS) was calculated using 0.2% yield values with the
following formula:
P
(3)
σ UCS = max
A
where σUCS represents yield strength, Pmax is the yield load and A is the crosssectional area of the specimen. The shear modulus of the specimens with 45°
angle in planes LR, LT and RT was determined using the following:
τ
σV
G LR= γ LR =
(4)
LR
2(ε H −ε V )
τ
σV
G LT = γ L T =
(5)
LT
2(ε H −ε V )
τ
σV
G RT = γ RT =
(6)
RT
2( ε H −ε V )
where σV is the average vertical stress, εH is the average horizontal strain and εV
is the average vertical strain. More detailed information on the calculation of
shear modulus from angled specimens in compression tests can be found in Aira
et al. [2014]. A one-way layout ANOVA analysis was performed in each
direction using SAS statistical analysis software to interpret the effect of MC on
the measured properties of the clear wood samples.

Results and discussion
An example of the load-deformation curves obtained in the calculation of the
properties considered in the study is shown in figure 3.
Average values of density, moisture content, Young’s modulus, compression
strength and Poisson’s ratios of the tested specimens in the principal directions
are given in tables 1-3. Shear modulus values determined from compression tests
for the LR, LT and RT planes are listed in table 4. The coefficient of variation of
Young’s modulus values ranged from 12% to 29%, being particularly high in the
R direction.
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Fig. 3. Average load-deformation curves obtained from compression tests
Table 1. Average values determined in the L direction
EL
(N/mm2)

Density
(g/cm3)

MC
(%)

0.52
0.53
0.55
0.56
0.551

8.0
12.5
17.4
21.6
10

15621 (18)*
14998 (14)
13058 (27)
10230 (25)
16300

0.5052

11.09

10283

0.5053

12

14300

CS
(N/mm2)

ʋLR

ʋLT

0.41 (27)
0.60 (23)
0.51 (37)
0.39 (39)
0.42

0.69 (14)
0.74 (23)
0.69 (30)
0.60 (19)
0.51

–

0.399

0.618

–

0.61

56.65 (11)
45.8 (6)
37.2 (9)
29.3 (5)
–

-

1

Dinwoodie (2000), 2Aira et al. (2014), 3Pencik (2015), *Coefficients of variation.

Table 2. Average values determined in the R direction
CS
(N/mm2)

ʋRT

ʋRL

8.1
12.7
17.0
20.59
10

804 (24)*
763 (29)
569 (24)
420 (19)
1100

4.37 (14)
3.85 (16)
2.96 (14)
2.46 (10)
–

0.69 (28)
0.69 (24)
0.63 (36)
0.73 (20)
0.63

0.083 (29)
0.075 (37)
0.071 (40)
0.164 (49)
0.038

11.09

1994

–

1.09

0.107

700

–

0.48

0.030

MC
(%)

0.53
0.54
0.55
0.56
0.551
0.5052
0.505
1

ER
(N/mm2)

Density
(g/cm3)

3

12
2

3

Dinwoodie (2000), Aira et al. (2014), Pencik (2015), *Coefficients of variation.
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Table 3. Average values determined in the T direction
Density
(g/cm3)

MC
(%)

ET
(N/mm2)

0.53
0.54
0.54
0.57

8.1
12.1
17.0
23.3
10

682 (12)*
532 (13)
362 (12)
283 (18)
570

11.09

994

12

545

0.551
0.5052
0.505

3

1

2

CS
(N/mm2)

ʋTR

ʋTL

8.4 (7)
6.4 (6)
4.83 (7)
4.28 (6)
-

0.64 (39)
0.68 (16)
0.50 (31)
0.55 (19)
0.68

0.057 (34)
0.063 (28)
0.065 (31)
0.084 (38)
0.015

-

0.796

0.068

-

0.38

0.04

3

Dinwoodie (2000), Aira et al. (2014), Pencik (2015), *Coefficients of variation.

Table 4. Average shear values determined in compression tests
Density
(g/cm3)

MC
(%)

0.53
0.54
0.55
0.56
0.551
0.5052
0.505
1

3

GLR
(N/mm2)

GRT
(N/mm2)

911 (19)
903 (27)
737 (18)
655 (26)
680

108 (24)
107 (30)
86 (27)
74 (30)
66

8.2
12.2
17.7
22.8
10

1041 (25)*
1007 (15)
828 (34)
737 (18)
1160

11.09

1334

1280

737

1230

800

500

12
2

GLT
(N/mm2)

3

Dinwoodie (2000), Aira et al. (2014), Pencik (2015), *Coefficients of variation.

The ratio of Young’s modulus in the L, R and T directions for the Scots pine
used in the study is approximately 28:1.4:1, which is somewhat different from
the ratio for softwood species reported in the Wood Handbook [Ross 2010], but
is similar to the ratios reported by Dinwoodie [2000] and Pencik [2015].
According to Bodig and Jayne [1993] EL is usually 10 to 20 times higher than
ER, and ER is double the value of ET.
The modulus of elasticity values in bending reported for Scots pine wood in
the literature vary between 8515 and 19102 N/mm2 [Verkasalo 1992; Boonstra
et al. 2007; Hassan et al. 2013; Kamperidou et al. 2014; Yıldırım et al. 2015;
Kaygin et al. 2016] depending upon the growth site conditions and density.
While Verkasalo [1992] indicates that the increase in E is mostly due to the
increase in the density, Kaygın et al. [2016] claim that elevation is an important
factor for the MOE. By comparison with the available literature, the Young’s
modulus value in the L direction at 65% RH obtained in this study is an average.
The Young’s modulus in all principal directions decreases significantly with
increasing MC, as expected (p < 0.05; R2 = 0.92). With a decrease of 58% over
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the measured MC range, the decrease is most significant for ET, followed by ER
(47%) and EL (34%). The specimens conditioned at 45% and 65% did not
produce significantly different Young’s modulus values. The Young’s modulus in
the principal directions exhibits almost linear relationships with moisture content
(fig. 4).

Fig 4. Effect of MC on Young’s modulus

The shear modulus values determined from the compression tests follow the
well-known ordering GLR > GLT > GRT, resulting from the structural
arrangements of the longitudinal tracheids and ray cells. The shear values
determined are close to the range of those reported for softwoods. Bodig and
Jayne [1993] give the ratio of shear modulus in the LR, LT and RT planes as
10:9.4:1, and the EL to GLR ratio as 14:1. Slightly lower ratios were obtained for
Scots pine tested in compression (9.4:8.4:1 at 65% RH). The ratio between EL
and GLR is 14.8 at 65% RH, which is almost identical to the value presented by
Bodig and Jayne [1993]. The ratio between EL and GLT is 16, and the ratio
between EL and GRT determined in the study is 140. Both of these values are also
similar to the average for softwoods.
As shown in figure 5, all shear modulus values decrease significantly with
increasing MC (p < 0.05; R2 = 0.79). With a decrease of 31% over the measured
MC range, the decrease is most pronounced for GRT, followed by GLR (29%) and
GLT (28%).
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The shear modulus of wood has practical importance, because 15% of the
deformation occurs due to shear in bending [Divos et al. 1998]. Comparison of
the shear properties determined by different test methods is difficult, in view of
the accompanying secondary stresses. Investigations have shown different shear
modulus values from different test methods as a result of the stress distributions
inherent to the test setups [Harrison 2006]. Thus, it is difficult to make direct
comparisons between the results of individual research efforts. In general, the
ratio between EL and GLR is 16. This value is commonly accepted for structural
applications, but investigations have shown that it may vary between 8 and 65
[Divos et al. 1998; Harrison 2006].

Fig 5. Comparison of shear values as functions of MC
Compared with available Poisson’s ratios for softwood species reported by
Ross [2010], some of the calculated Poisson’s ratios for Scots pine wood are
somewhat higher. There is no reasonable explanation for the high Poisson’s
ratios. However, it should be noted that the perfect elastic orthotropic symmetry
assumption for wood may not be fully satisfied.
The coefficient of variation for the Poisson’s ratios calculated in the study
ranges between 14% and 49%. High coefficients of variation for the Poisson’s
ratios were also reported by Kretschmann and Green [1996], Jeong et al. [2010],
Hering et al. [2012a], Mizutani and Ando [2015] and Ozyhar et al. [2013].
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Unlike the Young’s modulus and shear modulus, the Poisson’s ratios are not
affected by MC, and no uniform trend with MC is observed. The Poisson’s ratio
ʋTL calculated from the compression tests increased with increasing MC. The
other ratios determined from the compression test appeared to fluctuate with
changes in MC.
According to Ross [2010], Poisson’s ratios vary within and between species
and are influenced by MC and specific gravity. The effect of MC on the
Poisson’s ratios of wood species as reported in the literature is not consistent.
Although no significant effects of MC on the Poisson’s ratios were found by
Ozyhar et al. [2013]; a slight decrease in the Poisson’s ratios with increasing MC
was reported by Hering et al. [2012a], and a small increase with increasing MC
by Güntekin et al. [2016b]. A significant decrease in the Poisson’s ratios in the L
direction with increasing MC below fibre saturation point was reported by
Kretschmann and Green [1996] and Mizutani and Ando [2015]. The
disagreement as to the effect of MC may also be related to the high variation in
the Poisson’s ratios. Wood is a highly variable material, and for many of its
features distinct patterns of variation can be found within a growth ring,
outwards from the pith towards the bark, upwards in the tree, and from tree to
tree [Dinwoodie 2000]. Figure 6 shows fluctuations in the Poisson’s ratios with
changing MC. If the values measured at 45% RH are ignored, some of the
Poisson’s ratios appear to be decreasing.

Fig. 6. Effect of MC on Poisson’s ratios
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The average CS of Scots pine wood tested parallel to the grain is
45.8 N/mm2 at 12% MC. This value is higher than that reported by Tomczak
et al. [2013], but lower than those given by Boonstra et al. [2007], Gurau et al.
[2008] and Kamperidou et al. [2014]. It is identical to the value reported by
Dinwoodie [2000], Ulker et al. [2012] and Yapıcı et al. [2015].
Test results indicate that CS parallel to the grain is much greater than CS
perpendicular to the grain, as expected. Arrangements of the wood fibres play an
important role in the mechanical behaviour of wood materials. The presence of
ray cells may cause a difference in properties between the radial and tangential
directions [Holmberg et al. 1999]. Depending on the wood species, the ratio of
CS parallel to the grain to CS perpendicular to the grain varies between 4.8 and
12.4 [Aydın et al. 2007]. The Scots pine wood tested in this study yielded an L/T
ratio of 7.1 and an L/R ratio of 11.8 at approximately 12% MC. The CS
perpendicular to the grain is particularly important for all contact points between
wooden structural members. The values of CS perpendicular to the grain
determined in this study are identical to those reported by Juodeikienė [2009],
but higher than those given by Boonstra et al. [2007].

Fig 7. Comparison of CS values as functions of MC

The results indicate that the three CS values are significantly affected by MC
(p < 0.05; R2 = 0.98). Figure 7 shows that the relationship between CS and MC
is almost linear for all directions. The CS values fall by nearly a half within the
measured range of increase in MC. Although Dinwoodie [2000] reported a 2%
change in the CS of Scots pine timber per 1% change in MC, this study yielded
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a change of approximately 3.5% in CS per 1% change in MC, which is similar to
the result given by Kretschmann and Green [1996]. The percentage decrease is
greater for CS parallel to the grain direction.

Conclusions
In this study, Young’s modulus, shear modulus, Poisson’s ratios and compression
strength were measured in three principal directions for Scots pine wood grown
in Turkey. The results show that the elastic properties and compression strength
values of Scots pine in the three principal directions are significantly different.
Decrease is remarkable in elastic modulus and compression strength with
increasing MC. The Young’s modulus values in the R and T directions are
affected by the MC to a significantly greater degree than the value in the L
direction. The effect of MC on CS was more significant in the T direction.
Unlike the Young’s modulus and shear modulus, the Poisson’s ratios are not
affected by MC and no uniform trend with MC is observed. The results of this
study may be utilized in three-dimensional modelling of mechanical behaviour
for Scots pine wood.
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MODELING THE WATER ABSORPTION RATE OF WOOD
IMPREGNATED WITH SILICONE-BASED CHEMICALS
USING AN ARTIFICIAL NEURAL NETWORK

In this study, the water absorption rate of wood impregnated with silicone-based
chemicals was predicted by an artificial neural network (ANN). For this purpose,
spruce (Picea orientalis L.) and beech (Fagus orientalis L.) wood samples
impregnated with five commercial silicone-based chemicals were tested. Wood
specimens were impregnated with these chemicals in concentrations of 10% and
50%, and the water absorption rates of samples at different times (2, 4, 8, 24, 48,
72, 168 and 336 hours) were calculated. These results were then modeled by an
ANN. Wood species, silicone-based chemical, concentration and time in water
were used as the input variables, and water absorption rate as the output
variable. The results show that an ANN can be used successfully for predicting the
water absorption rate of wood impregnated with silicone-based chemicals.
Keywords: Artificial neural networks, beech,
chemicals, spruce, water absorption

modeling,

silicone-based

Introduction
Wood is one of the most valuable raw materials obtained from renewable
sources worldwide, as well as being a unique biopolymer. Wood has numerous
advantages over other alternative materials, including high resistance to weight
and suitability for use on quite an extensive scale [Tsoumis 1991]. However, like
all materials, wood also has disadvantageous properties. Firstly, it is always at
risk from pests such as insects and fungi, and can be destroyed by strong acids
and bases. Most importantly, it is not stable in form and dimension, because it
must balance its moisture content depending on the humidity of its environment
[Nicholas 1982]. Water-repellent materials reduce the hygroscopicity of wood;
hence they can protect the wood against biotic factors by reducing the amount of
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moisture, which is needed for the growth of fungi and microorganisms [Williams
and Feist 1999]. Combinations of water-repellent materials and fungicides (i.e.
water-repellent preservatives) are commonly used in wood preservation. In this
way, products with dimensional stability and resistance to biological organisms
can be obtained [Archer and Cui 1997].
Many studies have been carried out concerning impregnation with silicone,
which is regarded as an environmentally friendly chemical because it is not
biologically reactive. In a previous study, pine specimens were first modified
with maleic anhydride, then reacted with glycidyl ether. The product was finally
treated with silicone, and a highly hydrophobic material was obtained [Sèbe and
Brook 2001]. The reactivity of cellulose with solvent-borne alkyd-based wood
coatings supplemented with organosilanes has been the subject of research. In
that study, it was reported that organosilane compounds entered into a chemical
reaction with cellulose, and that silane groups were retained in the test samples
after all extracellular processes. Therefore, the modification and impregnation
processes carried out with the silane groups protected the wood, especially the
outer surface, against many abiotic and biotic hazards [Mazela et al. 2010]. In
a study by Mai and Militz [2004], wood was modified using various inorganic
silicone components, and the strength of the wood was improved. Donath et al.
[2006] tested two types of silane groups: monomeric silane compounds
(tetralkoxylene, acyl-trialkoxylene) and multifunctional oligomeric silane
compounds. They reported that the water absorption of the samples with
monomeric silane compounds decreased significantly, but there was no
significant change in the case of oligomeric silane compounds. Rosenthal and
Bues [2010] used silicone impregnation, considered ecologically friendly, to
increase the dimensional stability of pine wood and make it more resistant to
fire. Gascón-Garrido et al. [2017] impregnated Scotch pine sapwood in two
steps; (1) vacuum-pressure impregnation with amino-siloxane emulsion, and (2)
deposition of copper micro-particles on the wood surface using plasma. They
reported that the two-step treatment imparted high blue stain resistance to the
wood. As scientific studies such as these have shown, the importance of silicone
compounds in wood preservation continues to be acknowledged.
In recent years, artificial neural networks (ANNs) have been used in many
disciplines, including medicine [Khan et al. 2001; Londhe 2017], engineering
[Tiryaki et al. 2016; Gurgen et al. 2018] and the social sciences [Kristjanpoller
and Minutolo 2015; Skiba et al. 2017]. ANNs have begun to be applied by
scientists in the field of forestry; for example, to simulate long-term effects of
varying tree retention on wood production, dead wood and carbon stock changes
[Santaniello et al. 2017], to model and optimize a supercritical wood
impregnation process [Fernandes et al. 2012], and to predict the compression
strength of heat-treated woods [Tiryaki and Aydın 2014]. However, there has
been no study to date involving modeling the water absorption rates of wood
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treated with water-repellent chemicals. Thus, the aim of this study is to model
the water absorption rates of wood treated with silicone-based compounds.

Materials and methods
Material
Beech (Fagus orientalis L.) and spruce (Picea orientalis L.) wood was used in
this study. These tree species were chosen taking into account the characteristics
of the growing environment, such as direction, slope, diameter, elevation and
frequency of the trees, from the Eastern Karadeniz Region Maçka Forestry
Office (40°46'10.7"N, 39°39'04.2"E), where they have a natural distribution. To
obtain the wood samples used in this study, trees were cut to lengths of 2-4 m
and turned into lumber. The cutting process was carried out in accordance with
TS 2470 [1976]. Knot-free sapwood samples were used for experimental studies.
The resulting parts were left to dry naturally under open air conditions, and after
reaching the fiber saturation point they were cut to dimensions according to the
standards of the experiment using thickness planning and saw machines. The
specific gravity of 20 control samples 2 × 2 × 3 cm in size was determined
according to TS 2472 [1976]. Test and control samples were dried at 103 ±2°C
in a drying cabinet until they reached constant weight. The specific gravity of
the samples was calculated using the following equation:
Mo
g
δ o=
(1)
Vo cm 3

( )

where do is oven dried specific gravity (g/cm3), Mo is oven dried weight (g), and
Vo is oven dried volume (cm3).
Silicone-based compounds
The following silicone-based compounds were selected: Dow Corning (R)
1-6184 (Water Repellent), Dow Corning (R) Z-6341 Silane, Dow Corning (R)
2-9034 EU Emulsion, Dow Corning (R) IE 6683 and Dow Corning (R) Z-70.
These silicones were in liquid form and obtained from Dow Corning Chemicals
(Belgium).
Sample preparation
Samples were prepared in accordance with TS-2470 [1976]. The wood was cut
parallel to the grain directions and sawn into specimens measuring 30
(tangential) × 30 (radial) × 15 (longitudinal) mm. All specimens were
conditioned at 20 ±2°C and 65 ±3% relative humidity in a conditioning cabinet
until their weights became stable. Five separate silicone compounds were
prepared with water at two different concentrations, 10% and 50% (volume/
volume).
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Wood impregnation
Test specimens were impregnated with the five different silicone compounds at
two concentrations. The impregnation of the wood samples was carried out in
a laboratory-type impregnation system using the full cell method. Impregnated
test specimens were placed in the impregnation vessel and a vacuum of
600 mm/Hg was applied for 30 minutes, followed by a high pressure of 5 bar for
30 minutes. Treated samples were removed from the treatment solution, lightly
wiped to remove solution from the wood surface, and weighed to an accuracy of
0.01 g to determine retention values.
Weight percentage gain of wood samples after impregnation
Weight percentage gain values (%) of the samples were calculated by the
following equation:
Mi−Mo
Weight percentage gain (%)=
(2)
⋅100
Mo
where Mi is the weight of the wood sample after impregnation (g) and Mo is the
weight of the sample before impregnation (g).
Water absorption rate
For the calculation of water absorption rate values, it was noted that the samples
contain full tangential and full radial directions. The impregnated specimens
were dried to constant weight at 103 ±2°C, and the full dry weight and
dimensions were determined. They were then left in water, held down with
weights placed on top.
Water absorption rates of test and control samples were measured after 2, 4,
8, 24, 48, 72, 168 and 336 hours. In each case, 10 measurements were made and
averaged. At the end of each period, water was removed from the surface of the
samples and measurements were made at the same sensitivity as before. The
water absorption rate was calculated according to following equation:
100⋅Mi−Mo
Water Absorption Rate (%)=
(3)
Mo
where Mo is the oven dry mass (g) prior to the test, and Mi is the mass of the
sample removed from the water after each period (g).
Statistical analysis
The data were recorded as means ± standard deviation and analyzed using
Statistical Package for Social Sciences (SPSS version 13.0). For analysis of the
water uptake rate, repeated measures analysis was performed in multivariate
analysis and mean values were compared with Duncan homogeneity groups if
the effect was significant. The performance of the artificial neural network
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model was compared with the regression model technique, which is one of the
classical methods.
Artificial neural network
Artificial intelligence techniques such as expert systems, artificial neural
networks and fuzzy logic have received growing interest in many disciplines.
The ANN, inspired by the human brain, is an important tool in classification,
prediction, optimization and pattern recognition. The multilayer feed forward
neural network is the most commonly used in many engineering modeling
scenarios. A typical multilayer network is shown in figure 1.

Fig. 1. A typical multilayer neural network

The ANN has an input layer, an output layer and one or more hidden layers
linking them [Haykin 1994]. There is no specific rule for the number of neurons
in the hidden layer. The most suitable number of neurons with the least error
value is determined by the user by trying different numbers of neurons. This
selection should be made with care. If excessive neurons are used, the structure
of the network can become complicated and the ANN network will be overfitted [Ozsahin 2013; Tiryaki et al. 2014]. Output values are determined by the
following equation:

(

m

[(

n

)])

output k = f 2 w 0k + ∑ w jk f 1 w0 j + ∑ xi w ij
j=1

i =1

(4)

where xi is the value of the input, n is the number of input neurons, wij is the
weight between the input neurons and the hidden neurons, w0j is the bias weight
of the hidden layer, wjk is the weight between the hidden and the output neurons,
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m is the number of neurons of the hidden layer, p is the number of neurons of the
output layer, w0k is the bias weight of the output layer, and f1 and f2 are
activation functions in the hidden layer and the output layer respectively. The
logistic sigmoid and linear functions are used as the activation functions in the
hidden and output layer; mathematical definitions are expressed in the following
equations (5) and (6):
1
f 1=
(5)
−x
1+e
(6)
f 2= x
The most popular learning algorithms are back-propagation and its variants. The
main purpose of all algorithms is to minimize the global error at the ANN
training stage. In general, the mean square error (MSE) is used, given by
equation (7):
n

MSE=

2
1
t i−oi )
∑
(
n i=1

(7)

where t is the target value, o is the output, and n is the number of samples.
To construct the ANN model, the existing data are divided into three sets for
training, validation and testing. The training data set is used only for network
training. Learning in the ANN is carried out by updating the weights among the
nodes. The validation data set is used to prevent memorization of the network. If
validation is not used, the ANN network may tend to memorize instead of
learning. Finally, the performance of the trained ANN is evaluated using the test
data set, which was not used during the training phase.
Application of an artificial neural network
The aim of this study was to develop an artificial neural network model to
predict water absorption rates for spruce and beech wood samples. Wood
species, chemical type, concentration rate and time in water were used as the
input parameters, and water absorption rate as the output parameter. Figure 2
illustrates the structure of the neural network model for the present study.
Two different wood species, five chemical types, two concentration rates and
eight times in water were used in the study, giving a total of 160 samples.
Among the data, 112 random data points (70% of the total) were used as the
training set, 24 data points (15% of the total) were used as the validation set, and
the remaining 24 data points (15% of the total) were used for performance
testing. In this study, the Levenberg–Marquardt (LM) algorithm was applied for
the single hidden layer. The ANN was trained and tested using MATLAB
software. The performance goal for training was set to 10 -2. The MSE was
determined as the network performance function. The architecture of the ANN
model is summarized in table 1.
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Fig. 2. The structure of the neural network model
Table 1. Architecture of the ANN model
Parameters

Value

Training algorithm
Performance function

Levenberg–Marquardt (trainlm)
Mean square error (mse)

Hidden layer activation function

Logistic sigmoid (logsig)

Output layer activation

Linear transfer function (purelin)

Number of hidden layers

1

Input layer nodes

4

Hidden layer nodes

1.05.2020

Output layer nodes

1

Maximum validation error iterations

50

The prediction performances of the trained ANN and the regression model were
determined using statistical expressions for MAPE, RMSE and coefficient of
determination (R2). These values are expressed by the following equations (8),
(9) and (10):
t i −oi
1
(8)
MAPE = ∑
⋅100
n
ti

∣ ∣

√

RMSE =

n

1
∑ (t −o )2
n i=1 i i

(9)

62

Ayşenur GÜRGEN, Ceyhun KILIÇ, Ümit Cafer YILDIZ, Sibel YILDIZ
n

∑ (t i−oi )

2

2

R =1− i=1
n

(10)

∑ ( oi −́o )

2

i=1

where t is the target value, o is the output, ó is the mean of the output, and
n is the number of samples.
Results and discussion
Oven-dried specific gravity was determined at 0.44 ±0.03 and 0.73 ±0.05 g/cm3
for spruce and beech wood samples respectively. Average weight percentage
gain (X) and standard deviation (S) values of the samples treated with different
solutions are summarized in table 2.
Table 2. Average weight percentage gain values of spruce and beech wood samples
Impregnation solution
Dow Corning (R) 1-6184
Dow Corning (R) Z-6341
Dow Corning (R) 2-9034

Dow Corning (R) IE-6683
Dow Corning (R) Z-70

Concentration
(%)
50
10
50
10
50
10
50
10
50
10

Spruce

Beech

X*

S**

X

S

14.34
11.86
34.44
7.87
20.84
6.38
23.04
5.75
36.82
8.85

3.87
1.78
8.33
2.77
4.21
0.70
3.56
0.62
9.83
1.09

8.38
7.70
25.23
9.11
29.96
9.41
30.03
20.43
41.11
15.72

0.96
0.37
1.87
3.99
1.74
3.27
9.36
4.67
9.43
3.68

* Arithmetic mean.
** Standard deviation.

The weight percentage gain values of the spruce wood samples were found
to lie between 5.75% and 36.82%. For beech wood samples, values lay between
7.70% and 41.11%. Compared with the other compounds, Z-70 exhibited better
performance for both wood species. Z-70 may have formed a better bond and
provided more functional components that can be polymerized in the wood
structure. It is known that spruce impregnation is difficult. It is also clear from
table 2, however, that with both concentrations of 1-6184, and with the higher
concentration of Z-6341, weight percentage gains in the spruce wood were
higher than in beech wood. As an explanation for this, the high values of weight
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percentage gain obtained for spruce samples may be related to anatomical
characteristics. Pore space may be much greater locally in the spruce samples.
The maximum and minimum water absorption rates of the impregnated
wood species are presented in table 3. In this study, the lowest water absorption
rate was found in spruce samples impregnated with a 50% concentration of Dow
Corning (R) 2-9034 EU, and the highest in spruce samples impregnated with
a 10% concentration of Dow Corning (R) 1-6184. For beech samples, the
highest and the lowest water absorption rates were obtained respectively for
samples impregnated with a 10% concentration of Dow Corning (R) Z-6341
Silane and a 50% concentration of Dow Corning (R) Z-70. Similarly, to our
study, in a previous study by Tshabalala and Gangstad [2003], Pinus taeda test
samples were treated with polysiloxane to prevent washing after impregnation
with a mixture of methyltrimethoxysilane and hexadecyltrimethoxylane, and
good water repellency was obtained. Terziev et al. [2009] investigated the water-repellent effectiveness and dimensional stability of Scots pine test specimens in
laboratory conditions using a mixture of silicon and boron, but did not obtain
a positive result. The homogeneity groups of variations are presented in table 4.
Table 3. Water absorption rate of impregnated wood species
Wood species

Water absorption rate (%)
Minimum

Maximum

Spruce

10.21

149.26

Beech

1.66

96.68

As seen in table 4, according to the results of multivariate analysis,
significant statistical differences were found among the water absorption rates of
test samples of both wood species.
Table 4. Homogeneity groups of variations
Variations
Dow Corning (R) 1-6184
Dow Corning (R) Z-6341
Dow Corning (R) 2-9034
Dow Corning (R) IE-6683
Dow Corning (R) Z-70
Control

Homogeneity groups
Spruce

Beech

b
b
c
b
a
a

e
b
e
d
c
a
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In order to obtain the best output values for the experimental data, different
numbers of neurons (5-20) in the hidden layer were tried. Table 5 gives the
MAPE and regression (R) values for the complete data set for different hidden
neuron numbers. It may be seen from this table that the minimum error was
obtained when the number of hidden nodes was chosen as 16. The MAPE and R
values for 16 hidden neurons in the LM algorithm were found to be 3.823649
and 0.9919 respectively.
Table 5. Performance of different numbers of hidden neurons
Hidden neurons
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

MAPE
11.91873
9.663595
8.323227
8.766234
6.565629
6.414529
5.297868
5.824134
5.939906
5.812344
4.283712
3.823649
4.894722
4.065516
4.80966
4.465197

R
0.977478165
0.988274496
0.990929839
0.990229531
0.991649554
0.992469643
0.991813482
0.992967649
0.995256415
0.990624130
0.978500210
0.991925763
0.992028638
0.990067867
0.991189689
0.986641393

Table 6 shows the MAPE, RMSE and R2 values of the optimum neural
network model and regression model in detail. As is shown in the table, MAPEs
were obtained as 1.9387, 6.9706, 9.4727 and 3.8236, and RMSE values as 0.879,
4.6701, 9.4983 and 4.1647, respectively for the training, validation and test data
sets and for all data sets. R2 values were computed as 0.993, 0.9809, 0.8951 and
0.9839 for the same data sets. Thus, the MAPE has an acceptable value, below
10%. Since the R2 value is very close to 1, it can be stated that the experimental
results are in agreement with the ANN model results. MAPE, RMSE and R2
values for the regression model were determined at 50.78710, 13.2670 and
0.7595 respectively. All performance values of the regression model were lower
than for the ANN model. In a previous study, in which the properties of
corrugated base papers were predicted using multiple linear regression and
artificial neural networks, it was reported that ANN models gave more accurate
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results than regression models [Adamopoulos et al. 2016]. Consequently, the
results of this study are in agreement with the previous literature.
Table 6. Performance values of ANN and regression model
Data set

MAPE

Training data

1.938779

RMSE
0.879

R2
0.993

Validation data

6.970647

4.6701

0.9809

Testing data

9.472713

9.4983

0.8951

All data

3.823649

4.1647

0.9839

Regression model

50.78710

13.2670

0.7595

Figure 3 shows the performance plot of the developed network at the
training stage. After the 90th epoch, the validation and test sets exhibited an
increasing trend. The training of the network was stopped because there was no
reduction during 50 iterations. Hence, the best validation performance was
achieved at epoch 90. The mean square error was calculated as 21.8095.

Fig. 3. Performance plot of the developed network
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The regression graphic between the estimated ANN values and experimental
water absorption rate is shown in figure 4. The correlation coefficients are
0.99966, 0.99043, 0.94609 and 0.99193 respectively for the training, validation
and test data sets and for all data sets. These results indicate that the actual
values and the predicted values are consistent.

Fig. 4. Regression graphics of the developed network

The error histogram is shown in figure 5. The blue, green, and red bars
denote the training data, validation data and testing data respectively. The error
value is calculated as the difference between the experimental and the predicted
value. The orange line marks the zero error line. It is clear that the largest
portion of data coincided with the zero error line. In general, errors are seen to
range between –1.067 and –1.391.
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Fig. 5. Error histogram of developed ANN model

Conclusions
An ANN model was constructed to predict the water absorption rate of wood
impregnated with different silicone-based compounds. The results demonstrate
that the ANN model is a sufficient and successful tool to predict the water
absorption rate of wood samples impregnated with such compounds, saving time
and costs at the experimental stage. In addition, while ANN applications
generally relate to machine processes – for example, they may concern the
mechanical properties of wood in the forest engineering industry – this model
also demonstrates their applicability in the field of wood protection. The
conclusions of this study may be summarized as follows;
 The 4-16-1 neuron configuration was determined as the optimal
configuration.
 MAPEs were found to be 1.9387, 6.9706, 9.4727 and 3.8236
respectively for the training, validation and test data sets and for all data
sets.
 RMSE values were found to be 0.879, 4.6701, 9.4983 and 4.1647
respectively for the training, validation and test data sets and for all data
sets.
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R2 values were computed as 0.993, 0.9809, 0.8951 and 0.9839
respectively for the training, validation and test data sets and for all data
sets.
The best validation performance was achieved at epoch 90. The MSE
was calculated as 21.8095.
In general, errors are seen to range between –1.067 and –1.391.
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EFFECT OF PARTICLEBOARD DENSITY AND CORE
LAYER PARTICLE THICKNESS ON SURFACE
ROUGHNESS

Surface roughness is an important quality criterion for the finishing and
utilization of particleboards, irrespective of whether they are of conventional
density or lightweight design. In an investigation of the influence of
a particleboard’s density (650 kg/m3 or 500 kg/m3) on surface quality, all
roughness and waviness parameters were found to increase with decreasing
density. Particle thickness was measured by manually gauging the thickness of 45
particles from each particle type (Thin, Normal, Thick, Reference). The particles
were taken from image analysis samples, with 15 particles for each replicate
measurement. Further, the influence of increasing core layer particle thickness on
surface roughness was investigated, using a large set of roughness parameters
and statistical analysis. No significant correlation was found between particle
thickness in the core layer and the particleboards’ surface quality.
Keywords: particle thickness, particleboard density, surface roughness, robust
Gaussian regression filter

Introduction
Surface roughness is a quality criterion for particleboards, especially if
a decorative surface coating is to be applied [Nemli et al. 2007; Fuczek et al.
2010]. This applies to lightweight panels in particular, as lower wood material
input results in reduced particle compaction and, presumably, rougher surfaces.
Fine irregularities on the board surface resulting from sanding or calibration will
show through the overlays, affecting product grade and quality [Hiziroglu 1996].
Studies on the surface quality of particleboards underline the importance of
measuring the surface roughness prior to coating or covering with overlays
[Nemli et al. 2005; Hiziroglu and Suzuki 2007; Nemli et al. 2007; Rolleri and
Roffael 2010]. However, the lack of a dedicated standard metrology is
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a limitation in the evaluation of the surface roughness of wood-based panels,
such as particleboards [Gurau and Irle 2017]. Previous researchers have based
their interpretation of surface roughness on general standards, which apply well
to homogeneous materials, but have been shown to produce distortions and
misinterpretation of surface data if applied to wood and wood-based panels
[Krish and Csiha 1999; Gurau et al. 2002; Fujiwara et al. 2004; Gurau 2004;
Gurau et al. 2006; Coelho et al. 2008].
Dedicated research has shown that wood and wood composites require
a special metrology protocol (measuring instrument, measuring length, filter
type and associated cut-off value, lateral resolution, and a larger range of
roughness parameters) in comparison with more homogeneous materials. The
approach in this study takes into consideration recent findings and
recommendations related to wood and wood-based metrology, to obtain a more
reliable response for surface roughness [Gurau et al. 2012; Gurau and Irle 2017].
The aim of this work was to investigate the effect of particle thickness in the
core layer (Thin, Normal, Thick), and of the particleboard density (650 or
500 kg/m3), on the surface roughness of particleboard.

Materials and methods
Materials
Core layer particles of different thickness (Thin, Normal, Thick) were prepared
primarily from softwood chips (Pinus sylvestris), using an industrial-scale knife
ring flaker, at the Pallmann Research and Technology Center (PRTC) (Pallmann
Maschinenfabrik GmbH & Co. KG, Zweibrücken, Germany). The three different
thicknesses were obtained by varying the cutting blade projection. After
manufacture, the particles were manually dried in a wood-drying kiln (fresh
air/exhaust air) with a target moisture content of below 20%, and were further
sieve fractionated for each core layer particle type (Thin, Normal, Thick) into
the ‘good fraction’ (1.5-8 mm) and the rejected ‘fines’ (< 1.5 mm) and ‘oversize’
(> 8 mm) fractions. The thicknesses of the three types of lab-made core layer
particles were 0.6 (±0.2) mm (Thin), 1.0 (± 0.3) mm (Normal), and 1.4 mm
(±0.4) (Thick). Further results of the dimensional characterization of particles
were determined in a study by Benthien et al. [2019], which was a part of this
research project.
The wood chips, face and reference core layer material, liquid ureaformaldehyde (UF) adhesive (solid content 67%), and paraffin emulsion (solid
content 50%) were provided by an industry partner (Swiss Krono Sp. z o.o.,
Żary, Poland). Ammonium nitrate (NH4NO3) solution with 40% solid content
was used as a hardener.
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Measurement of wood particle thickness
Particle thickness was measured by manually gauging the thickness of 45
particles from each particle type (Thin, Normal, Thick, Reference). The particles
were taken from image analysis samples, with 15 particles for each replicate
measurement. The selection of particles was based on their manageability by
hand and not according to a target with the aim of obtaining a representative
sample.
Manufacture of particleboards
Three-layer panels with a nominal thickness of 16 mm and target densities of
500 and 650 kg/m3 were produced on a computer-controlled laboratory single-daylight hot press (Siempelkamp GmbH & Co. KG, Krefeld, Germany).
Adhesive was applied on the particles in a drum blender equipped with an airatomizing spray system. Face layer additives were 1% hardener, 1% urea (both
based on the resin solid content) and 0.5% paraffin emulsion (based on the dry
wood mass). For the core layer material, only 3% hardener was added. The
amount of additional water was calculated according to the particle moisture
content and added to the aqueous adhesive solution. The target moisture content
was 11% for the face layers and 8% for the core layer. The adhesive content was
1% (based on dry wood mass) in the face layers and 8% in the core layer.
Having regard to the target panel density and the resulting face-to-core layer
ratio (35/65 at 650 kg/m3 and 46/54 at 500 kg/m3), particles were weighed and
formed into mats on an aluminium caul plate using a 695 mm × 595 mm
forming box. The face-to-core layer ratio differed for dense and light panels, as
only the mass of the core layer particles was reduced to reduce panel density.
After the forming box was removed, a second aluminium caul plate was laid on
top of the mat, and both were covered with siliconized paper to prevent
adherence between the panel and the caul plates.
At a press plate temperature of 200°C, the mats were compressed with
a pressing time factor of 8 s/mm (effective press time: 128 s). The closing time
of the press was 6 s. Within the first 20 s after closure, a thickness of 15.5 mm
was sought at a maximum specific pressure of 4 N/mm 2. During the following
100 s, the maximum specific pressure was reduced from 1.5 to 1 N/mm 2 while
the thickness was increased to a nominal panel thickness (16 mm). Plate
positions were kept constant for 8 s while the specific pressure was further
decreased stepwise (0.5 N/mm2 per step). After hot-pressing, the panels were
cooled under ambient conditions, and were then stored at 20°C and 65% relative
humidity for at least one day before samples were cut.
Experimental setup and sample preparation
A total of 24 experimental particleboards were made, three for each of the eight
panel types. Core layer particle thickness (Thin, Normal, Thick) and panel
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density (500 and 650 kg/m3) were varied. Particleboards with ‘Reference’ core
layer particles were made to benchmark the results obtained with lab-made
particles in the core layer. Three specimens were cut from each panel. The total
number of test specimens for each core layer particle type and target density was
nine. Prior to testing, specimens were conditioned in a climatic chamber at 20°C
and 65% relative humidity.
Measurement of surface roughness
For the measurement and evaluation of surface data, the surface roughness
methodology proposed by Gurau et al. [2012] was used in this research.
Compared with a laser instrument, a stylus with a standard scanning tip is more
repeatable and more accurate [Gurau et al. 2012]. Therefore, measurements were
performed on the particleboard surfaces using a MarSurf XT20 instrument
(Mahr GmbH, Göttingen, Germany), equipped with an MFW 250 scanning head
with a tracing arm in the range 750 m and a stylus with 2 m tip radius and
90 tip angle, which measured the specimens at a speed of 0.5 mm/s and at a low
scanning force of 0.7 mN. The instrument had MARWIN XR20 software
installed to process the measureddata. The specimens were scanned on tracing
lengths of 40 mm (a longer tracing length gives more accurate results). This
selection was based on the former experience with wood surfaces that variation
in wood anatomy gives unstable roughness parameters for shorter evaluation
lengths [Gurau et al. 2012]. It is assumed that a similar evaluation length on
particleboard surfaces can give more reliable results. Six profiles were recorded
for each specimen, three on the face surface and three on the back surface,
spaced at 15 mm from each other, so that a total of 54 profiles were available for
further evaluation of parameters for each core layer particle type and target
density. The lateral measuring resolution was set at 5 m (8000 data points), as
recommended in the methodology [Gurau et al. 2012]. The instrument provided
a vertical resolution of 7 nm. The software first removed the form error, and then
the waviness. Roughness profiles were obtained by filtering each profile using
a Robust Gaussian Regression Filter (RGRF) as defined in the ISO 16610-31
standard [2016]. The cut-off used was 2.5 mm, as recommended in previous
research [Gurau 2004].
To detect any difference in surface roughness caused by the two variables
proposed in this study (particleboard density and size of chips in the core layer),
a large range of roughness parameters were calculated and thoroughly analysed.
These included Ra, Rq, Rz, Rt, Rv, Rsk, RSm from the ISO 4287 standard [1997]
and Rk, Rpk, Rvk, A1, A2 from 13565-2:1996 [1996], described in detail below.
The mean parameters Ra and Rq are common roughness indicators, but alone
they do not provide sufficient information about wood surface topography. Very
different surfaces can have similar Ra. The height parameters Rt, Rv, Rz and the
shape parameter Rsk are very sensitive to isolated extreme irregularities, which
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are not clearly detected by Ra or Rq. Rt and Rz quantify the highest amplitude of
irregularities, giving a useful point of comparison between various surfaces.
Surfaces with a negative skewness, Rsk, have fairly deep valleys below
a smoother plateau. The greater the negative Rsk value, the more occurrences of
deep features are detected in the profile. RSm is a measure of the width of
irregularities: the larger the irregularities, the higher the RSm value. This
parameter is useful because, in contrast to the majority of roughness parameters
which give a vertical measure, it measures the surface gap (irregularities) in
a horizontal direction.
A standard description of the aforementioned roughness parameters is given
below, based on the ISO 4287 standard. A profile is represented by a vector of
length n of ordinate values Zi.
The arithmetic mean deviation of the assessed
profile is the arithmetic mean of the absolute
ordinate values Z(x) within a sampling length.
n
The root mean square deviation of the profile is the
1
2
Rq= ∑ Z i
root mean square value of the ordinate values Z(x)
n i =1
within a sampling length.
The maximum height of the profile is the sum of
Rz=∣max Zp∣+∣max Zv∣ the largest peak height Zp and the largest valley
depth Zv within a sampling length.
The total height of the profile is the sum of the
Rt=∣max Zp∣+∣max Zv∣ maximum profile peak height Zp and the largest
absolute value profile valley depth Zv within the
evaluation length.
The maximum profile valley depth Rv is the largest
Rv=∣max Zv∣
absolute value profile valley depth Zv within a
sampling length.
n
The skewness of the profile is the quotient of the
1 1
3
Rsk= 3 ∑ Z i
mean cubed value of the ordinate values Z(x) and
Rq n i=1
the cube of Rq, within a sampling length.
The mean width of the profile elements represents
m
the mean value of the profile element widths Xs
1
RSm= ∑ Xsi
within a sampling length. A profile element
m i =1
comprises a profile peak and the adjacent profile
valley.
n

1
Ra= ∑∣Z i∣
n i =1

√

[

]

In determining the parameter RSm, specific requirements apply to the height
and spacing of the profile elements. The default minimum profile height within
a profile element is 10% of Rz, and the default minimum spacing of profile
elements is 1% of the sampling length. Both conditions must be met.
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The material ratio curve (Abbot curve) parameters Rpk, Rk and Rvk describe
the increase of the material portion of the surface with increasing depth of the
roughness profile. Rk is the depth of the roughness core profile, and is chosen
because it should be a measure mainly of manufacturing variables [Westkämper
and Riegel 1993; Gurau et al. 2005]. Rpk is the average height of the protruding
peaks above the roughness core profile, which together with Rvk, the average
depth of the profile valleys projecting through the roughness core profile, gives
an indication of irregularities outside the core roughness (above and below
respectively). Rvk may be especially sensitive to species’ anatomical valleys or
to various gaps caused by the pressing process. Rpk is a measure of fuzziness
protruding above the core roughness. The sum Rk+Rpk+Rvk was also determined
for comparisons, because of the cumulative effect on surface roughness.
Other parameters described in the 13565-2 standard and calculated in this
study quantify the peak area (A1) and the valley area (A2), which can also
provide important information about the distribution of the irregularities in
a profile. An A2 value greater than A1 means that valleys are predominant in the
profile. The sum A1+A2 was also calculated, to compare the magnitude of peak
and valley areas between particleboards manufactured with different core layer
particle types and densities.
Some parameters describing the waviness in the profile were calculated
according to ISO 4287: Wa and Wq. Their meanings are similar to the equivalent
roughness parameters, but they apply to the waviness profile. The waviness
profile is the primary profile from which roughness has been subtracted. These
parameters are interesting because they evaluate a surface in terms of its longer-wavelength characteristics. Waviness in the profile can be sensitive to species
elasticity, but can also reflect surface unevenness caused by the manufacturing
process.
Mean values and standard deviations were calculated for all of the waviness
and roughness parameters described above. To visualize the effect of core
particle size and particleboard density, individual profiles were computed in
MathCAD Professional 2000. Their selection was based on the mean values of
roughness parameters, such that they were representative for a given type of chip
size or panel density (their roughness parameters were closest to the mean
values). For statistical analysis the Duncan multiple range test was applied. The
level of significance was taken as p < 0.05.

Results and discussion
The mean values of the roughness and waviness parameters, with their standard
deviations in brackets, are given in Table 1. The letter symbols were determined
using the Duncan multiple range test to compare the mean values of all groups.

4794 (1056) ab
654.5 (70.6) a
11.3 (2.3) b
14.1 (2.7) b

4648 (814) b
662.2 (72.6) a
10.8 (2.3) bc
13.2 (2.6) bc

477 (1006) ab
656.5 (83.8) a
10.2 (2.0) ac
12.7 (2.4) ac

5105 (1140) a
641.2 (69.1) a
10.2 (2.0) ac
12.7 (2.5) ac

7123 (1824) b 7200 (1696) b 6912 (1743) b
720.0 (96.0) a 706.5 (87.5) a
13.9 (3.2) a
17.1 (3.8) a

14.7 (4.3) a
17.9 (6.1) a

700.5 (97.4) a

13.6 (3.6) a

16.7 (4.7) a

7966 (2152) a

701.4 (91.4) a

14.3 (3.34) a

17.2 (3.8) a

A1+A2

Rsm

Wa

Wq

Different letters in each row indicate statistical differences (p < 0.05) in the roughness parameters.

4347 (1062) ab

115.5 (21.4) a 112.0 (17.2) a

113.7 (20.) a

118.9 (21.8) a

Rk+Rpk+Rvk

4217 (811) b

86.8 (9.7) a
82.8 (8.9) a
86.6 (12.1) a

84.8 (12.2) a

59.5 (10.9) b

58.6 (11.8) b

64.2 (13.6) a

Rvk

4280 (1033) b

43.8 (7.2) a
41.9 (6.2) a
43.3 (8.3) a

44.6 (7.6) a

56.8 (10.7) b

15.4 (10.8) a

15.6 (8.8) a

13.8 (7.1) a

Rpk

4697 (1107) b

11.7 (3.7) a
11.3 (4.7) a
12.9 (6.4) a

11.0 (5.4) a

15.9 (7.9) a

Rk

6571 (1704) b 6682 (1553) b 6341 (1693) b

31.3 (3.4) b
29.6 (2.7) a

30.5 (3.8) ab

29.2 (4.2) a

39.3 (5.8) a

40.5 (5.4) a

39.5 (5.0) a

41.0 (7.1) a

Rsk

7504 (2053) a

-2.4 (0.4) a
-2.4 (0.4) a

-2.4 (0.6) a

-2.5 (0.5) a

-2.3 (0.5) a

-2.3 (0.4) a

-2.4 (0.3) a

-2.5 (0.4) a

Rv

A2

92.2 (12.2) a
88.5 (12.2) a

91.9 (15.7) a

94.0 (14.5) a

119.7 (18.1) b 118.6 (18.2) b

118.6 (19.3) b

128.2 (24.5) a

Rt

462.5 (331.4) a 551.8 (359.8) a 518.4 (415.2) a 571.3 (316.8) a 407.8 (237.6) a 494.9 (320.7) a 430.9 (208.1) a 447.0 (167.3) a

174.2 (33.1) a

161.5 (27.4) a

175.8 (32.2) a

171.5 (33.7) a

219.7 (52.5) a 219.3 (42.7) a

218.4 (43.8) a

228.9 (55.9) a

Rz

A1

21.6 (3.0) a
121.8 (13.5) a

20.7 (2.3) a
116.7 (13.0) a

21.5 (3.3) a
121.7 (16.7) a

21.9 (3.4) a
122.3 (17.0) a

29.0 (5.0) b

30.1 (5.1) b
156.4 (24.5) a 155.6 (20.8) a

29.6 (5.0) b

154.9 (23.4) a

32.1 (6.3) a

164.7 (29.3) a

14.0 (1.7) a

13.3 (1.2) a

13.7 (1.9) a

13.8 (1.9) a

18.7 (3.0) b

19.4 (3.1) ab

19.0 (2.8) b

20.4 (3.7) a

Ra

Rq

Thick

Normal

Thin

Reference

Thick

Normal

Particleboard density: 650 kg/m3

Thin

Particleboard density: 500 kg/m3

Reference

Parameter

Table 1. Surface roughness parameters and waviness parameters for particleboards
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When groups have the same letter in a given row (treated separately for the two
particleboard densities), this indicates lack of statistical difference (p < 0.05)
between the samples.
Instead of presenting the representative roughness profiles separately for
each group of panels, it was decided that a single graph including the
characteristic roughness profiles for all four groups at one particleboard density
might provide a better visual comparison of the results. In this way, one can
visually compare the amplitude of irregularities for all four chip size groups.
Also, this representation can help the reader appreciate qualitatively the
difference in the maximum amplitudes given by the two particleboard densities
(comparing Figures 2 and 3). It is clearly visible that the higher-density
particleboards have smoother surfaces. Figures on the x-axis indicate the length
of the measured profiles, which was up to 40,000 m. The y-axis gives the
amplitude of irregularities in m. It should be noted that the roughness profiles
for the four chip groups are offset from one another to allow all of them to be
presented on a single graph.
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Fig. 2. Representative roughness profiles for all particleboard groups with density
500 kg/m3. Black – Reference; blue –Thin; red – Normal; magenta – Thick. Values
on both axes are in µm.

Analysis of roughness and waviness parameters for particleboard groups
with density 500 kg/m3
Looking at the representative profiles and irregularity amplitudes for each group
of particleboards with density 500 kg/m3 (Figure 2), it is hard to ascertain which
is rougher or smoother. For this purpose, a detailed evaluation can be made only
by comparing certain roughness parameters with known meaning and
interpretation (Table 1).
From Table 1 it can be seen that the highest mean values of Ra occurred for
the Reference particleboard, and this result is statistically significant. However,
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Fig 3. Representative roughness profiles for all particleboard groups with density
650 kg/m3. Black – Reference; blue – Thin; red – Normal; magenta – Thick. Values
on both axes are in µm

no significant differences were found for the lab-made particleboards (Thin,
Normal, Thick). Rq is also a mean parameter, indicating the same trend as Ra,
with 6–10% higher values for Reference than for the other groups. Rz is the
maximum peak-to-valley distance within a sampling length. Although the mean
Rz value was highest for Reference, this result was not validated by the
statistical analysis (Table 1). The reason was the fluctuation in values within
each group, which may be due to local variation in anatomical gaps in wood, and
gaps caused by the pressing process, combined with raised fibres (peaks).
Rt has a similar meaning as Rz, but it is calculated over the entire evaluation
length, representing the highest peak plus the deepest valley. As in the case of
Rz, although the mean Rt was higher for Reference, no statistical difference was
found between the four groups of panels (Table 1).
Rv is a component of Rz, and measures the means of the deepest valleys of
the profiles, calculated from five sampling lengths of each profile. Rv was
approximately 8% higher for the Reference panels than for the lab-made types.
Also, the higher value of standard deviation for the commercial particleboard
shows that these particleboards were less homogeneous than those made in the
laboratory (Table 1).
All skewness values, Rsk, were negative, which indicates the prevalence of
deeper valleys in the profiles. This means that profile gaps extending below the
core datapoints, probably anatomical valleys and gaps between chips, were
higher in magnitude than the size of peaks (raised fibres) for all groups tested.
Although Rsk for Reference was slightly higher than the mean values for the
other groups, the difference was not significant (Table 1). Rk measures the
magnitude of the region with the highest density of datapoints (core roughness),
taken separately from isolated peaks and valleys in the profile. Rk is expected to
best characterize the differences between groups, because it relates to the
location of the majority of datapoints in a profile, disregarding the extremes. For
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particleboards with density 500 kg/m3, the mean values of Rk did not differ
between the groups (Table 1). As with the majority of parameters, the standard
deviation of Rk calculated for the Reference group was higher, indicating the
lower homogeneity of the commercial particleboards in comparison with the lab-made samples.
Rpk measures the magnitude of isolated peaks protruding above the core
roughness. The peaks of the Reference boards seem slightly lower than for the
other groups, but with no statistically significant difference. However, Rvk,
which is a measure of the deeper valleys going below the core roughness, was
7-12% higher in Reference samples than for Thin, Normal and Thick, and this
trend was confirmed by the Duncan test (Table 1).
Rk+Rpk+Rvk is a cumulative parameter containing information about the
size of the core roughness, plus the isolated peaks, plus the isolated valleys. The
ordering of the groups by mean values of this parameter begins with Reference,
followed by Normal, Thin and Thick. It appears, according to this cumulative
parameter, that the particleboards with the roughest chip size had the smoothest
surfaces. However, the differences between the groups were negligible and
statistically insignificant (Table 1).
A1 is the area of protruding peaks above the core profile, from which Rpk
derives. Both A1 and Rpk indicate Thick as being slightly fuzzier than the other
groups, but with no statistical significance. A2 is the area of valleys going below
the core data, from which Rvk derives. The valley area was approximately
11-16% greater than the peak area. Like Rvk, A2 indicates more isolated valleys
(12-18%) for Reference than for the other groups, but differences between the
lab-made particleboards were not significant. A1+A2 is a cumulative parameter
indicating the total area of features going beyond the core roughness. This
parameter showed the same trend as A2, due to the prevalence of valleys.
RSm is a width parameter which measures surface features in a horizontal
direction. It may provide information about how wide the features in the profile
are (the distance from one peak to a consecutive valley). RSm showed no
significant difference between groups. Wa is a replica of Ra, and Wq is a replica
of Rq, but applied to the waviness profile. They give indications regarding
lower-frequency (higher-wavelength) irregularities, which look like “waves” on
the surface, caused by pressing deflections or material elastic response. The Thin
group had slightly lower waviness than the other groups (Table 1), but without
statistical significance.
Analysis of roughness and waviness parameters for particleboard groups
with density 650 kg/m3
From Table 1 it can be seen that values for all roughness and waviness
parameters were smaller for the denser particleboards, which means that a higher
particleboard density improves the surface quality. The same trend was found in
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the values of standard deviation, which indicated that when the density of the
particleboard is increased, its surface became more homogeneous.
The higher-density particleboards do not exhibit, in general, significant
differences between the surface quality of different groups (Table 1). An
exception is Rk, which took slightly higher values for particleboards in the Thick
category than for the other groups. Also, the surface waviness (Wa, Wq) was
greater for particleboards with a coarser core (Table 1).
A trend towards slightly deeper valleys was observed for Reference
particleboards, judged by A2 (Table 1), but it was not statistically supported by
Rvk and Rv, in spite of their higher values. In spite of the fact that the Thin group
had the smallest core particle size, the surface roughness analysed in terms of
mean parameters was not smaller than that of the other groups.

Conclusions
Investigation of the surface quality of particleboards of different density and
with varying particle thickness in the core layer did not reveal (with some
exceptions: Rk, Wa, Wq for particleboards with a target density of 650 kg/m 3)
any significant effect of particle thickness on the surface quality. For
particleboards with the higher target density, generally no differences in quality
between the panels with lab-made particles and industrial-made particles
(Reference) were found. In the case of low-density particleboards, some of the
roughness parameters (Ra, Rq, Rv, Rvk, A2, A1+A2) of the panels with industrialmade particles in the core layer were found to be significantly higher than for the
panels with lab-made particles (Thin, Normal, Thick). The surface waviness of
the low-density particleboards was not influenced by the thickness of the core
layer particles. Comparing the particleboards’ surface roughness and waviness
parameters at the two density levels, the surface quality of the low-density
particleboards was found to be below that of the particleboards of conventional
density.

References
Benthien J.T., Lüdtke J., Ohlmeyer M. [2019]: Effect of increasing core layer particle
thickness on lightweight particleboard properties. Accepted for publication at European
Journal of Wood and Wood Products
Coelho C.L., Carvalho L.M.H., Martins J.M., Costa C.A.V., Masson D., Méausoone P.J.
[2008]: Method for evaluating the influence of wood machining conditions on the
objective characterization and subjective perception of a finished surface. Wood Science
and Technology 42: 181-195
Fujiwara Y., Fujii Y., Sawada Y., Okumura S. [2004]: Assessment of wood surface
roughness: A comparison between tactile roughness and three-dimensional parameters
derived using a robust gaussian regression filter. Journal of Wood Science 50: 35-40
Fuczek D., Zabielska-Matejuk J., Pernak J., Przybylska W. [2010]: Wettability of wood
surfaces treated with ionic liquids. Drewno 53: 45-53

82

Lıdıa GURAU, Jan T. BENTHIEN, Martin OHLMEYER, Nadır AYRILMIS

Gurau L. [2004]: The roughness of sanded wood surfaces. Doctoral thesis. Forest Products
Research Centre, Buckinghamshire Chilterns University College, Brunel University, UK
Gurau L., Irle M. [2017]: Surface Roughness Evaluation Methods for Wood Products:
a Review. Current Forestry Reports 3 [2]: 119-131, Wood Structure and Function
(S. Hiziroglu, section editor), e-ISSN 2198-6436, Springer International Publishing
Gurau L., Mansfield-Williams H., Irle M. [2002]: An analysis of wood surface roughness
data. In: Proc. of the 13th International Symposium on Nondestructive Testing of Wood,
Berkeley Campus, California, USA, 19-21 August 2002, pp. 17-25
Gurau L., Mansfield-Williams H., Irle M. [2005]: Processing roughness of sanded wood
surfaces. Holz als Roh und Werkstoff 63: 43-52
Gurau L., Mansfield-Williams H., Irle M. [2006]: Filtering the roughness of a sanded
wood surface. Holz Roh-Werkstoff 64: 363-371
Gurau L., Mansfield-Williams H., Irle M. [2012]: A quantitative method to measure the
surface roughness of sanded wood products. In: Davin J.P. (ed.), Wood and Wood
Products (Materials and Manufacturing Technology). Nova Science Publishers, New
York, pp. 1-23
Hiziroglu S. [1996]: Surface roughness analysis of wood composites: a stylus method. Forest
Product Journal 46 [7/8]: 67-72
Hiziroglu S., Suzuki S. [2007]: Evaluation of surface roughness of commercially
manufactured particleboard and medium density fiberboard in Japan. Journal of
Materials Processing Technology 184: 436-440
Krisch J., Csiha C. [1999]: Analysing wood surface roughness using an S3P Perthometer
and computer based data processing, Proc. XIII Sesja Naukowa “Badania dla
Meblarstwa”, Poland, pp. 145-154
Nemli G., Ozturk I., Aydin I. [2005]: Some of the parameters influencing surface roughness
of particleboard. Building and Environment 40: 1337-1340
Nemli G., Akbulut T., Zekoviç E. [2007]: Effects of some sanding factors on the surface
roughness of particleboard. Silva Fennica 41: 373-378
Rolleri A., Roffael E. [2010]: Surface roughness of uncoated particleboards and its relation
with the raw material, adhesive and climatic conditions. European Journal of Wood and
Wood Products 68: 369-372
Westkämper E., Riegel A. [1993]: Qualitätskriterien fur feingehobelte holzoberflächen.
Holz als Roh und Werkstoff 51: 27-30

List of standards
ISO 16610-31:2016 Geometrical product specification (GPS) – Filtration – Part 31: Robust
profile filters: Gaussian regression filters
ISO 4287:1997 Geometrical product specifications (GPS) – Surface texture: Profile method
– Terms, definitions and surface texture parameters, respecting ISO 4287 AMD 1:200906, Geometrical Product Specification (GPS) – Surface texture: Profile method – Terms,
definitions and surface texture parameters; Amendment 1: Peak count number
ISO 13565-2:1996 Geometrical product specifications (GPS) – Surface texture: Profile
method; Surfaces having stratified functional properties – Part 2: Height characterisation
using the linear material ratio curve, respecting ISO 13565-2 Technical Corrigendum
1:1998-06, Geometrical Product Specifications (GPS) – Surface texture: Profile method;
Surfaces having stratified functional properties – Part 2: Height characterization using
the linear material ratio curve; Technical Corrigendum 1

Effect of particleboard density and core layer particle thickness on surface roughness

83

Acknowledgements
The authors thank the Federal Ministry of Food and Agriculture (BMEL),
Bonn/Berlin, Germany, for supporting the ‘LeiHoWe’ research project, under
which the present study was carried out. They further thank the industry partners
Kronopol Sp. z o.o. (Żary, Poland) for providing the test materials, and Pallmann
Maschinenfabrik GmbH & Co. KG (Zweibrücken, Germany), especially Dr.
Helmut Roll, for the production of the wood particles. We hereby acknowledge
the structural funds project PRO-DD (POS-CCE, O.2.2.1., ID 123, SMIS 2637,
ctr. No 11/2009) for providing the infrastructure used for surface quality
measurements in this work.
Submission date: 28.06.2018
Online publication date: 12.11.2019

Drewno 2019, Vol. 62, No. 204
DOI: 10.12841/wood.1644-3985.275.12

Wengang HU, Na LIU, Huiyuan GUAN

OPTIMAL DESIGN OF A FURNITURE FRAME
BY REDUCING THE VOLUME OF WOOD

The aim of this study is to optimize the volume of a furniture frame to make it
lighter, while still meeting the same load requirements. The finite element method
(FEM) and MATLAB nonlinear programming were utilized for the optimization.
A beech stool frame was taken as an example. First, the finite element model was
set up and analyzed to obtain the internal forces of the stool frame, and the
internal forces were investigated to obtain the maximum critical forces in each
type of member. Then constraints were obtained to determine the limitations for
minimizing the volume of the stool frame, which was defined as the objective
function subject to constraints. Finally, the objective function and constraints
were programmed and solved using MATLAB software, and as a result the
minimum volume and dimensions of members were determined. An experimental
test was conducted to determine whether the optimized stool was strong enough to
carry the same loads. The results showed the optimized stool to be 58% lighter
than the non-optimized version, while also satisfying the requirements of GB
10357-3. In conclusion, the method is suitable for the optimization of a furniture
frame, making it lighter and reducing the manufacturer’s material costs.
Keywords: furniture structure, stool frame,
optimization, FEM, MATLAB

mortise-and-tenon

joint,

Introduction
Furniture is not merely an item of household and office supplies, but is also a n
industrial product. For consumers, comfortable, durable and serviceable
furniture is a requirement of in daily life. For manufacturers, it is important not
only to satisfy customers’ requirements, but also to reduce production costs, and
for this reason light and strong wood furniture and other wood structures are
desired [Que et al. 2017; Hu et al. 2018a]. This problem has long been a concern
of manufacturers of furniture and other wood products – for instance, windows
[Jansna et al. 2013] and household furniture [Pakarinen and Asikainen 2001].
Solutions to this problem are concerned with how to optimize the structure of
Wengang HU (107318107@qq.com), Na LIU (njfuliuna@163.com), Co-Innovation Center
of Efficient Processing and Utilization of Forest Resources, Nanjing Forestry University,
Nanjing, China; Huiyuan GUAN (hwg@njfu.edu.cn), College of Furnishings and Industrial
Design, Nanjing Forestry University (all authors from the same institution), Nanjing, China
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furniture to make it strong enough to carry the desired load with the minimum
material. In practice, furniture is often excessively strong, and material is wasted
from the standpoint of solid mechanics.
Many researchers and furniture designers have considered the following
three approaches to the problem: 1) using modified wood materials and high-strength wood to replace natural wood materials used in furniture;
2) introducing advanced machines to reduce the wood materials during the
processing process; 3) adding metal fasteners to make furniture frame more
solid. Obviously, these three methods cannot solve this problem fundamentally
from the standpoint of structure design. With the development of computer
technology and finite element (FE) theory, it is more convenient now than in the
past for researchers to analyze complex structures with FE software. Most
furniture frames are made up of structural elements called indeterminate frames,
which make it a rather tedious task to analyze the internal forces in the frame.
However, using the finite element method (FEM), it has been possible to
overcome this issue [Gustafsson 1997].
Many researchers have contributed to work in this area. First to be
mentioned is the work of Eckelman [1966] and Eckelman and Suddarth [1969].
In their study, the stiffness method of matrix structural analysis was applied to
furniture frame design, and modifications needed to treat frames with semi-rigid,
elastically non-linear joints of finite size were developed. Gustafsson [1997]
described how to analyze and design a chair using FEM. Aydin and Ergün
[2016] studied chair frames with various stretcher positions by the finite element
method (FEM), regarding the joint as rigid. The results showed that frames
without stretchers yield more deformation, and the use of a stretcher reduced the
stresses and deformations in the frames. Hu et al. [2018b] put forward an
optimal design method to determine the best stretcher positions in a stool, based
on FEM and a response surface method, treating a mortise-and-tenon joint as
a semi-rigid joint. An integrated FEM optimization algorithm was proposed by
Smardzewski and Gawroński [2001]. In another study by the same authors,
a gradient optimization approach was proposed. An external penalty function
was generated from constraints, and optimization was carried out on that basis
[Smardzewski and Gawroński 2003]. In addition, the minimum weight of chair
frames subject to required strength constraints was studied by Guray et al.
[2015] using a logarithmic barrier method and gradient descent method.
The aim of the present study is to determine the optimum volume of a stool
frame subjecting to a number of load requirements from GB 10357-3 [1989].
The finite element method (FEM) and MATLAB nonlinear programming were
utilized to perform the optimization. In addition, the optimized stool was tested
in accordance with GB 10357-3 to determine whether it complied with the
requirements.
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Materials and methods
All specimens were made from beech (Fagus orientalis L.), purchased from
a local commercial supplier (Nanjing, China). Referring to ASTM D 4442
[2001], the average density of the beech wood was 0.692 g/cm3, and its moisture
content was conditioned to and maintained at 10.8% before and during the
experiment. The physical and mechanical properties of the beech wood were
determined at the initial stages of the research [Hu and Guan 2017a, 2017b] and
are given in Table 1. These parameters were input into the ABAQUS FEM
software to simulate elastic behaviors of beech. Besides, proportional limits
were used to judge whether the furniture structural members retained their
elasticity.
Table 1. Mechanical properties of beech

Mechanical
properties

Proportional
limit (MPa)

Modulus of
elasticity (MPa)

Tangential
modulus
(MPa)

Poisson ratio
(dimensionless)

EL

ER

ET

νLR

νLT

νRT

νTR

νTL

νRL

GLR

GLT

12205

1858

774

0.502

0.705

0.526

0.373

0.038

0.078

899

595

Compression (sC)

Shear (tS)

Bending (sB)

53.62

5.00

50.55

Preparation of specimens
A stool with mortise-and-tenon joints was taken as an example. It was composed
of four legs, four rails and four stretchers. Aydin and Ergün [2016] studied chair
frames with various stretcher positions using the by FEM. The results showed
that frames without stretchers yield more deformation, and the use of a stretcher
reduced the stresses and deformations in the frames. In this study, the example
stool had four stretchers, two at the front and back (X) of the stool and two at the
sides (Y). Dimensions of these members and their coordinates are shown in
figure 1a, and dimensions of the mortise and tenon are shown in figure. 1b. The
tenon fit in its width direction (i.e., the difference between tenon width and
mortise height as shown in figure. 1b) was 0.2 mm. The tenon fit in its thickness
direction (i.e., the difference between tenon thickness and mortise width) was
a negative constant of 0.2 mm. The mortise measured 12 mm high × 10 mm
wide × 15 mm deep.
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(a)

(b)

Fig. 1. Dimensions of stool frame

In setting up the FEM, the members of the stool were regarded as straight
beams with different sections, and the members had rigid joints with the Beam31
element in ABAQUS. The dimensions, local axis and grain orientations of the
legs, rails and stretchers are shown in figure 2. The parameters (a, b, c, d, e
and f) are variables, and their initial values are 30, 20, 20, 15, 20 and 15 mm
respectively.

Fig. 2. Dimensions, local axis and grain orientations of beams

Finite element model
The finite element model of the stool is shown in figure 3, with cross-sections of
beams hidden. Node numbers are shown in black with a capital N, and element
numbers in red with a capital E. According to GB 10357-3-1989 (Test of
mechanical properties of furniture strength and durability of chairs and stools),
four load cases were applied to the stool model. These were: I vertical load test
on the rail; II front to backload test on the rail; III side thrust load on the rail; IV
thrust load on the corner (table 2). When load cases II, III and IV were applied
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individually, load case Ⅰ was also applied as the equilibrium load. In addition, the
freedoms of the feet (N2, N23, N24 and N25) were all constrained in the X, Y
and Z directions.

Fig. 3. Numbering of nodes and elements of the stool
Table 2. Load cases applied to the stool
Load case

Application node/nodes

Magnitude (N)

Direction

I

N5, N7, N15, N17

2000

–Z

II

N17

760

–X

III

N15

760

Y

IV

N16

760

X-Y corner 45º

Optimization methods
ABAQUS 14.1 FEM software and MATLAB 7.0 were utilized to optimize the
cross-sectional dimensions of the beams. A flow chart of the optimization
process is shown in figure 4. First of all, an objective function is defined; in this
study, it was expected that the stool would be strong enough to carry the applied
loads with the minimum volume. Secondly, the responding constraints were
needed to limit the objective function. The axial force, shear force and bending
moment of the beams were extracted from the FEM result, and then they were
converted to the corresponding stress according to equations (1), (2) and (3), and
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compared with the proportional limit stress of beech. The maximum stress of
a beam must be smaller than proportional limit stress of beech itself, to ensure
that the structure of the stool satisfies the requirements of GB 10357-3-1989.
Finally, the solution to the objective function with constraints was obtained by
MATLAB programming.

Fig. 4. Optimization flow chart

FL
(1)
S
6M
σ max = 2
(2)
th
3F
(3)
τ max = S
2 th
where sL is the axis compression stress (MPa), smax is the maximum bending
stress (MPa), tmax is the maximum shear stress (MPa), FL is the axis
compression force (N), S is the area of the beam section (mm2), M is the
maximum bending moment (N·mm), h is the beam width (mm), t is the beam
thickness (mm), and FS is the shear force (N).

σ L=

Testing methods
Two groups of stools were machined, one non-optimized (fig. 5a) and one
optimized by the method described in this paper (fig. 5b). The dimensions of the
mortise-and-tenon joints were constant. Nine stools were measured for each
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group, and specimens are shown in figure 5. Then experimental tests were
carried out in accordance with GB13057-3 to measure the maximum mechanical
capabilities of the stools. In addition, the withdrawal capacity and bending
moment of the T-shaped joint at the stretcher and leg of the non-optimized stool
were measured according to the method described by Derikvand et al. [2013,
2014].

(a)

(b)

Fig. 5. Non-optimized and optimized stools

Results and discussion
Finite element analysis
According to the FEM described above, axial force, shear force and beam
bending moment were determined; values are given in Appendix 1. These data
indicate that the axial force, shear force and bending moment of all members of
the stool under the four load cases.
Objective function
Because the goal was to achieve the minimum volume of the stool, the objective
function was expressed as equation (4). The variables a, b, c, d, e and f are the
width and thickness of a leg, rail and stretcher respectively, the lengths of these
elements being 300, 124 and 124 mm respectively.
V = 4*300 a×b +4*124 c×d +4*124 e×f
(4)
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Constraints on the objective function
According to the FEM results, the axial force, shear force and bending moment
of all members were obtained (Appendix 1). The internal forces of beams in
different load cases were obtained, and the maximum value was chosen to
calculate the corresponding stress based on equations (1), (2) and (3). For safety,
the maximum stress of all members should be smaller than the proportional limit
stress of beech (i.e. sL ≤ sC, sL + smax ≤ sB and tmax ≤ tS). Then the constraints
of the objective function were obtained as shown in table 3.
Table 3. Constraints on the objective function
Axial stress

Bending stress

Shear stress

Leg

779/(a*b)≤53.62

779/(a*b)+6*8914/(b*a^2)+6*12488/
(a*b^2)≤50.55

3*223/(2*b*a^2)≤5
3*239/(2*a*b^2)≤5

Rail

325/(c*d)≤53.62

98/(c*d)+6*6441/(d*c^2)+6*17179/
(c*d^2)≤50.55

3*513/(2*d*c^2)≤5
3*382/(2*c*d^2)≤5

Stretcher

52/(e*f)≤53.62

52/(e*f)+6*671/(f*e^2)+6*20736/
(e*f^2)≤50.55

3*405/(2*f*e^2)≤5
3*15/(2*e*f^2)≤5

In addition, the parameters a, b, c, d, e and f should be smaller than their
initial values, and so the group of inequalities (5) must be satisfied. These
dimensions were also subject to the requirements expressed in the group of
inequalities (6) according to general knowledge of furniture structure design.
0<a<30
0<b <20
0<c<20
0<d <15
0<e<20
0< f <15

{ }

(5)

{}

(6)

a⩾b
c⩾d
e⩾ f
b⩾d
d⩾ f

MATLAB programming
The objective function and constraints are all nonlinear, giving rise to a typical
nonlinear programming problem. MATLAB 7.0 was applied to solve this; the
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code is given in Appendix 2. First of all, the objective function and constraints
were defined, and then a master routine was written to call the objective function
and constraints. After the calculations were performed, a solution was obtained.
The obtained values of the parameters a, b, c, d, e and f were 14.02, 14.02,
14.32, 14.02, 13.67 and 13.67 mm respectively. The volume after optimization is
4.2818e5 mm3, compared with 10.1786e5 mm3 before optimization. The volume
of the stool was thus reduced by 58%, while maintaining its capacity to carry the
same loads.
Experimental results
The results for each load case are presented in table 4. The optimized stool was
capable of carrying the loads defined in GB 10375-3, while the non-optimized
stool was stronger than required by GB 10375-3. In other words, the non-optimized stool wasted a significant amount of wood and increased the cost of
materials. The results demonstrate that the optimization method can be used to
make a stool lighter while still capable of carrying the required loads.
Table 4. Comparison between experimental and standard stools
Load case

I (N)

II (N)

III (N)

IV(N)

GB10357-3

2000

760

760

760

Optimized

5073(10.5)

1534(6.4)

2087(11.3)

1368(7.5)

Non-optimized

17864(12.5)

6694(8.6)

8973(15.4)

3431(4.6)

In the finite element model used in this study the stool joint was regarded as
rigid, which is not consistent with the real structure of the stool, which had semi-rigid mortise-and-tenon joints. However, if the mortise-and-tenon joint was
strong enough to carry the applied loads and was not damaged (i.e., there was no
relative displacement, rotation or torsion between mortise and tenon), then the
joint can be regarded as rigid to some extent. Therefore, the strength of the joint
was measured by performing a withdrawal and bending test with a T-shaped
specimen joined by the same mortise-and-tenon joint as the stool. The
experimental results showed that the withdrawal force of the joint was
568 (56) N and the bending moment was 30687 (2864) N·mm. The maximum
axial forces and bending moments of the stretcher (71.16 N, 20736.90 N·mm)
and rail (325.38 N, 17178.80 N·mm) in the FEM were all far smaller than the
experimental values. As a result, in this study it was reasonable to regard the
mortise-and-tenon joint as a rigid joint to some degree.
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Conclusions
The results suggest that the method used can reduce by nearly 58% the volume
of wood in the stool frame used in this study, and the frame can be designed
between the minimum and maximum dimensions of the beam cross-sections
(a, b, c, d, e and f). In conclusion, the method proposed in this study has been
shown to be capable of optimizing the structure of a furniture frame with
mortise-and-tenon joints, making it much lighter while still capable of carrying
the same loads. If this method can be used in the wood furniture industry, it will
enable furniture enterprises to save on costs of wood material. However, the
method should be investigated in depth to improve its practicality and accuracy.
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Appendix 1: FEM results
Load case I
Element
Front rail
Side rail
Front stretcher
Side stretcher
Leg

E17
E16
E10
E12
E21

Axial force
(N)

Shear X-Y
(N)

-76.78
-27.60
71.16
29.35
-500.05

250.48
-250.15
0
0
27.59

Shear X-Z
(N)

Bending YY
(Nmm)

-0.49
0.29
0
0
-76.91

-10.59
-4.07
-0.21
-0.15
5476.62

0.73
382.01*
-58.33
-46.36
0
0
-0.69
-0.69
-41.26
-39.37

1583.99
6440.82*
521.69
4678.25
-1028.45*
-109.49
106.32
44.20
2818.85
2851.98

Load case II
Front rail
Side rail
Front stretcher
Side stretcher
Leg

E4
E17
E15
E16
E10
E14
E12
E13
E3
E21

17.71
-97.70
-219.07
-217.95
37.78
40.40
32.13
32.12
-761.43
-236.65

249.95
-248.41
-513.15
-11.74
0
0
-384.72
-384.72
223.41*
164.12

Load case III
Front rail
Side rail
Front stretcher
Side stretcher
Leg

E17
E18
E7
E16
E9
E10
E12
E24
E8
E21

-233.16
-234.09
20.85
-71.69
51.96*
51.88
23.25
28.92
-687.76
-310.32

-62.09
439.69
-249.93
248.40
405.77
405.78*
0
0
-23.80
-27.35

44.55
44.45
-0.50
-381.64
4.13
4.14
0
0
238.95*
149.329

5757.75
1307.60
-800.42
-8194.60
256.95
670.63
-22.26
-7.51
-12149.70
-6183.75

Load case IV
Front rail
Side rail
Front stretcher
Front stretcher
Leg

E17
E18
E15
E16
E14
E23
E24
E25
E19
E21

-324.56
-325.38*
-281.56
-280.64
44.54
44.57
27.58
27.58
-778.96*
-148.45

-99.05
403.44
-448.22
53.59
-275.43
-275.43
232.05
232.06
130.73
127.70

-100.80
-102.53
120.83
119.00
-14.93
-14.80
9.44
9.20
165.55
122.82

-4943.27
5229.70
5539.07
-5257.49
744.13
-742.24
410.66
-428.19
8914.10*
-4207.29

Note: negative values represent the directions of force or moment; * indicates the maximum values
for the leg, rail, and stretcher in the four load cases.
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Appendix 2: Program for optimizing the dimensions of a stool section
Master routine：
x0=[30;20;20;15;20;15]; % The initial dimensions of beam sections;
A=[];b=[];
Aeq=[];beq=[];
vlb=[0;0;0;0;0;0];vub=[30;20;20;15;20;15]; % Range of parameters;
[x,fval]=fmincon('chair',x0,A,b,Aeq,beq,vlb,vub,'constraints'); % Call functions;
Objective function：
function f=chair(x) % Define objective function;
f=1200*x(1)*x(2)+496*x(3)*x(4)+496*x(5)*x(6);
Constraints：
function [g,ceq]=constraints(x) % Define constraints；
g(1)=779/(x(1)*x(2))-53.62;
g(2)=325/(x(3)*x(4))-53.62;
g(3)=52/(x(5)*x(6))-53.62;
g(4)=779/(x(1)*x(2))+6*8914/(x(2)*x(1)^2)+6*12488/(x(1)*x(2)^2)-50.55;
g(5)=98/(x(3)*x(4))+6*6441/(x(4)*x(3)^2)+6*17179/(x(3)*x(4)^2)-50.55;
g(6)=52/(x(5)*x(6))+6*671/(x(6)*x(5)^2)+6*20736/(x(5)*x(6)^2)-50.55;
g(7)=3*223/(2*x(2)*x(1)^2)-5;
g(8)=3*239/(2*x(1)*x(2)^2)-5;
g(9)=3*513/(2*x(4)*x(3)^2)-5;
g(10)=3*382/(2*x(3)*x(4)^2)-5;
g(11)=3*405/(2*x(6)*x(5)^2)-5;
g(12)=3*15/(2*x(5)*x(6)^2)-5;
g(13)=x(2)-x(1);
g(14)=x(4)-x(3);
g(15)=x(6)-x(5);
g(16)=x(4)-x(2);
g(17)=x(6)-x(4);
ceq=[];
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CARBON MONOXIDE AND NITRIC OXIDE
CONCENTRATIONS IN THE FLUE GAS DURING
THE COMBUSTION OF AGRICULTURAL BIOMASS
BRIQUETTES IN A 25 KW LOG GASIFICATION BOILER

A study was made of the two-stage combustion of agricultural biomass briquettes
(rye straw, miscanthus, hay, corn stover) in a 25 kW wood log gasification boiler.
The following correlations for selected fuel loads and biomass types were shown:
fluctuation of temperature over time both in the gasification chamber and in the
combustion zone, variation over time of carbon monoxide and nitric oxide
concentrations, correlation between nitric oxide and carbon monoxide
concentrations in the flue gas, and variation of carbon monoxide and nitric oxide
concentrations versus oxygen concentration and temperature in the combustion
zone. Two-stage combustion of agricultural biomass proved to be efficient, as slag
was not generated. Relatively high carbon monoxide concentrations in the flue
gas resulted from the lack of automated regulation of air supply to the gasification
chamber and the combustion zone.
Keywords:

agricultural biomass; combustion; emission; boiler; slagging

Introduction
Firing agricultural biomass in grate furnaces with low carbon monoxide
emission is much more challenging [Saez et al. 2011; Verma et al. 2012;
Chandrasekaran et al. 2013; Guoquan 2013; Krugly et al. 2014; Fournel et al.
2015] than burning wood [Boman et al. 2011; Chandrasekaran et al. 2011;
Fernandes and Costa 2011; Pettersson et al. 2011; Verma et al. 2011; Calvo et al.
2014; Venturi et al. 2018], since even at temperatures slightly below 800°C slag
is generated in many types of agricultural residues [Wopienka et al. 2011;
Cioaba et al. 2015; Nunes et al. 2016; Vassilev et al. 2016]. Many studies
confirm that slagging is a serious issue when firing agricultural biomass on a
Katarzyna PAŁASZYŃSKA, Marek JUSZCZAK (marek.juszczak@put.poznan.pl), Poznan
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grate [Musialik-Piotrowska et al. 2010; Dell’Antonia et al. 2011; Mediavilla et
al. 2011; Ohman et al. 2011; Juszczak and Lossy 2012; Chandasekaran et al.
2016; Schonnenbeck et al. 2016; Yanoqin et al. 2016]. The slag obstructs access
of air to the fuel, which results in significant levels of carbon monoxide
production. Carbon monoxide oxidizes well to carbon dioxide only above 650°C
[Marutzky 1997]. In order to avoid slag generation and reduce carbon monoxide
emission, the combustion process requires temperatures between 650 and 800°C.
In case of domestic use, however, such a narrow temperature range is extremely
difficult to maintain.
The susceptibility of agricultural biomass to slagging is due to the chemical
composition of the ash (high silica and potassium oxide content) [Ohman et al.
2011; Wopienka et al. 2011; Vassilev et al. 2013; Cioaba et al. 2015; Nunes et al.
2016; Vassilev et al. 2016; Yanquin et al. 2016], which sinters at relatively low
temperatures. Slagging may be reduced by mixing agricultural biomass with
wood or cork [Garcia-Cuevas et al. 2011; Mediavilla et al. 2011; Lajili et al.
2015]. The use of certain additives that elevate the ash softening temperature,
such as halloysite, can prevent slagging. This approach was reported to bring
positive effects in the case of power plant boilers: slagging was reduced,
combustion conditions improved and the emission of incomplete combustion
products decreased [Mroczek et al. 2011]. However, in case of low heat output
boilers, using these agents may lead to the creation of deposits in the fire tubes,
which compromises boiler heat efficiency. This also creates problems for endusers, as they are forced to clean the boiler on a daily basis [Juszczak et al.
2017].
The best kind of grate for agricultural biomass firing seems to be the moving
step grate, because the reciprocating movement of the pushing-bars allows for
slag disintegration. However, the most beneficial technique for agricultural
biomass firing appears to be two-stage combustion, consisting of biomass
gasification followed by burning of the generated gas [Garcia et al. 2014]. In this
combustion mode, slag is not generated because the temperature in the
gasification chamber is below the ash sintering temperature. The main aim of the
study was to confirm whether the slagging process is indeed non-existent during
two-stage combustion of agricultural biomass briquettes in a particular boiler
type. High nitric oxide concentrations can appear during the firing of agricultural
biomass, as even in the case of wood combustion the conversion factor of fuelbound nitrogen to oxides in the flue gas is high [Dzurenda et al. 2015, 2017;
Hroncova et al. 2016].

Materials and methods
The study used briquettes from rye straw, hay, miscanthus and corn stover, made
in a Biomasser briquetting press, manufactured by Asket. The briquettes can be
manufactured directly on agricultural holdings. Prior to briquetting, the straw,
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hay, miscanthus and corn stover, instead of being milled, were cut into fibers of
considerable length, ranging from 60 to 70 mm, which prevents their fast
disintegration during the firing process (fig. 4). The briquettes are cylindrical in
shape, with a diameter of 80 mm and variable height (mostly 80 mm). The hole
in the center of the briquette (of 10 mm diameter) provides a larger surface area,
creating a higher combustion rate. The raw material used to make the briquettes
was not dried in dryers, and therefore its moisture content was high, ranging
between 18% and 30% (the ratio of water mass to wet briquette mass).
a)

b)

c)

d)

Fig. 1. Briquettes from hay (a), rye straw (b), miscanthus (c) and corn straw (d)

The ultimate analysis of the biomass used in the study comes from [Hartage
et al. 2000; Cichy et al. 2009; Komorowicz et al. 2009; Hartmann et al. 2013;
EN 14961-2: 2011] and the lower heating value was determined according to
[EN 14918: 2009] (table 1). The results obtained in our laboratory were very
similar to those presented in table 1.
Table 1. Ultimate analysis, lower heating value and moisture of the biomass used in
the study, according to [Cichy et al. 2009; Komorowicz et al. 2009; Hartmann et al.
2013; EN 14961-2: 2011]. Results are presented for dry weight of fuel.
Biomass type/
Parameter

Unit

Rye straw

Hay

Miscanthus

Corn stover

C
H
N
S
Lower heating value
Moisture

%
%
%
%
kJ/kg
%

42.54
6.12
0.69
0.10
13950
24

45.69
6.44
1.00
0.39
14100
22

48.15
6.09
0.23
0.05
15570
21

45.70
5.30
0.7
0.18
15100
19

The boiler (fig. 2) used for experimental purposes was a Vitolig 150 log
gasification boiler, manufactured by Viessmann. This boiler uses two-stage
combustion. Initially, the fuel is de-gassed in an upper gasification chamber to
generate volatile gasses, which then pass through a slotted orifice (nozzle),
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operating as a low-quality burner, and are fired in the lower combustion
chamber.
This particular boiler is of simple and outdated design and low heat
efficiency. The boiler heat efficiency measured during the experiments for all of
the studied fuels is given in table 2. Air is supplied to the gasification (fuel)
chamber and the combustion zone (nozzle) by a fan installed between the fuel
chamber and combustion zone doors. The same fan supplies air to the
gasification chamber and to the combustion zone. The boiler has no automated
regulation of primary or secondary combustion air supply. The airflow is set
manually by means of the fan inlet damper at the beginning of each fuel load.
The nozzle, apart from its main function of burning combustible gases, also
serves to evacuate ash from the gasification chamber. The ash is then removed
from the ash pan manually.
a)

b)

Fig. 2. A 25 kW log gasification boiler with two-stage combustion – gasification and
gas combustion in a nozzle located at the bottom of the gasification chamber:
a) operating scheme (1 – fuel, 2 – gasification chamber, 3 – nozzle, 4 – fan); b) view
of combustion air fan and thermocouples

Concentrations of oxygen, carbon monoxide, nitric oxide, nitrogen dioxide
and hydrocarbons (transformed into methane) in the flue gas downstream of the
boiler were measured with an MRU Vario Plus flue gas analyzer. Oxygen, nitric
oxide (NO) and nitrogen dioxide (NO2) concentrations were measured using an
electrochemical sensor, while carbon monoxide and hydrocarbon concentrations
were measured using an IR sensor. NO x concentration was calculated with the
use of the gas analyzer by summing the concentrations of NO (transformed into
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NO2) and NO2. The flue gas analyzer also measured the flue gas temperature
downstream of the boiler, and calculated chimney heat loss and air excess ratio.
The heat received by the boiler water and the boiler heat output were measured
with a Kamstrup ultrasonic heat meter. The temperature in the combustion
chamber was measured with a PtRhPt radiation shielded thermocouple. The
boiler heat efficiency was calculated as heat transferred to the boiler water
divided by fuel mass multiplied by fuel lower heating value. A Sartorius lab
balance was used to determine fuel mass. Fuel moisture content was determined
by weighing the fuel before and after drying, and the higher and lower heating
values were determined using a bomb calorimeter [EN 14918: 2009].
Two-stage combustion of agricultural biomass briquettes in a 25 kW wood
log gasification boiler was examined. For each type of fuel (rye straw, hay,
miscanthus, corn stover), four fuel loads were burnt. The average load mass and
burning time per load are indicated in table 2. Briquettes were loaded manually
into the gasification (fuel) chamber. Air flow for combustion was set manually at
the beginning of each test run (and then remained constant), with the purpose of
obtaining the lowest possible carbon monoxide concentration in the flue gas
downstream of the boiler. All measured parameters were recorded continuously
and transferred in real time to computer memory, where they were registered
every 5 seconds to calculate the average value.
It should be noted that the experiments were performed in real-life
conditions, resembling those existing in end-users’ domestic boilers, due to the
fact that the boiler is installed in a full-scale heat station (belonging to the
Division of Heating, Air Conditioning and Air Protection, Poznan University of
Technology, Institute of Environmental Engineering) connected to a district
heating network, a heat transfer unit and heat receivers (radiators and water heat
storage devices in the building). This ensures more realistic results.

Fig. 3. View of the gasification chamber
with open loading door

Fig. 4. Ash with visible fragments of
incompletely combusted fuel
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Results and discussion
The results of two-stage agricultural biomass combustion performed during the
study are given in table 2. Hydrocarbon concentrations were rarely detected by
the gas analyzer or were negligible; this parameter is therefore omitted from
table 2.
Table 2. Mean parameter values from the combustion of rye straw, hay, miscanthus
and corn stover briquettes (four loads per fuel type) in a 25 kW two-stage log
gasification boiler
Parameters

Unit

Rye straw

Hay

Miscanthus

Corn
stover

Heat output
Boiler heat efficiency
Temperature in the combustion
chamber
Temperature in the gasification
chamber
Flue gas temperature downstream
of the boiler
O2 concentration

kW
%

10.8
70

9.8
63

11.2
61

11.7
67

°C

610

600

620

650

°C

250

240

270

260

°C

140

160

150

165

%

12.3

9.2

11.0

10.3

3

CO concentration

mg/m
(10% O2)

5800

3550

4600

4350

NO concentration

mg/m3
(10% O2)

470

350

310

290

NOx concentration

mg/m3
(10% O2)

720

540

470

440

Air excess ratio
Burning time per fuel load
Fuel load mass

–
h
kg

2.4
3.9
15.520

1.8
3.8
15.060

2.1
3.6
15.220

2.0
3.8
15.780

The NO concentrations presented in table 2 are very high despite the low
temperatures in the combustion chamber and high CO concentrations. This is
probably due to the fact that the boiler combustion chamber is small. For this
reason, the time of passage of the flue gases through the combustion chamber is
too short for the reduction of nitric oxide (NO) to nitrogen (N 2) to occur
satisfactorily (according to the following formula: NO + CO = ½ N 2 + CO2).
A similar phenomenon was observed in our laboratory in the case of firing of
wood pellets in 20 kW boilers. The diagrams in figures 5 and 7 illustrate
fluctuations of temperature over time, both in the combustion chamber (nozzle)
and in the gasification chamber, for a selected fuel load of each type of
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agricultural biomass used in the study. In turn, figures 6 and 8 show the variation
of CO, NO and NOx concentrations over time, corresponding to the fuel loads
and temperature fluctuations presented in figures 5 and 7.

Fig. 5. Temperature fluctuations over time: in the combustion zone (nozzle) and in
the gasification chamber for rye straw briquettes

Fig. 6. Variation over time of carbon monoxide (CO), nitric oxide (NO) and
nitrogen oxides (NOX) concentrations for rye straw briquettes
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Fig. 7. Temperature fluctuations over time: in the combustion zone (nozzle) and in
the gasification chamber for miscanthus briquettes

Fig. 8. Variation over time of carbon monoxide (CO), nitric oxide (NO) and
nitrogen oxides (NOX) concentrations for miscanthus briquettes

Figures 9 and 10 show the correlation between nitric oxide concentration and
carbon monoxide concentration in the flue gas for selected biomass types and
loads (hay and corn stover).
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Fig. 9. Correlation between nitric oxide concentration and carbon monoxide
concentration in the flue gas for straw briquettes

Fig. 10. Correlation between nitric oxide concentration and carbon monoxide
concentration in the flue gas for miscanthus briquettes
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Figures 11-14 show how carbon monoxide and nitric oxide concentration
depend on oxygen concentration and temperature in the combustion zone for the
analyzed fuel loads and selected briquette types (rye straw and miscanthus).

Fig. 11. Carbon monoxide concentration versus oxygen concentration and
temperature in the combustion zone (nozzle) for rye straw briquettes

Fig. 12. Nitric oxide concentration versus oxygen concentration and temperature in
the combustion zone (nozzle) for rye straw briquettes
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Fig. 13. Carbon monoxide concentration versus oxygen concentration and
temperature in the combustion zone (nozzle) for miscanthus briquettes

Fig. 14. Nitric oxide concentration versus oxygen concentration and temperature in
the combustion zone (nozzle) for miscanthus briquettes

The correlations presented in the diagrams were similar for the other fuel
loads and biomass types shown in table 2. Due to the large volume of the results,
only the most significant correlations are presented.
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As the temperature in the gasification chamber was maintained below
300°C, as expected, no slagging was observed during the process. In the range of
temperatures obtained in the combustion zone (below 1000°C), only nitric oxide
was generated, and no nitrogen dioxide. However, for evaluation of compliance
with legal regulations (NOx emission standards), the concentration of nitric
oxide was expressed as NO2, according to the formula NO + ½ O2 = NO2.
The boiler used is of old design and is not adapted for agricultural biomass
firing, because no boiler with a heat output of approx. 20 kW designed for two-stage agricultural biomass combustion is available on the Polish market. The
nozzle located at the bottom of the gasification chamber acts as a low-quality
burner (see table 2), thus generating high carbon monoxide emissions. The
nozzle also allows some biomass briquettes that have not been fully burnt
(fig. 1) to pass through to the combustion zone, which significantly reduces the
boiler’s heat efficiency (table 2).
Another drawback is the lack of automated combustion air flow regulation,
which by definition prevents the obtaining of optimum combustion conditions
that would ensure low carbon monoxide concentrations (table 2). The limit value
for carbon monoxide in the flue gas, which in this case is the criterion of
combustion process quality, for boilers with a heat output of up to 50 kW and
manual fuel supply, is currently set at 5000 mg/m3 (presented for 10% O2 content
in the flue gas) [PN-EN-305-5: 2012]; however, in 2020 the European Union is
to implement a regulation reducing this limit value to 700 mg/m 3 (presented for
10% O2 content in the flue gas) [Commission Regulation (EU) 2015/1189:
2015].
The same EU regulation will establish a limit value for nitrogen oxides
(NOx) at 200 mg/m3 (presented for 10% O2 content in the flue gas). This is not
addressed at all in the Polish standard currently in force for boilers with a heat
output of up to 500 kW [PN-EN-305-5: 2012]. During the study, NOx
concentrations significantly exceeded this value, due to the considerable
nitrogen content in agricultural biomass in comparison with wood
(approximately 0.2%) [EN 14961-2: 2011; EN 14918: 2009]. This means that
two-stage combustion of biomass will become difficult or even impossible in
low heat output boilers, because in order to reduce the level of nitrogen oxides
emissions it is necessary to use chemical methods. In practical terms, this means
that two-stage combustion of agricultural biomass will only be cost-effective in
boilers with a higher heat output, above 30 MW.
On the graphs of temperature over time (figs. 5, 7) and on the corresponding
graphs presenting the variation of carbon monoxide concentration over time
(figs. 6, 8), it can be clearly seen that carbon monoxide concentration increases
as the temperature in the combustion chamber decreases, and vice versa.
As far as nitric oxide concentration is concerned, it generally increases with
an increase in oxygen concentration and temperature in the combustion zone
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[Rybak 2006]; however, there is a reciprocal relationship between carbon
monoxide and nitric oxide (figs. 9 and 10), according to the formula CO + NO
→ ½ N2 + CO2 [Marutzky 1997]. This formula shows that carbon monoxide
lowers nitric oxide concentration by reducing nitric oxide (NO) to molecular
nitrogen (N2). At the same time, carbon monoxide oxidizes to carbon dioxide,
and thus the CO concentration in the flue gas decreases. In figures 9 and 10, the
correlation between nitric oxide concentration and carbon monoxide
concentration can be clearly seen: when carbon monoxide concentration
increases, nitric oxide concentration significantly decreases. This effect of
carbon monoxide on nitric oxide is also reflected in diagrams illustrating how
the concentrations of carbon monoxide and nitric oxide depend on the
temperature and oxygen concentration in the combustion zone (figs. 11-14).
These diagrams have distinctive and sometimes surprising shapes, precisely
because of this particular mutual correlation.

Conclusions
The study has confirmed that two-stage combustion of agricultural biomass in
boilers with a heat output below 50 kW is the most effective method for its
firing, because of the fact that no slag is generated due to the low temperatures
in the gasification chamber.
However, in order to ensure good combustion conditions and obtain
acceptable values of carbon monoxide concentration, modern boilers must be
equipped with high-quality gas burners and automated combustion air flow
regulation systems. Unexpectedly high NO concentrations (calculated to NO 2
and presented as NOx) were observed despite the low temperatures in the
combustion chamber and high CO concentrations.
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UTILIZATION OF POST-FERMENTATION MAIZE WASTE
BY THERMAL CONVERSION

Abstract: One of the essential requirements in the running of a biogas plant is the
proper management of the by-product resulting from the production of biogas, i.e.
the post-fermentation mass. One of the possibilities for the treatment of a fixed
post-fermentation fraction is its combustion. In this study, the basic
physicochemical properties of the post-fermented pulp obtained from maize waste
are determined in terms of their combustion potential. Parameters such as
elemental analysis, moisture content, volatile matter content, ash content, heat of
combustion and calorific value were determined for the raw material without pre-treatment, as well as for the raw material after chemical hydrolysis and
extrusion. The tested material was subjected to both acidic and alkaline
hydrolysis. Acidic hydrolysis was carried out with sulfuric acid (concentration 3%
and 7%) and alkaline hydrolysis with sodium hydroxide (concentration 1% and
3%). Under pre-treatment, the raw material was also subjected to low- and hightemperature extrusion. Low-temperature extrusion was carried out at 110°C, and
high-temperature extrusion in the range 140–160°C. The purpose of the pre-treatment was to achieve the fragmentation of lignin, a substance not degraded
by enzymatic hydrolysis. On the basis of the research, the suitability of the
analyzed raw material for thermal utilization was determined. After drying, the
residue after fermentation had high calorific value, similar to that of other types
of biomass. It also had a lower content of volatile matter and increased ash
content compared with the non-fermented raw material. High nitrogen content
was a significant parameter distinguishing the studied material from other types
of biomass. The decision to burn waste should be preceded by careful analysis of
its physical and chemical properties, as this enables appropriate preventive action
to be taken.
Keywords: maize waste, physicochemical properties, chemical hydrolysis,
mechanical-thermal extrusion

Agata STACHOWIAK-WENCEK (agatas@up.poznan.pl), Magdalena ZBOROWSKA (mzbor@
up.poznan.pl), Hanna WALISZEWSKA (waliszewska.hanna@gmail.com), Bogusława
WALISZEWSKA (bwaliszewska@up.poznan.pl), Institute of Chemical Wood Technology,
Poznan University of Life Sciences, Poznan, Poland; Małgorzata WALKOWIAK
(m_walkowiak@itd.poznan.pl), ŁUKASIEWICZ Research Network – Institute of Wood
Technology, Poznan, Poland

116

Agata STACHOWIAK-WENCEK, Magdalena ZBOROWSKA, Małgorzata WALKOWIAK,...

Introduction
In the process of anaerobic digestion only a part of the input material is
transformed into biogas. The unfermented matter – containing organic
compounds, microorganisms and mineral compounds – is known as post-fermentation mass, post-ferment, or post-fermentation pulp. That mass
constitutes 90-95% of the initial volume of the feedstock put into the reactor. It
is characterized by high water content, reaching 90-97%. In recent years it has
become a popular practice in biogas plants to separate post-fermentation mass
into two fractions, solid and liquid, as such separation widens the scope of its
possible further uses.
There are numerous methods of utilization of post-fermentation mass. Those
methods have both advantages and disadvantages, and differ with regard to their
environmental impact. The main factor that determines the utilizability of post-fermentation mass is its quality, determined on the basis of its chemical
composition and physical properties. Local conditions and legal regulations also
play an important role [Jędrczak 2008; Czekała et al. 2012]. To some degree,
difficulties with post-ferment utilization stem from the fact that its physical and
chemical properties may vary significantly depending on the type of feedstock
material and the origin of the material used for biogas production [Domińczak-Kuderko et al. 2015].
Post-fermentation mass is most often used as a fertilizer [Koszel and
Lorencowicz 2015; Kataki et al. 2017]. It is a natural product that may be used
as a substitute for artificial soil fertilizers. However, to be approved for such use
the material has to meet restrictive hygienic and sanitary requirements, as well as
certain limits related to toxic substance or heavy metal content [Kołodziejczyk
2012]. Another option is to use post-fermentation residue for the production of
biofuels [Ray et al. 2008; Sannigrahi and Ragauskas 2011] or to incinerate it in
special biomass-burning boilers.
Using post-fermentation material for heating purposes is in line with the
current strategy of many countries to produce energy from renewable sources. At
present, the energy policy of these countries is directed not only toward
increasing the share of energy from renewable sources in their energy balances,
but also toward restricting the use of forest biomass resources.
In the process of methane digestion carried out in a typical biogas facility,
products of plant origin (maize straw, rape straw, hay) are decomposed only to
a small degree. This is connected with their chemical composition, particularly
the presence of lignin. Lignin is not easily digested by hydrolytic enzymes, and
therefore its decomposition is limited. For that reason, input material is often
subjected to pre-treatment that significantly increases the effectiveness of the
digestion process [Ferrer et al. 2008; Mohammad and Keikhosro 2008; Wei et al.
2011; Zieminski et al. 2012; Akhtar et al. 2016; Pielhop et al. 2016].
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The aim of this study was to determine physical and chemical properties of
corn rachis before and after methane digestion, subjected to various methods of
pre-processing, in order to determine its possible use in combustion processes
and the resulting environmental threats.

Materials and methods
Research material and pre-treatment
The research material was corn rachis in the < 2.0 mm fraction. In order to
disintegrate lignin, corn rachis material was subjected to pre-treatment. Two
groups of pre-treatment methods were used: chemical and mechanical-thermal.
Chemical pre-treatment was carried out with the use of sodium hydroxide and
sulfuric acid. Alkaline hydrolysis was performed with 1% and 3% NaOH, and
acidic hydrolysis with 3% and 7% H2SO4. Hydrolysis was carried out in
laboratory conditions at a temperature of 100°C. After preliminary milling, the
material was boiled for 3 h in aqueous solutions of 500 ml volume. After the
hydrolysis process was completed, the material was filtered through a Buchner
funnel and rinsed with water until neutral pH was reached. Mechanical and
thermal treatment was performed in an extruder, in two temperature ranges:
110°C and 140-160°C (in the latter case the initial process temperature was
140°C and the final temperature was 160°C).
Methane fermentation
The methane digestion process was carried out in accordance with the procedure
described in DIN 38 414/S8. It was performed in a 21-chamber biofermentor.
The material was treated with an inoculum rich in methane bacteria. A diagram
of the equipment is shown in figure 1.
The material was inoculated with an inoculum rich in methane bacteria, in
the quantities given in table 1. The moisture content in the control material was
approximately 7.2%. Dry mass content in the inoculum aqueous solution was
approximately 2.7-2.9%, of which about 28–30% was minerals.
The obtained post-fermentation mass was divided into two fractions: solid
and liquid. The solid fraction was pre-dried at 50°C and re-dried in laboratory
conditions.
The content of the CHNS elements was determined with a FLASH EA 1112
Series (Thermo Electron Corporation), using the procedures set out in two
standards: PN-EN ISO 16948:2015-07 and PN-EN ISO 16994:2015-06.
The heat of combustion and calorific value of the material were determined
with a Kl-12Mn calorimeter in accordance with the PN-ISO 1928:2002
standard. Moisture was determined by means of the drying method, ash content
in accordance with the procedure presented in T 211om-07, and the content of
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volatile matter according to the guidelines in PN-81/G-04516. All analyses were
repeated three times, and the results were averaged.

Fig. 1. Diagram of biofermentor used for biogas tests (three-chamber fragment):
1 – water heater with temperature regulator, 2 – water pump, 3 – insulated
conductors of calefaction liquid, 4 – water coat, 5 – biofermentor with charge
capacity 2 dm3, 6 – sampling tubes, 7 – biogas transporting tube, 8 – gas sampling
valve, 9 – biogas volume-scale reservoir [Lewicki et al. 2013]
Table 1. Quantity of raw material and inoculant used in the fermentation process
Material

Quantity of raw material
(g)

Quantity of inoculant solution
(g)

Control
Hydrolysis 1% NaOH
Hydrolysis 3% NaOH
Hydrolysis 3% H2SO4

13.5
51.0
60.0

1186.5
1149.0
1140.0

59.0

1141.0

Hydrolysis 7% H2SO4

62.0

1138.0

Extrusion 110˚C
Extrusion 140–160˚C

10.0
10.0

1190.0
1190.0
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Statistical analysis
The statistical analysis was performed using STATISTICA 10, and consisted of
ANOVA followed by a post hoc Tukey’s HSD test. Identical letters in columns
represent no differences at the significance level p = 0.05.

Results and discussion
Tables 2 and 3 present the content of basic elements (C, H, N, S) in the
examined material before and after the digestion process. A desired feature of
Table 2. Elemental analysis of maize waste before fermentation
Before fermentation
Material

C
(%)

Control

46.22 ±0.0A

6.17 ±0.1D

0.60 ±0.1D

D

A

A

H
(%)

N
(%)

S
(%)
0.15 ±0.0B
–A

Hydrolysis 1% NaOH

44.49 ±0.1

Hydrolysis 3% NaOH

44.19 ±0.1C

Hydrolysis 3% H2SO4

46.03 ±0.1

A

Hydrolysis 7% H2SO4

46.11 ±0.1A

6.36 ±0.0C

0.15 ±0.0B

–A

Extrusion 110°C

46.09 ±0.2A

6.26 ±0.1B

0.90 ±0.0E

–A

A

A

F

–A

Extrusion 140-160°C

46.20 ±0.2

6.51 ±0.0

6.55 ±0.0A
6.30 ±0.0

6.50 ±0.0

BC

0.02 ±0.0
–A

–A

0.44 ±0.0

C

1.13 ±0.0

0.14 ±0.0B

– not detected (<0.01%).
Homogeneity groups: same letters in each column indicate that there is no statistical difference
between the samples according to Tukey’s HSD test at P < 0.05.

Table 3. Elemental analysis of maize waste after fermentation
After fermentation
Material

C
(%)

Control

43.78 ±01E

H
(%)
A

N
(%)

5.12 ±0.0C
AD

S
(%)

3.11 ±0.0E
C

0.33 ±0.0AB
0.31 ±0.1A

Hydrolysis 1% NaOH

37.60 ±0.2

Hydrolysis 3% NaOH
Hydrolysis 3% H2SO4

36.93 ±0.2B
40.31 ±0.2

Hydrolysis 7% H2SO4

41.48 ±0.2D

4.92 ±0.1BC

2.54 ±0.0D

0.39 ±0.0B

Extrusion 110°C

37.71 ±0.2A

4.54 ±0.0AB

2.92 ±0.0AB

0.20 ±0.0CD

A

AB

Extrusion 140-160°C

37.80 ±0.3

C

4.40 ±0.1

4.32 ±0.1D
4.76 ±0.1

4.47 ±0.0

ABC

3.03 ±0.0

2.97 ±0.0BC
2.76 ±0.0

2.88 ±0.0

F

A

0.26 ±0.1AD
0.32 ±0.0AB

0.17 ±0.0C

– not detected (<0.01%).
Homogeneity groups: same letters in each column indicate that there is no statistical difference
between the samples according to Tukey’s HSD test at P < 0.05.
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solid fuels is a high content of elemental carbon, as this directly influences the
energy indices. Elemental carbon content in the control sample, i.e. the sample
not pre-treated and not subject to fermentation, was measured at 46.22%. The
tested raw material had a high carbon content compared with other types of
biomass. The content of carbon in biomass is about 38% to 50% [Cuiping et al.
2004]. Cuiping et al. [2004] report that the carbon content of maize waste is
slightly lower than that indicated (42.69%). Pre-treatment, both chemical and
mechanical-thermal, produced little change in carbon content in the treated
material; only alkaline hydrolysis caused a drop in the elemental carbon content,
by 3.7-4.4%. Hydrogen content in the control sample was 6.17%. Following pre-treatment, it increased slightly (within the range 1.5-6.1%). Nitrogen content in
the material before fermentation ranged from 0 to 1.13%. The nitrogen content
depends on the type of biomass, and varies from 0.1% to 2.0% [Cuiping et al.
2004]. Following hydrolysis carried out with 1% and 3% NaOH and 3% and 7%
H2SO4 it dropped to 0.15-0.44%, but it increased to a level of 0.9-1.13% after
extrusion. The presence of elemental sulfur was detected in two samples only,
the control and the sample after hydrolysis with 3% H 2SO4, with levels of 0.15%
and 0.14%, respectively. The literature shows that biomass has a higher content
of hydrogen and a smaller content of elemental carbon than coal, which results
in a lower energy value [Cuiping et al. 2004].
The fermentation process to which the investigated material was subjected
caused changes in its elemental composition. Elemental carbon and hydrogen
content dropped, while nitrogen and elemental sulfur content increased. This
was observed both for the control sample and for the examined material after
pre-treatment. Carbon content in the control sample after the fermentation
process dropped from 46.22% to 43.78%, i.e. by approximately 5.3%, while for
the pre-treated material carbon content decreased by 15.5-18.8%. Hydrogen
content in the control sample dropped from 6.17% to 5.12% (by 17%), and in the
other materials after chemical treatment and extrusion from 6.2-6.55% to 4.32-4.92%. Nitrogen content after fermentation increased from a level of 0-1.13%
to 2.54-3.11%, and sulfur content increased from 0-0.15% to 0.17-0.39%.
From the point of view of energy generation, a decreased content of
elemental carbon in post-fermentation material is undesirable, as the value of
that parameter is in a directly proportional relation to the gross calorific value of
the fuel type [Cichy and Prądzyński 1995]. A drop in hydrogen content, on the
other hand, has positive consequences. In the thermal process, hydrogen is
oxidized, forming a water molecule, and thus lowering the net calorific value of
the fuel. Increased sulfur and nitrogen content in a material meant for
combustion may have negative consequences for the natural environment. The
combustion of a material that contains elemental sulfur may result in higher
atmospheric emissions of SO2, while nitrogen content may result in emissions of
the fuel-related nitrogen oxides (NOx).
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The results of determination of the fueling properties of the examined
materials are presented in tables 4 and 5.
Table 4. Content of moisture, volatile matter, ash and heat of combustion of maize
waste before fermentation
Gross
calorific
value
(MJ/kg)

Net
calorific
value
(MJ/kg)

Material

Moisture
(%)

Volatile
matter
(%)

Control

7.2 ±0.1

73.99 ±0.1A

0.69 ±0.0A

17.22 ±0.0B

15.70

Hydrolysis 1% NaOH

6.6 ±0.1

78.97 ±0.1

F

C

16.18 ±0.0A

14.60

Hydrolysis 3% NaOH
Hydrolysis 3% H2SO4

6.7 ±0.1

79.03 ±0.1G

0.78 ±0.1AB

16.19 ±0.2A

14.60

5.2 ±0.1

D

BC

E

16.17

78.73 ±0.1

Ash
(%)

0.99 ±0.1

0.90 ±0.1

E

17.67 ±0.1

A

D

15.94

Hydrolysis 7% H2SO4

5.8 ±0.2

78.74 ±0.1

Extrusion 110°C

6.7 ±0.1

73.80 ±0.1C

2.76 ±0.1D

17.08 ±0.1C

15.55

Extrusion 140-160°C

6.5 ±0.1

73.10 ±0.3B

2.69 ±0.1D

17.20 ±0.0B

15.62

0.75 ±0.0

17.47 ±0.1

Homogeneity groups: same letters in each column indicate that there is no statistical difference
between the samples according to Tukey’s HSD test at P < 0.05.

Table 5. Content of moisture, volatile matter, ash and heat of combustion of maize
waste after fermentation
Net
calorific
value
(MJ/kg)

Material

Moisture
(%)

Volatile
matter
(%)

Ash
(%)

Gross
calorific
value
(MJ/kg)

Control

9.8 ±0.1

48.24 ±0.1B

26.30 ±0.2C

14.69 ±0.0B

13.33

Hydrolysis 1% NaOH

11.0 ±0.2

45.77 ±0.1

A

A

A

12.07

Hydrolysis 3% NaOH
Hydrolysis 3% H2SO4

10.1 ±0.2

46.17 ±0.1D

31.22 ±0.2A

13.31 ±0.0A

12.12

11.2 ±0.2

47.20 ±0.1

E

D

B

13.30

Hydrolysis 7% H2SO4

11.8 ±0.1

48.40 ±0.1B

25.74 ±0.2B

15.24 ±0.0D

13.87

Extrusion 110°C

12.8 ±0.2

45.30 ±0.0

C

A

E

13.23

Extrusion 140-160°C

10.7 ±0.1

45.93 ±0.1A

13.90 ±0.0C

12.67

31.10 ±0.2
27.38 ±0.0
31.48 ±0.1

30.04 ±0.1E

13.30 ±0.1

14.61 ±0.0

14.54 ±0.0

Homogeneity groups: same letters in each column indicate that there is no statistical difference
between the samples according to Tukey’s HSD test at P < 0.05.

The humidity of the examined material prior to the fermentation process was
between 5.2% and 7.2%, and the humidity of the examined solid fraction of
post-fermentation mass ranged from 9.8% to 12.8%.
The gross calorific value (GCV) of the input material was fairly high,
ranging from 16.18 to 17.67 MJ/kg. The net calorific value (NCV), reflecting the
actual thermal effect, ranged between 14.60 and 16.17 MJ/kg, and is comparable
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to the NCV of other fuels. The GCV of different types of biomass ranges from
14 to 23 MJ/kg [Erakhrumen 2009; Gravalos et al. 2010; Telmo and Lousada
2011; Günther et al. 2012; Patel and Gami 2012; Schmatz et al. 2016]. The
differences are mainly due to variable carbon and ash content [Gravalos et al.
2016]. However, it should be remembered that the net calorific value of every
material is closely correlated with water content. Moisture is considered
a contaminant for thermochemical processes [Núñez-Regueira et al. 2002] and
reduces the efficiency of the energy system. There is a practical limit of
autogenous combustion at about 67% moisture [Bahadori et al. 2014]. The NCV
of the feedstock material was 15.70 MJ/kg, close to the NCV determined for the
material after extrusion and acidic hydrolysis. The lowest NCV was found for
material after alkaline hydrolysis. This was correlated with the content of
elemental carbon in the raw material after the alkaline treatment, which was also
the lowest. According to the literature, the content of elemental carbon is directly
proportional to the heat of combustion of a fuel [Cichy and Prądzyński 1995].
Forestry biomass fuels have a slightly higher calorific value than agricultural
biomass [Cuiping et al. 2004].
After the fermentation process, the GCV and NCV were much lower than
the values recorded for the feedstock. The gross calorific value for the post-fermentation mass was from 13.30 to 15.24 MJ/kg, and the net calorific value
from 12.07 to 13.87 MJ/kg. This is related to changes in the elemental
composition caused by microbiological decomposition of organic substances,
which took place during the fermentation process.
Apart from the lower gross and net calorific value, the post-fermentation
mass also had a lower content of volatile matter. The volatile matter content for
the input material was between 73.10% and 79.03%, and after the fermentation
process it dropped to values between 45.30% and 48.40%. Volatile matter
content in fuel is a critical parameter for the combustion process. The higher the
content, the easier the ignition and the faster the combustion. Volatile matter
content in biomass ranges from 61.10% to 76.50% [Cuiping et al. 2004]; in
conventional fuels it is 20–40% for hard coal and about 50% for brown coal
[Kucowski et al. 1994; Cuiping et al. 2004], i.e. it is lower than for the input
material and similar to the content in the post-fermentation material.
Fermentation had a significant impact on ash content. Ash content in
biomass is varied, ranging from 0.89% to 15.24% [Cuiping et al. 2004]. The
control sample contained 0.69% ash; the material after pre-treatment contained
from 0.75% to 2.76%. Of the pre-treatment methods used, the extrusion process
had the greatest impact on ash content, causing it to increase to 2.69% and
2.76%. Pérez-Navarrete et al. [2007] also found an increase in ash content after
extrusion. The increase in the ash content caused by the extrusion process may
be due to changes in polysaccharides. Polysaccharides can be fragmented to
form reactive molecules that can create new bonds [Camire 1998]. According to
Karunanithy and Muthukumarappa [2010], extrusion causes the
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depolymerization of cellulose, hemicelluloses, lignin and protein. Chemical
treatment, both alkaline and acidic, did not bring about any major changes in that
parameter. The post-fermentation material, on the other hand, contained
significantly more ash, from 25.74% to 31.48%. This significant growth in ash
content in post-fermentation mass probably results from the inoculum
(fermentation-facilitating substance) added to the material in the digestion
process, particularly in the first hours of fermentation. Sannigrahi and Ragauskas
[2011] presented the ash contents of the fermentation residues from four
feedstocks (switchgrass, miscanthus, hybrid poplar and red maple). The ash
contents in the residues from miscanthus and switchgrass (11.8% and 18.95%)
were much higher than in the two hardwood feedstocks (4.3% and 7.1%). Ash is
considered as a byproduct, and may create serious problems in the combustion
process [Gravalos et al. 2016]. The ash content in biomass is linked to problems
with the equipment, such as slag formation, fouling, sintering and corrosion
[Cuiping et al. 2004; Biedermann and Obernberger 2005; Gravalos et al. 2016].
Ash from biomass contains K, Mg and P and heavy metals, which means
that it is not possible to recycle it on agricultural fields or forests [Gravalos et al.
2016].

Conclusions
Methane fermentation, consisting in anaerobic digestion of organic matter, is an
efficient process yielding biogas. The waste that is left after that process, i.e.
post-fermentation material, may also be used for energy-generating purposes.
This is confirmed by examination of post-fermentation material obtained from
fermented corn rachis.
The fermentation process caused significant changes in the elemental
composition of the examined material, altering its carbon, hydrogen, nitrogen
and sulfur contents. Although the direction of the changes is generally
disadvantageous, the material can still be used to substitute other fuel types. The
adverse changes are decreased elemental carbon content and increased nitrogen
and sulfur content. The change in hydrogen content is advantageous. The drop in
hydrogen content in post-fermentation material means a smaller energy demand,
as hydrogen is an additional source of water that has to be evaporated in the
thermal process. The decrease in the gross calorific value of the postfermentation material to a level of 13.30-15.24 MJ/kg does not preclude its use
as a fuel, as this is similar to the levels found for various types of untreated
biomass. The same applies to the drop in volatile material content from 73.99-79.03% to 45.30-48.24%. Conventional fuels such as hard coal or brown coal
have a volatile matter content similar to that found for the material obtained after
fermentation.
The significant increase in ash content following fermentation is
undoubtedly a problem. Ash is a by-product that has to be utilized after the
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thermal process; it also adversely influences the energy value of fuel and the
course of the combustion process.
Human development is generating constant demand for energy, while
traditional fuel reserves (mainly fossil fuels such as coal, oil and gas) are
running out and their use increases environmental pollution; therefore, the search
for alternative fuel materials is a necessity. As research on clean biomass
materials such as wood progresses, scientific interest is currently shifting
towards materials that are harder to utilize, even those with high ash or humidity
content.
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A STUDY OF PROPERTIES OF POSS-MODIFIED VARNISH
COATINGS UV-CURED ON A WOOD SURFACE

Research was carried out in a new topic area related to the quality of lacquer
finishes on wood surfaces, such as furniture or floor elements. Selected results are
presented relating to basic mechanical properties of composite varnish coatings
modified with a selected commercial POSS compound, photo-cured on the surface
of a chosen wood species. The test results obtained for two groups of varnish
coatings differing in the varnish binder used (oligoether or oligoester) pointed to
various effects of POSS modification of the varnish compositions and UV-cured
coatings. These effects were dependent on the functional property considered as
well as the content of POSS nanofiller in the varnish composition. In general, the
presence of selected POSS molecules in the UV coating structure improved its
abrasion and linear scratching resistance, but did not improve – or even slightly
reduced – the adhesion of the coating to the wood surface.
Keywords: POSS nanofiller, varnish composition, polymer nanocomposite,
composite coating, reference coating, coating properties

Introduction
Over the last decade or more, interest in the application potential of organoinorganic nanohybrid polymers has significantly increased, particularly among
research centers in the United States, Europe and China. Nanohybrid polymers
belong to the group known as molecular composites, which means that their
heterogeneity is revealed only in the nanodimensional range. The molecular
heterogeneity of nanohybrid polymers is expressed in the fact that their
macromolecules are composed of both organic fragments (carbon-carbon,
carbon-oxygen chemical bonds) and inorganic ones (e.g. silicon-oxygen or
metal-oxygen chemical bonds). The result of suitable curing of the polymers
themselves or their precursors is composite materials with a mixed structure that
uniquely combine physical properties which do not occur simultaneously for
polymeric networks of exclusively organic construction. The presence in the
hybrid polymer network of a composite, e.g. specific inorganic structures, gives
Jarosław BANECKI (j_banecki@itd.poznan.pl), Łukasiewicz Research Network – Wood
Technology Institute, Poznan, Poland; Beata ŻABICKA, Wood Technology Institute, Poznan
(2011-2014)
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it characteristic properties, as for glasses or ceramics, such as increased hardness
and resistance to scratching and chemical agents [Bizet et al. 2006]. At the same
time, due to the presence in the polymer network of the composite of organic
structural fragments, the cured polymer composite can combine the
aforementioned properties with favorable elasticity or adhesion to the substrate.
Mixed organic-inorganic structures of polymer networks are characteristic of
the so-called functional coatings, which are a new type of protective coatings
[Kurek 2004; Hu and Shea 2011; Constantin et al. 2013]. One of the methods for
obtaining mixed-structured nanocomposites is to incorporate inorganic structural
fragments into chains of organic oligomers. This can be achieved, inter alia,
using polyhedral oligomeric silsesquioxanes, i.e. POSS compounds, which are
substances of mixed organic-inorganic chemical structure [Guirong 2007;
Janowski and Pielichowski 2008; Marciniec 2010; Ayandele et al. 2012]. POSS
compounds have the general formula (RSiO1.5)n, in which R may be a hydrogen
atom or an organic substituent, and n is the number of silsesquioxane structural
units from which the molecule of the POSS compound is built. Usually this
number is 8, but less often it may be 10 or 12.
POSS molecules are symmetrical chemical objects with well-defined shapes
and with sizes in the range 1-3 nm. Because of these molecular sizes, POSS
compounds are among the reactive spherical nanofillers that can be incorporated
into an organic polymer matrix. The first successful syntheses of compounds
from the POSS group were carried out and described by Scott [1946]. Research
on this group of compounds was renewed in the 1990s, particularly in the United
States by the Feher group at California-Irvine University and the Lichtenhan
group at the Air Force Research Laboratory. The first of these research groups
made a significant contribution to the development of multiple methods of
synthesis and chemical modification of POSS compounds, while the second
group made pioneering achievements related to the use of POSS compounds in
the synthesis of new composite polymeric materials [Lichtenhan et al. 1993;
Lichtenhan et al. 1995; Haddad and Lichtenhan 1996; Lee and Lichtenhan
1999]. Suitably functionalized molecules of POSS compounds are able to react
with selected organic precursors [Kopesky et al. 2006; Amerio et al. 2008;
Cordes et al. 2010; Andrzejewska et al. 2011]. Owing to this property,
nanohybrid polymers containing POSS structures have been obtained, which are
included in the group of polymer nanocomposites [Liu and Zheng 2005;
Janowski and Pielichowski 2008; Wang et al. 2011; Pilch-Pitera 2013].
POSS-containing polymer nanocomposites are new-generation materials that
represent an alternative in various fields to the use of polymeric materials with
homogeneous organic structure only [Philips et al. 2004; Pielichowski et al.
2006]. The results of a number of studies show that polymer nanocomposites
made with POSS molecules containing different (reactive and chemically
passive) functional groups in their structure generally have superior some
mechanical properties, a higher glass transition temperature (Tg), and greater
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hydrophobicity and thermal stability [Dutkiewicz et al. 2014] in comparison to
corresponding organic polymers not containing those molecules [Li et al. 2001;
Liu and Zheng 2005; Kopesky et al. 2006; Qin et al. 2010; Wojtas et al. 2010;
Andrzejewska et al. 2011; Prządka et al. 2016].
The aim of this study was to compare the functional properties of varnish
coatings UV-cured on a wood surface as organo-inorganic polymer composites,
with reference coatings made exclusively with the use of appropriate organic
precursors, depending on the total content of the selected POSS nanofiller and
the type of organic precursors used in the varnish composition.

Materials and methods
The wood substrate used for all varnish coatings was MDF board covered on
both sides with beech veneer (Fagus silvatica L.), of quality class A. Beech
veneer of 0.6 mm thickness was used as a direct substrate material. MDF boards
with dimensions (1050 × 650 × 16) mm were covered with the beech veneer by
attaching the veneer strips in a direction parallel to the long side of the panel.
Before the coating process, the veneer surface was sanded using a Homag
sanding machine, where pre-sanding was performed with P150 abrasive paper
and final sanding with P180 abrasive paper.
Transparent UV-curable varnishes prepared in the laboratory were applied.
Two groups of varnish compositions were prepared, differing in the type of film-forming oligomer used (oligoetherol acrylated as binder – formula A; or
oligoesterol acrylated as binder – product sample from Sartomer- -Arkema;
Table 1) and the types of applied acrylic monomers, which included
tetra(ethylene glycol) diacrylate (formula B), as well as tri(α-propylene glycol)
diacrylate (formula C1) and tri(β-propylene glycol) diacrylate (formula C2) used
as a commercial mixture of isomers. The same POSS nanofiller purchased from
Hybrid Plastics Inc. as mixture of POSS compounds for n = 8, 10 and 12
(formula D for n = 8), was used in the varnish compositions of both groups.
Within each of these groups, one varnish composition not containing POSS
molecules (reference composition) and two compositions with 4% and 8% m/m
contents of POSS modifier were prepared (table 1). In all prepared varnish
compositions (1-6), phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide
(formula E) was used as the UV initiator of free-radical polymerization.
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Table 1. Basic characteristics of UV-curable varnish compositions used in the study
Code of
varnish
composition

Ingredients of varnish composition

Dynamic
viscosity
Content of
coefficient1)
ingredients
[mPa·s]
[% m/m]
(Temperature of
measurement)

Varnish compositions – Group I
1

2

3

Poly(ethylene glycol) diacrylate (PEGDA)
Tetra(ethylene glycol) diacrylate (TTEGDA)
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO)
Poly(ethylene glycol) diacrylate (PEGDA)
Tetra(ethylene glycol) diacrylate (TTEGDA)
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO)
Nanofiller Acrylo POSS® Cage Mixture (Ac-POSS)
Poly(ethylene glycol) diacrylate (PEGDA)
Tetra(ethylene glycol) diacrylate (TTEGDA)
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO)
Nanofiller Acrylo POSS® Cage Mixture (Ac-POSS)

100.0

96.0

59
(23°C)

62
(23°C)

4.0
92.0

75
(23°C)

8.0

Varnish compositions – Group II
4

5

6

1)

Tetraacrylate of oligoesterol (PETTA) 2)
Tri(α-propylene glycol) diacrylate (Tα-PGDA)
Tri(β-propylene glycol) diacrylate (Tβ-PGDA)
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO)
Tetraacrylate of oligoesterol (PETTA) 2)
Tri(α-propylene glycol) diacrylate (Tα-PGDA)
Tri(β-propylene glycol) diacrylate (Tβ-PGDA)
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO)
Nanofiller Acrylo POSS® Cage Mixture (Ac-POSS)
Tetraacrylate of oligoesterol (PETTA) 2)
Tri(α-propylene glycol) diacrylate (Tα-PGDA)
Tri(β-propylene glycol) diacrylate (Tβ-PGDA)
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO)
Nanofiller Acrylo POSS® Cage Mixture (Ac-POSS)

111
(23°C)
100.0

103
(23°C)
96.0

4.0
158
(23°C)
92.0

8.0

The given values of the dynamic viscosity coefficient were measured at an L2 spindle rotation
speed of 200 rpm ( RC02 rotational viscometer was used as the measuring device).
2)
Tetraacrylate of oligoesterol based on adipic acid and 1,2,3-propanetriol structures (Sartomer-Arkema product supplied free of charge in the form of product samples for research).
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n = 911
(A)
Poly(ethylene glycol) diacrylate (PEGDA)
(Sigma-Aldrich)
[Source: www.sigmaaldrich.com]

(B)
Tetra(ethylene glycol) diacrylate (TTEGDA)
(Sigma-Aldrich)
[Source: www.sigmaaldrich.com]
O

O

H2C

O
O

CH2

O

CH3

Commercial mixture of isomers

CH3
O

CH3

}

(C1)
Tri(α-propylene glycol) diacrylate (Tα-PGDA)
(Sigma-Aldrich)

+
O
H2C

O
O
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O

O

CH2

O

(C2)
Tri(β-propylene glycol) diacrylate (Tβ-PGDA)
(Sigma-Aldrich)

H3C
H3C

CH3

CH3
O
P

O CH3

CH3 O

(D)
Octakis(3-acryloyloxy-propyl) POSS
(Ac-POSS)
(Hybrid Plastics Inc.)

(E)
Phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO)
(Sigma-Aldrich)

Experimental varnish coatings for further tests were formed one-sidedly on
the surfaces of the beech-veneered MDF elements, using the previously prepared
varnish compositions. Individual varnish compositions were applied to the
surfaces using Erichsen spiral applicators (80 and 60 μm). Compositions 1-3
were applied in three layers, and compositions 4-6 in two layers. Curing of the
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layers of individual varnish composition applied to the veneer surface was
carried out in an industrial UV tunnel at the Bürkle Process Technologies coating
segment in the Sherwin-Williams Technical Center, Poland. UV-curing was
performed using gallium (120 W/cm) and mercury (120 W/cm) radiators in one
section (three curing cycles for each polyether-based coating layer, and four
curing cycles for each polyester-based coating layer). The tested varnish
coatings applied to beech-veneered MDF boards were labeled with the
numerical codes 1-6, corresponding to the codes of the varnish compositions
from which the coatings were made.
Conditioning of the varnish coatings produced on the surface of beech-veneered MDF elements was carried out in ITD laboratory under standard
conditions (23 2°C, 50 5% RH) for a period of 7 days. The tests of physical
and functional properties described below were carried out in the laboratory
under the conditions 23 2°C and 50 5% RH, according to the requirements of
the methodological standards cited.
The thickness of all experimental varnish coatings was measured using the
acoustic method according to [PN-EN ISO 2808: 2008 p. 5.8]. Only one test
sample, with dimensions (320 × 220) mm, was used for thickness measurement
of a given type of varnish coating. The final result of the measurements made for
a given varnish coating was the average value of 10 unit thickness measurements
made in randomly chosen test areas on the coating surface. A QuintSonic PRO
ultrasonic thickness gauge (manufactured by ElektroPhysik) was used to
measure the thickness of each varnish coating. The gloss of the varnish coatings
was measured using the method described in [PN-EN 13722: 2006]. Only one
test sample, with dimensions (320 × 220) mm, was used for gloss measurements
of a given type of coating. The gloss measurements of the tested coatings on
beech-veneered MDF boards were made at a light incidence angle of 60 along
the wood fiber direction, in five different test areas on the sample. The final
result of measurements for the coating variant was the average value. The
measurements were performed for each type of varnish coating using a REFO
3 multi-angle glossmeter (Dr. Lange).
The resistance of the coatings on beech-veneered MDF boards to linear
scratching was tested using method A described in [PN-EN 15186: 2012]
[Banecki 2011]. According to this method, three test samples with dimensions
(100 × 100) mm were used for testing of a given type of varnish coating. The
following equipment was applied in the tests of linear scratch resistance:
• a scratch hardness tester model 239/II (Erichsen GmbH & Co KG),
equipped with an electric drive, ensuring linear movement of the scratching
blade at a speed of 20 10 mm/s with loading in the range 1–20 N;
• a workshop measuring microscope (PZO) with 20-fold magnification,
enabling the measurement of scratch width with uncertainty 0.01 mm;
• a conical scratching blade made of diamond, with radius of the spherical
part R = 0.30 0.01 mm and opening angle of the cone α = 60 1.
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The impact resistance of varnish coatings on beech-veneered MDF board
was tested using the method described in [PN-ISO 4211-4: 1999]. According to
that standard, only one test sample, with dimensions (210 × 290) mm, was tested
for a given type of varnish coating. The degree of damage to the varnish coating
was visually evaluated for five test areas corresponding to one impact energy
value and distributed according to the standard over the surface of the coating.
As a complementary evaluation parameter, the average value of diameters of the
residual indentations, formed in the same five test areas after striking of the
tested coating using the specified energy, was applied. In this test, six impact
energy values (ranging from 49.3 to 1972.7 mJ) were used, corresponding to the
free falls of a normalized weight from six different heights between 10 and
400 mm. A device constructed according to the description given in the standard,
with a steel ball of 14 mm diameter and a hardness of 60-66 HRC, was used to
perform the impact resistance tests. A measuring magnifier of 0.05 mm
uncertainty was used to take measurements of the diameters of residual
indentations formed in the tested varnish coatings.
The abrasion resistance of the experimental varnish coatings was tested
using the method given in [PN-EN 15185: 2011]. Three test samples with
dimensions (100 × 100) mm were used for testing of a given type of varnish
coating. In addition, as a measure of the abrasion resistance of each tested
coating, the value of the abrasion resistance index defined by equation (1) was
adopted for comparative testing purposes:
IP
W ABR =
(1)
TH av
where:

WABR is the abrasion resistance index (rev./μm);
IP
is the average value of the initial wear point determined using
the corrected IP values calculated for three test samples, rounded
to the nearest 10 revolutions (rev.);
THav is the average thickness of the varnish coating (μm).

The above-defined index was used to compare objectively the abrasion
resistance of individual experimental coatings on beech veneer surfaces differing
in thickness. During the study, the initial wear point (IP) was considered to
correspond to the first clearly recognizable wear through the tested varnish coat
to the veneer surface in four quadrants of the sample area. To perform the tests
of abrasion resistance of the varnish coatings, the following apparatus and
materials were used:
• Taber Abraser model 5151 (Taber Industries Co.);
• abrasive paper (Taber S-42), zinc plates (Taber S-34), Taber CS-0 disks;
• red waterproof ink, to identify the initial wear point (IP) of the varnish
coating on beech-veneered MDF board; excess ink was removed from non-abraded coating using 96% ethanol.
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Adhesion of the prepared varnish coatings to the substrate (beech veneer on
MDF board) was tested and evaluated using the method described in [PN-EN
ISO 4624: 2004]. Adhesion of the varnish coating was assessed by determining
the strength of the coating against peeling off the wood surface and estimating
the percentage shares of the types of tearing of the sample in the strength test.
The tests were carried out for six individual samples of each type of varnish
coating on beech-veneered MDF board. The tests and assessment were
performed using:
• steel measuring stamps with a face area of 1000 mm 2;
• fast-drying glue based on cyanoacrylates;
• a round cutter adapted to the size of the measuring stamp;
• a measuring magnifier of 0.05 mm uncertainty.
Measurements of the tearing force were carried out in ITD strength
laboratory using an Instron machine (model 33R4204), equipped with
a measuring head for loads up to 50 kN, with the feed speed of the measuring
head set at 8 mm/min.

Results and discussion
Physical properties of coatings
Table 2 gives descriptions of the individual varnish coatings produced for testing
purposes, i.e. composite coatings containing Ac-POSS molecules and reference
coatings which did not contain Ac-POSS molecules. The table also contains
selected physical properties of the coatings.
Functional mechanical resistance of POSS-modified composite coatings
compared with reference organic coatings on a wood surface
Figure 1 illustrates the results of linear scratch resistance tests of individual
varnish coatings on a wood surface. The results indicate that the addition of 4%
or 8% m/m Ac-POSS (in composite coatings 2 and 3 respectively) resulted in
a significant increase in the resistance of those coatings to linear scratching (by
approx. 17%) compared with the reference organic coating (no. 1). At the same
time, in the case of composite coatings 5 and 6, which were based on polyester
binder and contained structures of acrylic monomers (Tα-PGDA and Tβ-PGDA),
neither the lower (4% m/m) nor the higher content (8% m/m) of Ac-POSS in the
UV-cured coating material caused any change in the coating’s resistance to
scratching compared with the reference organic coating (no. 4).
The results show that varnish coatings based on polyether binder with
a content of tetraethylene glycol diacrylate (TTEGDA) are more resistant to
scratching than varnish coatings based on polyester binder with a mixture of
acrylic monomers (Tα-PGDA + Tβ-PGDA). This may suggest an increase in the

7.4

4.1

2)

Values calculated from 10 thickness measurements performed for each type of varnish coating.
Values calculated from 5 measurements of coating gloss performed along the grain at a light incidence angle of 60°.
v – variability coefficient.

1)

6

81

77

5

2-layer varnish coating – polymer composite
of organic-inorganic structure (8% m/m Ac-POSS)

15.6

81

2-layer varnish coating of organic structure only
(reference coating)
2-layer varnish coating – polymer composite
of organic-inorganic structure (4% m/m Ac-POSS)

4

Oligoesterol acrylated (PETTA)
/(Ta-PGDA+Tb-PGDA

3.7

196

3-layer varnish coating – polymer composite
of organic-inorganic structure (8% m/m Ac-POSS)

3

9.5

7.4

v
[%]

189

[mm]

Average
value

3-layer varnish coating – polymer composite
of organic-inorganic structure (4% m/m Ac-POSS)

2

Oligoetherol acrylated (PEGDA)
/TTEGDA

General description of varnish coating

Coating thickness1)

188

Type of organic binder/
acrylic monomer
in varnish composition

3-layer varnish coating of organic structure only
(reference coating)

1

Code of
varnish
coating

1.5

0.7

2.4

1.2

0.2

0.6

85.1

83.7

85.0

86.1

85.8

v

80.5

Average
value
[%]

Coating gloss2)

Table 2. Characteristics of the layer structure and selected physical properties of coatings made of varnish compositions
applied and UV-cured on the surface of beech-veneered MDF elements
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Oligoesterol acrylated
(PETTA)/(Ta-PGDA + Tb-PGDA)

Oligoetherol acrylated
(PEGDA)/TTEGDA
15

3

2

10

1

4

5

6

5

0
Reference coating

Composite coating – 4%
Ac-POSS

Composite coating – 8%
Ac-POSS

Type of varnish coating

Fig. 1. Linear scratch resistance of varnish coatings coded 1-6, UV-cured on surface
of beech-veneered MDF boards, depending on Ac-POSS content and type of
organic precursors in varnish composition
1)

The value presented on the chart is the average of the values of intermediate scores
determined for three individual samples of each type of varnish coating, rounded to the
nearest whole number acc. to PN-EN 15186:2012

hardness of composite coatings 2 and 3 compared with the reference coating
(no. 1), while the elasticity of those coatings remained similar to that of the
reference coating, despite their modification with a 4% or 8% addition of
Ac-POSS. In the case of composite polyester coatings 5 and 6, the results of the
tests and the assessment of scratching traces showed that the Ac-POSS
molecules in those coatings produced no improvement in their resistance relative
to the reference coating (no. 4). The more irregular edges of scratches observed
for coatings 5 and 6 during microscope measurements of scratches’ widths
indicate that these coatings were more prone to crumble as a result of transverse
stress caused by the diamond scratching blade under its suitable loading.
Table 3 presents an evaluation of the degree of damage to the tested varnish
coatings caused by impacts using defined energy values in the range 49.3-1972.7 mJ. Analysis of the final assessments indicates that the varnish coatings
based on polyether or polyester structure demonstrated different reactions to
medium and high values of impact energy (246.6-1972.7 mJ). It was also found
that an increase in the content of Ac-POSS nanofiller in the composite coatings
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(no. 2  3 and no. 5  6) caused changes in those coatings’ susceptibility to
cracking, which was different from that observed for the relevant reference
organic coatings (nos. 1 and 4). Coating 2, based on polyether binder with
a 4% m/m content of Ac-POSS, demonstrated increased susceptibility to minor
and medium cracks compared with the reference organic coating (no. 1). This
was accompanied by an increase in the diameter of the residual indentations.
Nevertheless, the results indicate that increasing the content of Ac-POSS
nanofiller to 8% m/m (in varnish coating 3) resulted in the absence of any cracks
in that coating (grade “4”) and in decreased diameters of indentations for the
majority of impact energies used. An exception was the result obtained for the
highest energy of impact, which in the case of coating 3 created indentations
with larger diameters, and hence also greater depths, than in the case of coating
2 and reference coating 1, although no cracks occurred in coating 3. This
demonstrates the enhanced plastic strain ability of coating 3 (without the
occurrence of any cracks) compared with the reference coating 1. It should also
be noted that in the case of low impact energy (49.3 and 123.3 mJ) the 4% or
8% m/m addition of Ac-POSS nanofiller did not cause any changes in the degree
of damage to composite coatings 2 and 3 in comparison to coating 1 (table 3).
Tests of coating 5, based on polyester binder with 4% m/m Ac-POSS nanofiller,
showed that it was able to absorb medium impact energy (246.6 or 493.2 mJ),
which resulted in plastic strain of the coating without the occurrence of cracks.
On the other hand, increasing the content of Ac-POSS to 8% m/m resulted in
the considerable susceptibility of coating 6 to cracking (grade “3”), while the
diameters of residual indentations decreased. This may suggest the increased
rigidity of coating 6 compared with coating 5, which contained half the quantity
of Ac-POSS nanofiller (tables 2 and 3). In the case of high impact energy (986.4
and 1972.7 mJ) the Ac-POSS content in composite coatings 5 and 6 had no
significant influence on the degree of damage. Both varnish composite coatings
demonstrated susceptibility to minor and medium cracks (grade “3”) and to
major cracks going beyond the area of indentation (grade “1”), corresponding to
the susceptibility to cracking observed for the reference organic coating (no. 4),
for impact heights of 200 and 400 mm respectively.
When low values of impact energy were considered, a 4% or 8% m/m
content of Ac-POSS in the polyester-based composite coatings did not cause any
differences in their susceptibility to cracking compared with the reference
coating (no. 4). It should be noted that for lower values of impact energy
(49.3-246.6 mJ) the average diameter of residual indentations, and hence their
depth, gradually decreased when proceeding from the reference organic coating
(no. 4) to composite coatings containing 4% or 8% Ac-POSS nanofiller
(coatings 5 and 6). This may suggest that the hardness of the composite coatings
increased, compared with the reference, as the content of Ac-POSS increased.
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Table 3. Impact resistance of tested coatings made of varnish compositions applied
and UV-cured on the surface of beech- veneered MDF board
Code of
varnish
coating
acc. to
Table 2

Impact height [mm]
10

25

50

100

200

400

986.4

1972.7

Impact energy [mJ]
49.3

123.3

246.6

493.2

Final assessment of degree of damage to varnish coating using standard rating
scale from 5 to 1
(Diameter of residual indentation in varnish coating1) – mm)
{Variability of diameter of residual indentation in varnish coating2) – %}

1

4
(2.60)
{4.7}

4
(3.02)
{6.8}

4
(3.50)
{0.0}

4
(4.08)
{5.3}

4
(5.00)
{1.4}

4
(5.78)
{0.8}

2

4
(2.56)
{3.5}

4
(2.88)
{1.6}

3
(3.58)
{3.6}

3
(4.16)
{1.3}

3
(5.62)
{3.6}

3
(6.12)
{2.1}

3

4
(2.38)
{1.9}

4
(3.14)
{2.8}

4
(3.40)
{2.1}

4
(4.08)
{7.4}

4
(5.10)
{2.4}

4
(6.36)
{1.4}

4

4
(2.68)
{3.1}

4
(3.16)
{1.7}

4
(3.72)
{1.2}

3
(4.02)
{1.1}

3
(4.98)
{4.4}

1
(5.96)
{0.9}

5

4
(2.56)
{8.1}

4
(3.02)
{8.2}

4
(3.56)
{1.5}

4
(4.68)
{1.8}

3
(5.24)
{2.2}

1
(6.30)
{0.0}

6

4
(2.52)
{1.8}

4
(3.12)
{7.6}

3
(3.46)
{2.6}

3
(4.26)
{4.6}

3
(5.16)
{2.2}

1
(6.24)
{0.9}

1)
Presented value is an average value of the diameters of residual indentations measured in five
test areas on the tested coating, calculated for a defined impact energy value.
2)
Presented value is the variability coefficient of diameters of residual indentations.

Coating 6 (containing 8% m/m Ac-POSS nanofiller) demonstrated plastic strain
ability without cracking, but only in the case of low values of impact energy.
Medium and high values of impact energy resulted in medium-sized cracks in
this coating, and even larger cracks for the highest impact energy (1972.7 mJ).

In summary, of the two reference coatings, varnish coating 1 (based on
polyether binder containing TTEGDA as a reactive acrylic monomer)
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proved to be less susceptible to damage (cracking) within the standard
range of impact heights (10-400 mm, corresponding to impact energies of
49.3-1972.7 mJ). Coating 3, based on the same organic precursors and
containing 8% m/m Ac-POSS nanofiller, was found to be the least
susceptible to cracking, within a broad range of impact energy values,
among the tested composite coatings.
Table 4 presents detailed results of the abrasion resistance tests of the
individual varnish coatings. Analysis of the calculated values of the WABR index
indicates that both for coatings based on polyether binder and for those based on
polyester structure, the abrasion resistance of the coating increased as the
content of Ac-POSS modifier increased. The WABR index values calculated for
composite coatings 2 and 3, containing 4% and 8% m/m Ac-POSS nanofiller,
were respectively 5.0% and 15.8% higher than the value obtained for the organic

Table 4. Abrasion resistance of tested coatings made of varnish compositions
applied and UV-cured on the surface of beech-veneered MDF board
Abrasion resistance of varnish coating
Code of
varnish
coating acc.
to Table 2

1)

1)

IPcor [rev]

Final assessment
IP 2)
[rev]
(Average coating
thickness [µm])

Abrasion resistance
index
WABR

Test
sample
no. 1

Test
sample
no. 2

Test
sample
no. 3

1

174

192

192

190
(188)

1.01

2

206

206

197

200
(189)

1.06

3

268

219

197

230
(196)

1.17

4

107

98

107

100
(81)

1.24

5

98

107

107

100
(77)

1.30

6

107

98

116

110
(81)

1.36

[rev/mm]

Value of IP parameter corrected taking into account the correction factor f=0.894 calculated for
the batch of abrasive paper used for abrasion tests of all varnish coatings
2)
Average value of corrected IP calculated for three test samples, rounded to the nearest 10
revolutions
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reference coating 1. Similarly, the WABR index values calculated for the

polyester-based composite coatings 5 and 6 (containing 4% and 8% m/m
Ac-POSS nanofiller) were respectively 4.8% and 9.7% higher than the
value obtained for the reference coating (no. 4). The WABR index values
calculated for coatings based on polyester binder containing acrylic
monomers (Tα-PGDA and Tβ-PGDA) were on average approximately
20% higher than the index values calculated for coatings based on
polyether binder (nos. 1, 2 and 3).
Figure 2 illustrates the differences in the values of the WABR index
observed for composite coatings modified with Ac-POSS additives in
comparison to the relevant reference coatings, as well as the differences in
abrasion resistance between both groups of tested varnish coatings
(polyether- and polyester-based).
Oligoesterol acrylated
(PETTA)/(Ta-PGDA + Tb-PGDA)

Oligoetherol acrylated
(PEGDA)/TTEGDA
1,50

Abrasion resistance index [rev/mm]

1,40
1,30

6
5

1,20
4
1,10

3

1,00
0,90

2
1

0,80
0,70
0,60
0,50
Reference coating

Composite coating – 4%
Ac-POSS

Composite coating – 8%
Ac-POSS

Type of varnish coating

Fig. 2. Abrasion resistance index values assigned to varnish coatings coded 1–6, UVcured on surface of beech-veneered MDF boards, depending on Ac-POSS content
and type of organic precursors in varnish composition
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It may be noted that the trend described above occurred for both types of
organic binders in the tested varnish coatings, while the intensity of the increase
in the coating’s abrasion resistance, observed for the same increase in the content
of Ac-POSS modifier, was higher in the case of polyether-based coatings. On the
other hand, varnish coatings based on polyester binder proved to be more
resistant to abrasion, while the increase in the content of Ac-POSS modifier in
those coatings resulted in a smaller growth in abrasion resistance.
Table 5 presents detailed results of evaluation of the adhesion of the tested
varnish coatings to the surface of the beech veneer. Analysis of the mean values
of tearing resistance calculated for varnish coatings 1, 2 and 3 did not indicate
any clear relation between the content of Ac-POSS nanofiller in the coating’s
structure and the coating’s adhesion to the beech veneer surface . However, as
the content of Ac-POSS nanofiller in composite coatings of that group (i.e. in
nos. 2 and 3) increased, changes were observed in the manner of tearing of unit
samples of the tested coatings. In the case of samples of reference coating 1, the
dominant manner of tearing, in percentage terms, was adhesive detachment at
the veneer/varnish coating boundary (A/B). Only for one of the six tested
samples of that coating a significant proportion of cohesive detachment (A) in
the base MDF was observed. In the case of composite coating 2, containing 4%
m/m Ac-POSS nanofiller, the dominant (in percentage terms) manner of tearing
of samples from the beech-veneered MDF board was still adhesive delamination
at the veneer/coating boundary. However, for at least one tested unit sample of
that coating, greater detachment at the varnish coating/glue joint boundary (-/Y)
was also observed. This manner of tearing also occurred on a much greater scale
(10-75%) for samples of composite coating 3, containing 8% m/m Ac-POSS
nanofiller.
Examining the test results obtained for polyester-based coatings on beech-veneered MDF boards (nos. 4, 5 and 6), it is found that in the case of both
coating 4 (with solely organic structure) and composite coating 5, the dominant
manners of delamination were cohesive tearing in the beech veneer layer (A)
and adhesive detachment at the veneer/coating boundary (A/B). In the case of
coating 6, containing 8% m/m Ac-POSS, it was observed that, distinct from
varnish coatings 4 and 5, samples of coating 6 on the beech-veneered MDF
board were delaminated almost exclusively through adhesive detachment at the
veneer/coating boundary (A/B). This means that the adhesion of coating 6
decreased compared with the reference coating (no. 4), if mean values of tearing
resistance for those coatings are considered. The analysis provides evidence that,
of the two tested groups of varnish coatings, the polyester-based coatings
exhibited better adhesion to the surface of beech veneer, and in their case
increasing the content of Ac-POSS modifier resulted in a change in the manner
of delamination following the strength test.

1)

1.459
[A90%,A/B10%]
1.259
[A5%,A/B95%]

1.184
[A3%,A/B87%,
-/Y10%]

1.451
[A2%,A/B96%,
-/Y2%]

1.284
[A5%,A/B75%,
-/Y20%]

1.400
1.361
[A40%,A/B60%] [A75%,A/B25%]

1.149
[A98%,-/Y2%]

1.214
[A2%,A/B92%,
-/Y5%,Y/Z1%]

1.264
[A95%,A/B5%]

1.214
[A2%,A/B96%,
-/Y2%]

2

3

4

5

6

No. 5

No. 6

1.190
[A5%,A/B85%,
-/Y10%]

1.11
1.348
1.337
[A50%,A/B48%,
[A5%,A/B95%]
[A5%,A/B95%]
-/Y2%]

1.266
1.206
1.267
[A5%,A/B95%] [A5%,A/B95%] [A95%,A/B5%]

1.35
1.311
1.400
[A5%,A/B95%] [A5%,A/B95%] [A5%,A/B95%]

1.100
[A/B25%,
-/Y75%]

1.176
1.2614
[A30%,A/B64%, [A2%,A/B97%,
-/Y5%,Y/Z1%]
-/Y1%]
1.358
1.259
[A5%,A/B80%,
[A/B85%,
-/Y10%,Y/Z5%]
-/Y15%]

Delimination types denoted with the literal symbols defined in PN-EN ISO 4624:2004.

1.363
[A5%,A/B95%]

1.138
[A/B40%,
-/Y60%]
1.120
[A/B35%,
-/Y65%]

1.405
[A5%,A/B90%,
-/Y5%]
1.440
1.142
1.236
[A5%, A/B92%,
[A/B95%,-/Y5%] [A/B95%,Y/Z5%]
-/Y3%]

1.244
[A2%,A/B87%,
-/Y10%,Y/Z1%]

1.168
[A3%,A/B93%,
-/Y3%,Y/Z1%]

1.193
[A5%,A/B80%,
-/Y10%,Y/Z5%]

No. 4

1

No. 3

No. 2

Unit test samples

Tearing resistance [MPa]
[Description of delamination type]1)

No. 1

Code of
varnish
coating
acc. to
Table 2

Table 5. Adhesion of tested UV-varnish coatings to the surface of beech veneer on MDF board

1.371

1.235

1.381

1.169

1.275

1.241

7.44

3.89

3.69

5.6

8.39

7.17

Variability
Average
value coefficient
[%]
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Conclusions
The results of the study showed that 4% or 8% m/m additions of Acrylo POSS®
nanofiller in varnish compositions based on oligoether binder resulted in
a distinct increase in the linear scratching resistance of the respective composite
coatings UV-cured on beech veneer on MDF board, in comparison with the
reference coating. On the other hand, changes in the susceptibility to cracking of
the composite coatings, resulting from the use of two different contents of the
POSS nanofiller, were manifested at medium and high values of impact energy
for polyether-based coatings, and already at medium values of impact energy for
polyester-based coatings. Both for coatings based on polyether structures and
those based on polyester binder, the results proved that the resistance of the
varnish coating to abrasion increased as the content of Acrylo POSS ® nanofiller
in the original varnish composition increased. Of the two tested groups of
varnish coatings, the polyester-based coatings demonstrated better adhesion to
the surface of the beech veneer, while composite coatings from that group
containing 4% or 8% m/m Acrylo POSS ® nanofiller demonstrated an average
adhesion to the veneer surface that was worse than or comparable to that of the
organic reference coating. The results obtained have been used as a basis for the
planning of further applied research on new ways to enhance the functional
properties of UV varnish coatings applied on wood surfaces.
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THE IMPACT OF AIR RELATIVE HUMIDITY ON THE
LENGTH OF LIFE OF THE BEETLE LYCTUS BRUNNEUS

Research was conducted on the life length of adult Lyctus brunneus Steph. beetles
[Coleoptera: Bostrichidae; Lyctinae] under laboratory conditions with air
relative humidity in the range 25-30% and above 90%. Both tested groups of
adults were kept at a temperature of 23 ±1°C. The average life length of adult
insects was 6.2 days in dry air conditions and 18.1 days in humid air conditions.
The difference of 11.9 days is statistically significant. Apart from the statistically
significant impact of air relative humidity on the life length of adults, the impact
of another factor was detected. It may be assumed that parasites played an
important role, also causing a reduction in the body length of adults of
L. brunneus.
Keywords: Lyctus brunneus, powder post beetles, air humidity, life length of
insects

Introduction
Lyctus brunneus (Steph.) [Coleoptera: Bostrichidae; Lyctinae] is listed as one of
the most dangerous species of wood boring insects. This cosmopolitan species is
widespread in all warm and moderate climate zones [Weinder 1967; Borowski
and Węgrzynowicz 2007]. It is believed to originate most probably from the
Indo-Malaysian region [Dominik and Starzyk 2004] or South America [Cymorek
1961]. As is the case with the closely related L. africanus, it is nearly impossible
to trace the species to its area of origin [Halperin and Geis 1999]. Among
insects, only the old house borer (Hylotrupes bajulus L.) and termites cause
greater problems in Europe by destroying the wood of structures [Dominik and
Starzyk 2004; Krajewski et al. 2015; Nowakowska et al. 2017].
Recently, the former family Lyctidae (including the discussed species) has
been reclassified as the subfamily Lyctinae (Billberg, 1820) of the family
Bostrichidae (Latreille, 1802) [Borowski and Węgrzynowicz 2007]. The view of
Lyctus brunneus as a dangerous wood boring insect, however, remains
unchanged [Weidner 1967; Adlbauer 1998; Dominik and Starzyk 2004].
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L. brunneus feeds on European wood species of industrial importance – oak, ash,
elm, walnut – as well as many tropical species [Dominik and Starzyk 2004]. It is
believed that beech (Fagus sylvatica L.) wood is not attacked by Lyctus
brunneus because of the low starch content in the wood [Cymorek 1975].
L. brunneus is the most important pest of light-coloured tropical timbers, and is
transported to Europe within the wood [Weidner 1967; Adlbauer 1998; Halperin
and Geis 1999; Dominik and Starzyk 2004; Krajewski and Mazurek 2010]. In
the second half of the 19th century and the first decade of the 20th century,
L. brunneus was introduced sporadically into several European countries for the
first time, but it became established only in England and Wales. In continental
Europe, it was introduced during the two decades after the Second World War,
particularly in Germany and neighbouring central European countries [Adlbauer
1998; Halperin and Geis 1999; Bussler 2009]. It is believed that it is most
probably established in Poland as well [Dominik and Starzyk 2004], as it is able
to survive long but moderate winters [Cymorek 1970].
L. brunneus is considered a dangerous threat to wood for two reasons: its
short period of development, and the ability of larvae to survive in very dry
wood. Peters et al. [2002] report that the development period for larvae ranges
from 2 to 18 months, but under adverse conditions the life cycle may last from
30 to 40 months or longer. Dominik and Starzyk [2004] observe similarly that
the development of one generation most typically lasts around one year.
However, given a high starch and protein content in the sapwood, in heated
rooms during winter, this can be reduced to about four months. Most of the
insect’s life consists of the larval stage. Wood damage is caused by larvae of
L. brunneus, developing in sapwood with a very low moisture content of
5.5-23.5%, with optimal value of 14% [Parkin 1943]. The moisture content of
the wood most commonly attacked by L. brunneus is estimated at around 8-10%
[Bussler 2009]. The ability to develop in such dry wood is not exhibited by other
dangerous European wood boring insects, such as Anobium punctatum De Geer
(Coleoptera: Anobiidae) or even Hylotrupes bajulus L. (Coleoptera:
Cerambycidae).
Because of this far-reaching degree of adaptation of L. brunneus larvae to
a dry environment, the question arises whether adult insects, living outside the
wood, are also as undemanding in terms of air relative humidity as the larvae –
especially since the literature describes wood attacked by the species in rooms
heated during the winter [Dominik and Starzyk 2004], where the air relative
humidity is very low. By comparing the life lengths of two test groups of adults
of L. brunneus, observed in environments with different air relative humidity, it
may be determined whether the adults are as resistant to a dry environment as
the larvae, and how great is the impact of air humidity on adult L. brunneus life
length. This was the objective of the experiment described below, concerning the
life length of adults of L. brunneus under conditions of different air humidity,
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with the assumption that two groups of results would be obtained, both
described by a Gaussian curve, but shifted in the X-axis.

Materials and methods
The opportunity to observe this invasive species of insect was provided by
a Polish wood-trading company, which imported samba wood (Triplochiton
scleroxylon K. Schum: Sterculiaceae) from western Africa and supplied it to the
Department of Wood Sciences and Wood Protection. The surface of the wood
was already covered with numerous holes, bitten out by adults of L. brunneus.
More adults of that species were still emerging from the wood, and these were
used in the experiment.
Adult insects, appearing on the surface of the wood, were successively
caught and placed in turn into conditions with air relative humidity of 25-30%
and with air relative humidity above 90%. Each adult insect was placed on
a Petri dish with a diameter of 50 mm, covered with filter paper. The conditions
of increased humidity were supplied by a wet ball of filter paper, placed on a
glass pad. Every day the wet ball was replaced with a new one. Each Petri dish
was covered with a lid. Each of the observed groups consisted of 38 adult
insects.
Both groups of L. brunneus adults were kept at a temperature of 23 ±1°C.
Every day the numbers of living and dead individuals were recorded, along with
the number of days they had survived.
Due to the unexpected deviation of the distribution of life lengths of the
beetles from a normal distribution, in both groups, the evaluation of the
statistical significance of the difference between average life lengths in wet and
dry environments required an appropriate test for such a situation. For that
reason, Chebyshev’s inequality was used to evaluate the significance of
mortality in each variant of the experiment. If the absolute value of the
difference of arithmetic mean values of mortality in both insect
groups [∣x̄1 − x̄2∣] was greater than or equal to triple the value of the standard
error of the difference [ 3( x̄1− x̄2 ) ] , i.e.:

[∣x̄1− x̄2∣]

⩾ 3⋅ε ( x̄1 − x̄2)

then the difference of the mean values was recognised as statistically significant.
Otherwise, it was considered accidental.
However, as the results obtained had been clearly deformed by an
unidentified factor, a preliminary attempt was made to explain the significance
of that unexpected phenomenon. In both groups, 124 adults of L. brunneus
which had left the wood were measured. This number included all of the
individuals used in the experiment. The conformity of the statistical distribution
of body length to a normal distribution was evaluated using Pearson’s chi-squared test, where:
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If χ2 ≥ 3, the difference between the obtained statistical distribution and a normal
distribution is considered significant.
The number of holes on the surface of the samba wood was also counted.
The number of holes left by adult insects in the two areas with the highest
density of holes (a total area of 20 cm2) was also recorded. The number of holes
per cm2 was calculated for the whole surface of the wood, as well as for the
areas with the highest density. Also, the average volume of wood per adult insect
was calculated.

Results and discussion
The results for the life length of the beetles in both test groups are shown in
table 1.
Table 1. Life length of L. brunneus adult insects living under conditions of low and
high humidity at a temperature of 23 ±1°C
Life length of adults
[in days]
1-3
4-6
7-9
10-12
13-15
16-18
19-21
22-24
25-27
28-30
31-33
34-36
37-39
40-42

Number of adults living
in air relative humidity
25-30%

Number of adults living
in air relative humidity above
90%

17
9
3
2
3
3
1
0
0
0
0
0
0
0
Total: 38 individuals

7
1
0
5
4
1
6
1
3
3
3
2
1
1
Total: 38 individuals
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The results for life length of adult L. brunneus, shown in the table on a threeday scale, were additionally regrouped on a six-day scale and are shown in
figure 1 to visualise the phenomenon more clearly.

Fig. 1. Life length of L. brunneus adults in air relative humidity 25-30% and in air
relative humidity above 90%.

The average life length of adult insects in the dry environment was 6.2 days,
while the average life length of adult insects in the humid environment was 18.1
days. A statistically significant difference of 11.9 days was obtained between
average life lengths of adult insects in the two groups [∣x̄1 − x̄2∣] . This
difference was larger than three times the standard error of the difference
between the average values [ 3( x̄1− x̄2 )=6.2 ] .
The results for the body lengths of randomly selected beetles are shown in
table 2.
Table 2. Body lengths of L. brunneus adult insects
Body length [mm]

Number of adults

2.5-2.7
2.8-3.0
3.1-3.3
3.4-3.6
3.7-3.9
4.0-4.2
4.3-4.5
4.6-4.8
4.9-5.1
5.2-5.5

7
34
29
22
12
9
5
3
1
2
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It was ascertained that the value of χ2 did not exceed or even reach 3. It was thus
concluded that the distribution of the beetles’ body lengths did not differ
significantly from a normal distribution.
The piece of samba wood used to obtain adult insects of L. brunneus had a
volume of 1138 cm3 and a surface area of 915 cm2. The total number of holes
left by the beetles on the surface of the wood was 320. Thus, the beetles caught
and used in the experiment constituted only about one-third of the total number.
The density of holes left by the beetles was about 0.35 holes per cm 2. In the
areas with the largest density of holes, the density reached 1.9 holes per cm 2.
The average volume of samba wood per adult was 3.6 cm3. This indicates a very
high L. brunneus population density in the wood used in the experiment. It has
to be taken into account that the calculated density refers only to individuals
which reached the imago stage and left the wood. The number of insects which
died as larvae, pupae or imagines inside the wood remains unknown.
Different stages of insect development have different needs in terms of air
humidity. The duration of development of eggs of L. brunneus is 6-7 days at
a temperature of 26°C and 12-20 days at a temperature of 15-20°C (Dominik
and Starzyk 2004). The air humidity plays a less significant role in the process.
Larvae of L. brunneus are among the wood-destroying insects able to adapt
to extremely low wood moisture contents. Various authors give similar data,
though differing in details, on the moisture content of wood in which larvae are
able to grow: 5.5-23.5% [Dominik and Starzyk 2004], 8-25% [Parkin 1943;
Bootle 1983; Peters et al. 2002], or 8-30% [Liu et al. 2008]. Howick [1968]
suggested a more restricted range of 10-20%. Bussler [2009] states that the
minimal value enabling the development of larvae is 7-8%. The optimal
moisture content for larvae of L. brunneus is estimated at 14% [Dominik and
Starzyk 2004] or 15% [Peters et al. 2002]. Few wood boring insects in Europe
match L. brunneus in this respect. Among the most dangerous wood boring
insects, in the case of the old house borer (Hylotrupes bajulus L.: Coleoptera:
Cerambycidae) the minimal value of wood moisture for the development of
larvae is around 8-10%, and in the case of common furniture beetle larvae
(Anobium punctatum De Geer: Coleoptera: Anobiidae) it is around 15% or more.
Also, the optimal value of wood moisture for both species is around the
saturation point for the fibres, i.e. 28–30% [Dominik and Starzyk 2004].
Moisture content in the bodies of insects living in wood in the wild typically
ranges from 70% to 95%. Most species of insects living in buildings do not
regularly feed on food with a moisture content lower than 30%. Larvae of
Stegobium paniceum L. (Coleoptera: Anobiidae) consume food with a 6-15%
moisture content, and the moisture content of their bodies is estimated at 58.9%
[Van Emden 1929]. The larvae of some species of clothes moths (Lepidoptera:
Tineidae) consume food of around 10% moisture content, while the moisture
content of their bodies is even lower than that of the aforementioned species, at
around 52.2%, falling to as low as 42% [Van Emden 1929].
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Adults of the old house borer and the common furniture beetle, bred in
laboratory conditions, always attach to wet balls of filter paper, which suggests
that they require a highly humid environment. Similar behaviour was observed
with L. brunneus adults. The results of the experiment show the importance of
the environment to adults of wood boring insects, even those which developed as
larvae in relatively dry wood.
The statistical distribution of life lengths of L. brunneus adults, differing
from a normal distribution, clearly points to an additional factor apart from the
relative humidity of air. In spite of that additional factor, the results prove that
adults of L. brunneus exhibit a higher demand for humidity of the environment
than the larvae, which have adapted to life and development in very dry wood.
Almost all of the adults of L. brunneus kept under conditions of air relative
humidity between 25% and 30% were dead after three weeks, and the last
individual died after six weeks. The average life length of adults of L. brunneus
with air relative humidity above 90% was three times greater than when the
humidity was 25-30%. It should be noted that according to Dominik and Starzyk
[2004] the average life length of L. brunneus adults is around two weeks. Liu
et al. [2008] report that adults of Lyctus sp. can live longer than 30 days. In the
present experiment, under high humidity conditions, 20 individuals (53% of the
test group) lived longer than 15 days, 11 individuals lived longer than 30 days,
and 1 individual lived as long as 41 days. Under conditions of air humidity
between 25% and 30%, only 4 individuals (around one-tenth of the group) lived
longer than 15 days.
It has long been known that female adults of L. brunneus bite the surface of
wood [Parkin 1936; Bletchly 1960; Dominik and Starzyk 2004]. Experiments
conducted by Kartika and Yoshimura [2013] on the related species L. africanus
(Col.: Bostrichidae) prove that starch and sugar are vital nutrients for
L. africanus (Lesne) and may attract adult females to lay their eggs. Also, diet
composition is suggested to influence the fecundity of adults of L. africanus.
Polysaccharides consumed and digested by female adults of Lyctus sp., as well
as L. brunneus, undoubtedly allow them to supplement (at least to a certain
degree) the water stored in their bodies.
Under experimental conditions, the only source of water for the adults of
L. brunneus were the wet balls of filter paper. The water was either licked from
the balls or absorbed through stigmas in the form of steam. All individuals sat on
the wet balls. In the experiments, adult insects in the environment of 90% air
relative humidity had no opportunity to feed on appropriate material to
supplement the water in their bodies by digesting starch and sugar from the food.
Adult insects living in the extremely unfavourable environment of 25-30%
air relative humidity had no opportunity to feed or to supplement the water in
their bodies even by absorbing steam through stigmas. Although all individuals
sat in gaps in the balls, they could use them only as a form of shelter.
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The wood of Triplochiton scleroxylon is known as samba, and locally or in
trade also as obeche, wawa, ofa, sam, ayous, aréré or obechi. The organisms
primarily listed in the literature as causing degradation of samba wood are
Bostrichidae (Col.) including Lyctinae, and Cerambycidae (Col.), as well as
molluscs (Mollusca: Lamelibranchiata; Teredinidae and Pholadidae) [Wagenführ
and Scheibler 1989]. The presence of L. brunneus in samba wood is thus not
unexpected. The average volume of wood per adult insect leaving the
investigated piece of samba wood was 3.6 cm3, which indicates a very large
population density, given that numerous individuals may have died earlier in the
larval or pupal stages. In the places with the largest density, 38 holes were found
in an area of 20 cm2 (two holes per cm2). Such a large density of individuals in
the larval stage of development favours predator and parasite attacks. Predator
species previously reported as attacking larvae of L. brunneus include Tetreus
picipes F. (Coleoptera: Histeridae) and Tarsostenus univitatus Rossi (Col.:
Cleridae) (Thompson and Simonds 1965). However, in the investigated piece of
samba wood no other insect (or arthropod) species was identified apart from
L. brunneus.
It seems that the cause of the anomalies in life lengths of the L. brunneus
adults in the experiment, and of the large number of individuals living for
a relatively short time, is probably an internal parasite, such as a microorganism
or nematode. No information was found in the literature in this regard. It seems
that such parasites may reduce the population and limit the spread of this
dangerous wood boring insect in the same way that saprobionts significantly
reduce the population of the common furniture beetle. The identification of
parasites of L. brunneus and their impact on the invasive abilities of this
dangerous wood boring insect requires further research, going beyond the
preliminary stage of experiments conducted by the authors.
The activity of the presumed parasite, significantly reducing the life lengths
of L. brunneus adults, did not cause a deviation from the normal distribution of
body lengths of the tested individuals. A normal distribution of body lengths was
also observed for a group of adults of the related species Lyctus planicollis Le
Conte (Col.: Bostrichidae), not attacked by parasites [Kurir 1969]. The adults are
up to 7 mm long [Hickin 1963; Peters et al. 2002], but most often their body
lengths range from 3 to 5 mm [Dominik and Starzyk 2010]. However, for the
tested group of adults of L. brunneus, as many as 78% were placed in the
2.5-3.6 mm class, with a peak between 2.8 and 3.3 mm. It seems that not only
the trophic factor, but also the presumed internal parasite, resulted in shorter
body lengths.

Conclusions
The results of the experiment lead to the following conclusions concerning
factors reducing the spread of L. brunneus.
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A dry air environment, typical of the interior of buildings heated in winter
(which is standard in Europe nowadays), causes reduction in the life lengths of
adult insects, down to as little as one-third of the length of life in a humid air
environment, even though the larvae are adapted to living in very dry wood.
In the experiment, another factor was visible having a serious impact on the
life lengths of L. brunneus adults. It may be assumed that with a large density of
individuals in the wood, larvae and pupae of L. brunneus can be severely
attacked by parasites, which can lead to the faster extinction of a large number of
adults, and to a large number of shorter individuals emerging from the wood.
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THE INDUSTRIAL SIGNIFICANCE
OF NEW TECHNOLOGY IN THE PROCESS
OF ASYMMETRICAL VENEERING
OF WOOD-BASED COMPOSITES

Empirical research was carried out to determine the significance of new
technology in the process of asymmetrical veneering of wood-based panels
applied in the furniture industry. The study was conducted in two stages. The first
of them comprised a questionnaire survey conducted among 80 medium and large
Polish furniture enterprises. The second stage involved individual in-depth
interviews. Twelve representatives from the furniture industry took part in
qualitative research (CEOs, owners, technologists) along with nine experts
representing research and development units connected with the furniture
industry. On the basis of the research, the frequency of emergence of factors
influencing the process of asymmetrical veneering of wood-based panels was
determined. In addition, in-depth analyses were carried out involving the
application of a subjective score-based evaluation of the problems of
implementing this technology in the production process. This evaluation made it
possible to identify problems from the point of view of a company currently
conducting the process of veneering wood-based panels, or planning to implement
this process. It may have an immediate effect in improving technological
operations, while at the same time increasing the quality of the products sold.
Keywords: new technology, wood-based composites, veneering process,
furniture industry, in-depth interviews

Introduction
As Hilletofth and Eriksson [2011] suggest, the value advantage, price,
technological sophistication, and innovativeness of a product are common
characteristics that affect the product’s success. Many studies have demonstrated
that customer-oriented products have the best chance of succeeding [Dickson
1974; Levitt 1980; Harmancioglu et al. 2009; Kotler and Armstrong 2010;
Grzegorzewska and Stasiak-Betlejewska 2014]. With products based on
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renewable natural resources from forests, the furniture sector is well-placed to
provide products that enhance long-term environmental, economic and social
sustainability [Daian and Ozarska 2009]. Sustainability in the furniture industry
is heavily dependent on the selection of materials for sustainable product design
[Papadopoulos et al. 2014]. The need for innovation and creativity in forest
products is a necessity for a sustainable worldwide forest products industry
[Ratnasingam et al. 2013]. Furniture manufacturers are currently paying special
attention to environmental and innovative concerns in order to differentiate their
products from those of competitors, and also to enter the emerging markets for
green products [González-García et al. 2012]. Within the furniture industry, this
strategic choice is related to the development of eco-furniture [Papadopoulos
et al. 2014].
Most existing research shows a forest products industry that is focused on
process innovation [Hovgaard and Hansen 2004; Hansen 2010; Cicala et al.
2013; Grzegorzewska and Więckowska 2016b]. A growing number of new
technologies are becoming available within the wood-processing industry that
can improve the quality of wood products, reduce costs, and enhance working
conditions [Çaushi and Marku 2014]. As Daian and Ozarska [2009] indicate,
wood is the most abundant biodegradable and renewable material available,
hence there are still numerous reasons to maximise its utilisation. The objective
of the present study was to investigate furniture manufacturers’ perceptions
about the use of new eco-technology in the asymmetrical veneering process.
This area has not been previously explored, and the selected research methods
have not been applied in this context to date.

Literature background
Forests, and wood as a material in general, play an important role within the
context of ecology, because they have the potential to offer green alternatives to
unsustainable developments, and represent one of the few natural renewable
resources [Daian and Ozarska 2009]. Today, consumer demand for high-quality
furniture [Çaushi and Marku 2014] and customer awareness of ecological
changes [Daian and Ozarska 2009] are leading to technological improvements.
Many furniture consumers are price-sensitive, and distributors therefore focus on
low-cost production. However, there is demand for furniture in all price ranges,
as several researchers have indicated [Sun and Hammett 1999; Hilletofth and
Eriksson 2011]. Wood, when compared with other raw materials used in
furniture-making, exhibits several superior attributes, such as reliability and the
fact that it is not only environmentally friendly, but also attractive in appearance
and highly valued [Pakarinen 1999]. Eco-furniture, as the outcome of
implementing green strategies, may represent an important competitive
advantage for furniture firms [Papadopoulos et al. 2014]. The consumer
perception that wood is attractive and fashionable provides a combination of
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attributes that is difficult for substitutes to achieve [Çaushi and Marku 2014].
For Polish customers, wood is preferred to non-wood materials principally
because of its ecological properties, environmental appropriateness, renewability
and naturalness, as well as its tradition and its good health and safety properties
[Paluš et al. 2012]. Nevertheless, in addition to the threat of substitutes, the
shortening of product life-cycles imposes many requirements on the designer
and others involved in the product development process [Pakarinen 1999; Cao
and Hansen 2006; Roosa et al. 2014]. The product life cycle in the furniture
industry is not related to the innovativeness of the product. There are products,
colours and materials that go in and out of fashion, but these are the same for all
price segments [Hilletofth and Eriksson 2011].
Veneer is among the most highly regarded wood products. Veneer represents
the highest added value for the material, and is often used as a surface coating
because of its decorative appearance [Buchelt and Wagenführ 2008; Blomqvist
et al. 2013]. Veneer is a thin sheet of wood, generally within the thickness range
from 0.3 to 6.3 mm (0.01 to 0.25 in.), used in a laminate [Gooch 2011]. In
mechanical terms, veneer is a very thin plane coating material and behaves like
a plate. Because of this, and given the known limits of stress due to excessive
tensile stress or strain, there are additional problems with stability. Generally, the
strong anisotropic behaviour of wood complicates its use in the coating process
[Wagenführ et al. 2006], especially when using the asymmetrical veneering
technique. For the coating of particleboard or fibreboard surfaces, symmetrical
and asymmetrical lamination techniques are used [Bulian and Graystone 2009].
The second of these methods depends on covering wood-based panel surfaces
with valuable veneer (for example mahogany, ebony, wenge) on the exposed
side, and with veneer made from inexpensive species such as poplar, pine, alder,
etc. on the unexposed side. This method is environmentally friendly and may
help reduce consumption of endangered species in furniture-making.
Nevertheless, coating the surfaces of wood-based boards in this way, as
mentioned above, leads to some problems of a technological nature. Therefore, it
is the subject of simultaneous ongoing research projects [Oleńska et al. 2011;
Oleńska et al. 2014a; Oleńska et al. 2014b]. The behaviour of veneer strictly as
a coating material is not discussed in the present article. The aim of this study is
to determine how Polish furniture manufacturers perceive asymmetrically
veneered wood-based boards as a furniture material, and to determine the main
types of technological risk associated with their production.
Çaushi and Marku [2014] indicate that employees are much more likely to
accept and adapt to a new process when it forms part of planning and
implementation procedures. Studies are currently being conducted on innovative
eco-glue and the method of asymmetrically veneering wood-based boards with
two different species of wood. For these reasons, in the present research, Polish
furniture manufacturers were asked, for example, about the most important
determinants of the implementation of the method at their companies, or to
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indicate the most urgent issues requiring improvement in the process. Even the
best technology system is useless if end users fail to adapt their work processes
to include it [Çaushi and Marku 2014]; therefore the need for a better
understanding of furniture manufacturers’ preferences is an essential part of the
success of technological projects [Grzegorzewska and Więckowska 2016a]. On
the other hand, Potter [1989] suggests that product innovation should lower
customers’ costs and help them make financial savings. Reguia [2014] claims
that this is regarded as a basic element in achieving customer satisfaction and
realising customers’ wishes. For these reasons, both the manufacturers’ and the
customers’ points of view were taken into consideration in this study.

Materials and methods
The primary goal of the research was to determine the significance of new
technology in the process of asymmetrical veneering of wood-based panels
applied in the furniture industry. The first stage comprised a questionnaire
survey carried out among 80 medium and large Polish furniture enterprises. The
analyses were conducted between September and October 2015. At that time,
there were 462 companies in the Polish wood market with 50 or more
employees. It follows that the study covered 17% of that population. At this
stage, the applied research tool was a survey questionnaire comprising 31
questions divided into four parts:
I – information on the enterprise;
II – the development and innovativeness of the enterprise;
III – the technology used for processing of wood-based panels;
IV – information on the respondent.
The second stage comprised qualitative research aimed at gathering expert
opinions on the subject of chosen aspects of asymmetrical veneering of wood-based panels applied in the furniture industry. The research was conducted in
December 2015 and January 2016. The technique used here was individual in-depth interviewing. The interviewees were 12 representatives of the furniture
industry (CEOs, owners and technologists) and nine experts representing
research and development units carrying out work related to furniture. The
quantitative research resulted in 42 stenographic records.
An important aspect of the empirical research was the acquisition of
opinions from furniture producers about current problems occurring in the
technological process of veneering wood-based panels, namely problems that are
directly connected with or may be a product of this process. In this regard, the
frequency of occurrence of certain factors influencing the success or failure of
the process was also analysed. Additional in-depth analysis involved the
application of a subjective score-based evaluation of the problems of
implementing asymmetrical veneering of wood-based panels in the production
process. For this purpose, a procedure was used to calculate the weighted value
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of an object. This is a research procedure that consists in quality analyses of
objects in terms of their designated use or functionality. The stages of this
procedure are as follows [Stabryła 2011]:
1. Development of the template for an assessment of the object;
2. Selection of aspects of preferences;
3. Determination of weightings of assessment criteria;
4. Scoring and final classification of the object.
In the last of the above stages, the object is scored based on the degree to
which it meets the specified requirements, e.g. standards, functionality and level
of quality. The object is then classified according to its weighted value. This is
expressed by the following formula [Stabryła 2011]:
V ij =w j⋅q ij
where Vij is the weighted value of object i according to the jth assessment
criterion, wj is the weight of the jth assessment criterion, qij is the score of object
i according to the jth assessment criterion, i = 1, ..., m denotes objects, and
j = 1, ..., n denotes the assessment criteria.
The aggregate weighted value Ai is calculated from the formula:
n

Ai =∑ V ij
j=1

The aim of the research was to evaluate the problem from the point of view
of particular companies currently conducting the process of veneering woodbased panels or planning its implementation. The respondents graded each of the
10 indicated factors that may contribute to the failure of the process with a score
from 1 to 10. The higher the score, the more that factor will increase the negative
impact (i.e. become a problem). Figures reported here are averages of all scores
assigned by the respondents. Next, on the basis of the quantitative research, the
identified technological problems were given weightings to reflect the
significance of the factors potentially determining the failure of the undertaking.
The weightings were determined on the basis of information gathered from
furniture manufacturers and experts. The less frequent the emergence of the
problems with the highest weightings, the greater the chances of success
(indefectibility) of the conducted process.

Results and discussion
It was found that the process of veneering is applied by 25% of the researched
enterprises. Of these, 75% use the technology of asymmetrical veneering of
chipboards. The same percentage of companies apply the method of
asymmetrical veneering in the case of MDF boards. In this process, the materials
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most often used for processing chipboards and MDF boards are artificial veneer
(paper, foil) as well as laminate.
Respondents were asked which factors have a decisive influence on the
introduction into the production process of the technology of asymmetrical
veneering of wood-based panels (respondents were asked to indicate the three
most important factors). The most important determinant was considered to be
customers’ tastes (58.8% of respondents selected this option). Other important
factors included the intended use or function of the piece of furniture (in certain
types of furniture the technology of asymmetrical veneering may be more
successful than in others), and current fashion. These were indicated respectively
by 36.3% and 30.0% of respondents. The determinant of least significance when
taking a decision on the implementation of asymmetrical veneering of wood-based panels was the price bracket of the furniture. Only 16.3% of those
interviewed indicated this factor as important. In addition, 18.8% of respondents
indicated the availability of certain technologies within the enterprise as a factor
determining the implementation of asymmetrical veneering of wood-based
panels (Fig. 1).

Fig. 1. Determinants of the implementation of asymmetrical veneering of wood-based panels [%]
Source: own study.

The implementation of a new technology requires, first of all, the
identification of problems and technological barriers. Among the emerging
production difficulties indicated by the respondents in connection with the
process of veneering wood-based panels were the unsatisfactory adhesion of
veneer to the wood-based panel, as well as problems with the choice of
parameters of the veneering process (Table 1). Moreover, 10% of those
interviewed indicated the issue of stresses deforming the elements. The
following phenomena were also mentioned: low efficiency of glue (75%), glue
lumps under the veneer layer (55%) and difficulties with applying the glue
(45%). Among the problems occurring with low frequency in the process of
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veneering wood-based panels, the following were indicated: difficulties with
selecting the veneer set (85% responded ‘rarely’) and excessively long bonding
time (85% ‘rarely’).
Table 1. Evaluation of frequency of emergence of particular factors in the process
of asymmetrical veneering of wood-based panels [%]

Item

Factor

Frequency of emergence of
factor [%]
rarely

often

very
often

1

Presence of stresses deforming the elements

40

50

10

2

Lack of dimensional stability of elements

60

40

0

3

Unsatisfactory adhesion of veneer to wood-based panel

35

40

25

4

Glue lumps under the veneer layer

30

55

15

5

Difficulties with cleaning the glue-spreading installation

60

40

0

6

Difficulties with selecting veneering process parameters

40

35

25

7

Difficulties with applying the glue

55

45

0

8

Low efficiency

25

75

0

9

Difficulties with selecting the veneer set

85

15

0

10

Excessively long bonding time

85

15

0

Source: own study.

The results of the quantitative and qualitative research were used to make
a score-based evaluation of the problems connected with implementing the
asymmetrical veneering of wood-based panels in real production conditions
(Table 2). In the questionnaire, respondents gave each of the 10 indicated factors
a score from 1 to 10. The higher the score, the greater the degree to which the
factor exerts a negative influence on (is a problem for) the process. The figures
reported here are averages of the scores given by all respondents. Next, on the
basis of the quantitative research, the factors were given weightings to reflect the
significance of the factor in determining failure of the undertaking. The less
frequent is the occurrence of the problems with the greatest weightings, the
greater are the chances of success (indefectibility) of the process. The
weightings were determined on the basis of information acquired from furniture
producers and experts from research and development units in the course of the
study (expert interviews and questionnaire).
Next, the weightings were multiplied by the corresponding evaluations, and
the resulting values were summed to arrive at the aggregate subjective value of
the problems connected with the process of veneering wood-based panels.
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Table 2. Weighted evaluation of the emergence of certain problematic factors in the
process of asymmetrical veneering of wood-based panels
Item

Factor

Weighting

Evaluation

Weighting
× evaluation

1
2
3

Presence of stresses deforming the elements
Lack of dimensional stability of elements
Unsatisfactory adhesion of veneer to the woodbased panel
Glue lumps under the veneer layer
Difficulties with cleaning the glue-spreading
installation
Difficulties with selecting the veneering
process parameters
Difficulties with applying the glue
Low efficiency
Difficulties with selecting the veneer set
Excessively long bonding time

0.12
0.06
0.18

5.6
4.6
6.7

0.7
0.3
1.2

0.16
0.06

6.5
4.6

1.0
0.3

0.16

6.5

1.0

0.07
0.11
0.04
0.04

4.8
5.8
3.8
3.8

0.3
0.6
0.2
0.2

–

5.8

4
5
6
7
8
9
10

The aggregate weighting value is 1 (100%)

1

Source: own study.

In total, the problematic factors in the process of veneering wood-based
panels received 5.8 out of the maximum of 10 points (the greater the value of the
weighted evaluation, the greater the negative influence on the process). This is
slightly more than average. The factor contributing most to this total is the
unsatisfactory adhesion of veneer to the wood-based panel. This factor had the
highest weighting (0.18), and respondents also scored it highly in terms of its
influence on problems emerging in the analysed process (6.7 points). As a result,
the weighted evaluation of this factor was the greatest among all of the factors,
amounting to 1.2 points. Other factors that are a source of technological
problems for manufacturers are glue lumps under the veneer layer (weighting
0.16, evaluation 6.5) and difficulties with selecting the veneering process
parameters (weighting 0.16, evaluation 6.5). Both of these problems obtained the
same weighted evaluation of 1.0. Difficulties with selecting the veneer set and
excessively long bonding time were indicated as the least negative factors for the
process of veneering (both had a weighting of 0.04 and an evaluation of 3.8).
Apart from indicating areas requiring improvement, the interviewees also
indicated the actions that they have taken in their enterprises to improve the
processing of wood-based panels with veneer (Fig. 2).
It was found that in the analysed enterprises, actions were introduced
primarily with the aim of eliminating the technological problems that most
influence the visual effect of the end product. Among them are stresses
deforming the elements (47% of responses), and damage occurring in internal
movement and transport of goods (about 41% of responses). The taking of such
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Fig. 2. Technological improvements introduced in the processing of wood-based
panels with veneer by the researched enterprises [%]
Source: own study.

actions signifies that furniture producers are aware of the possibility, or even the
necessity, of improving the process of veneering wood-based materials. On the
other hand, 24% of responses referred to changes in the application of glue, and
an average 27% referred to pressing parameters (time, temperature, pressure),
indicating that knowledge regarding the possibilities of preventing the
emergence of technological problems in this area is limited. It turns out that the
suggested innovative solutions are still unavailable on the market.
Additionally, the respondents indicated technological operations which, in
their opinion, remain problematic and require the immediate introduction of
improvements (Fig. 3). These include the grinding of edges finished with the use
of a natural wood edge band (44% of responses), lacquering of veneered
elements (about 43%) and preparation of veneer sheets (about 41%).
However, among the most important and most needed innovations connected
with the asymmetrical veneering of wood-based panels, as indicated by the
respondents, were the application of new, fully environmentally friendly glue
(about 53% of responses) and the introduction of new linings (43% of responses)
(Fig. 4).
Every third respondent expressed an interest in the application of new
veneering technology with regard to adjustment of the parameters of the
production machinery. Aspects connected with shortening the glue bonding time
and simplifying its application appear slightly less important.
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Fig. 3. Technological operations in processing wood-based panels with veneer that
require immediate improvements in implementation [%]
Source: own study.

Fig. 4. Innovations in the processing of wood-based panels with veneer, regarded as
necessary by respondents [%]
Source: own study.

Conclusions
The primary goal of the empirical research was to determine the significance of
new technology in the process of asymmetrical veneering of wood-based panels
applied in the furniture industry. The research was conducted in two stages. The
first stage comprised a survey questionnaire conducted among 80 medium and
large Polish furniture enterprises. The second part of the research involved
individual in-depth interviews. Twelve representatives of the furniture industry
took part in the qualitative research, as well as nine experts representing research
and development units connected with the furniture industry.
Among the factors having a decisive influence on the implementation of
technology of asymmetrical veneering of wood-based panels in the production
process, the most frequently indicated was customers’ tastes – selected by almost
60% of respondents. Other important factors were the intended use or function
of the piece of furniture, and current fashion. Among the least important factors
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when deciding on the introduction of asymmetrical veneering of wood-based
panels were the price bracket of the furniture and the availability of certain
technologies at the enterprise.
The qualitative research indicated that unsatisfactory adhesion of the veneer
to the wood-based panel has the greatest negative influence on the process of
asymmetrical veneering of wood-based panels. This factor received the highest
weighted evaluation (1.2). Other factors that are a source of technological
problems are glue lumps under the veneer layer (weighted evaluation 1.0) and
difficulties with selecting the veneering process parameters (weighted evaluation
1.0). The factors with the least negative influence on the veneering process,
according to respondents, were difficulties in selecting the veneer set and
excessively long bonding time (both of these factors received a weighted
evaluation of 0.2).
The surveyed companies indicated the actions that they have taken to
improve the processing of wood-based panels with veneer: first of all,
eliminating stresses deforming the elements (47% of responses) and preventing
damage in the internal movement and transport of products (about 41% of
responses). They also indicated technological operations that, in their opinion,
remained problematic and required the introduction of improvements. These
comprised: grinding of edges finished with the use of natural wood edge band
(44% of responses), lacquering of elements with natural wood veneers (about
43%), and the preparation of veneer sheets (about 41%).
The research indicates that manufacturers of veneered furniture are
interested in the introduction of innovative improvements in the processing of
wood-based panels with veneer. Those which they would like to implement in
their enterprises relate primarily to the application of new, fully environmentally
friendly glue (about 53% of responses) and the introduction of new linings for
the veneering process (43% of responses).
The research was conducted among medium and large furniture companies.
Therefore, on the basis of the results obtained, there is limited possibility to
make inferences about technological problems in micro and small furniture
enterprises, which may have somewhat different production processes. In
addition, only selected technological problems occurring in the implementation
of the modern technology were analysed. Therefore, due to the great importance
of the issues addressed for the productivity, profitability and competitiveness of
Polish furniture enterprises, it is proposed that further research should be
conducted in this area.
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TAXATION OF THE USE OF FOREST RESOURCES:
THE CASE OF THE RUSSIAN FEDERATION

Our research is driven by the fact that only a small part of the forest resources
in the Russian Federation is economically effectively used. Therefore, the main
contribution of this paper is the construction of a model for calculating forest
rents, a model that includes elements for achieving efficient and sustainable
forest management. The model is based on an analysis of the weaknesses of the
existing forest management systems, the identified advantages of various
existing methodological approaches, and consideration of certain specificities
of forest wealth in the Russian Federation. The model is based on a calculated
forest rent, which is, for the amount above the minimum rent, based on different
determinants, both regionally specific as well as related to the specifics of the
forest’s uses, rate of utilization, sustainability of methods, forest reproduction
and others.
Keywords: forest resources, Russian Federation, taxation, forest rent

Introduction
According to the FAO Global Forest Resources Assessment [FAO 2015], as at
2015, the world’s largest forest territories are located in the Russian Federation:
815 million hectares, or 20.4% of the total forest area of the world (compared
with 12% for Brazil, 9% for Canada, 8% for the USA and 5% for China). The
total area of land in the Russian Federation (RF) on which forests are located,
according to the State Forest Register’s report as at 1 January 2016, amounted to
1184.1 million hectares, including 1146.3 million hectares of forest fund land, of
which the area of reserve forests (RF forests that do not plan to harvest timber
for twenty years) is 268.5 million hectares [Ministry of Natural Resources and
Ecology of the Russian Federation 2016].
In terms of the stock of wood, Russia is second to Brazil, with 81.5 billion
cubic metres or 15.4% of the world’s stock, which is explained by the lower
Anastasiia GRINKEVICH (Tasya-g89@mail.ru), National Research Tomsk State University,
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172

Anastasiia GRINKEVICH, Larisa Sergeevna GRINKEVICH†, Samo BOBEK, Polona TOMINC

forest cover (defined as the ratio of forest area to the total area of the country),
amounting to 49.8%. For comparison, the forest cover in Brazil is 59%
(96.8 billion cubic metres of wood), 67.3% in the Republic of the Congo, 65.4%
in Zambia, 57.8% in Peru, 53% in Indonesia and 52.7% in Colombia [Filipchuk
et al. 2017]. Russian regions are characterized by different areas of forest land,
as well as forest cover. The highest levels of forest cover are found in the Irkutsk
region (83.1%), the Komi Republic (72.7%) and Perm Krai (71.5%).
However, only a small part of Russia’s forest resources is economically
effectively used. Thus, the RF accounts for only about 6% of the world’s official
harvesting volume [FAO 2015] and 3% of the world timber trade.
There are several reasons for this situation in the forest sector, associated
with the natural conditions on one hand and with the development of the
economic system on the other. There is severe competition on the world market,
with countries that have advantages due to more favourable composition of
forest species, higher coefficients of forest cover, better developed infrastructure,
greater processing and innovative technological processing of forests, and the
cultivation of genetically modified forests. Additionally, there is extreme non-uniformity of forest locations in the RF – the most valuable logging areas are in
hard-to-reach regions with severe climatic conditions, while at the same time the
infrastructure development of the majority of logging areas is very poor, which
increases the cost of products and reduces the attractiveness of investment in the
sector. In addition, the low rate of natural forest regeneration also affects the
attractiveness of investment. There is also a tendency in the RF for unfavourable
changes in the composition and properties of the forests: the average stocks of
wood per hectare are decreasing, and the average age of coniferous and mixed
stands decreases with the active aging of soft-leaved forests, which results in
cluttering, decay of forests, loss of technical qualities and deterioration of the
overall sanitary condition. On top of this, the lack of an effective economic
mechanism for stimulating forest use and forest regeneration increases the
prevalence of illegal logging and undeclared exports of wood and timber
products.
An important and concerning characteristic in the RF is a tendency for total
costs of reforestation and forestry conservation to exceed the amount of proceeds
from the use of forests (see Table 1). At the same time, the ratio of the fee rate
per cubic metre to the cost of wood is about 3% (see Table 2), which is about 10
times less than in Canada and 26 times less than in Sweden. Also extremely low
is the ratio of payments for the use of forests to the total amount of tax revenue
under the consolidated budget of the Russian Federation, which is just 0.2% (see
Table 3).
All of the above confirms the need for significant change in the
organizational and economic mechanisms of forest resource management.
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Table 1. Expenses and payments in the forestry sector for the Russian Federation in
total for the period 2011–2015, in billion roubles [Rajmhen 2016]
Indicators

2011

2012

2013

2014

2015

Expensesa

28.9

32.0

34.8

36.8

34.5

b

Payments :
– to the federal budget
– to the budgets of entities of the RF

21.6

22.6

23.2

25.4

26.5

16.3
5.3

17.0
5.6

17.4
5.8

19.1
6.3

19.6
6.9

a – Expenses for the development of forestry; b – Receipts of payments for the use of forests.

Table 2. Ratio of producer prices and rates of payment for harvesting of wood from
forest stands in the Russian Federation, roubles per cu. metre [Rajmhen 2016]

Minimum rate of payment
Average rate of paymenta
Average producer price:
– for coniferous timber
– contribution of the average rateb
– for hardwood timber
– contribution of the average ratec

2011

2012

2013

2014

2015

33.3
48.3

32.2
47.4

31.3
46.2

32.5
48.5

34.6
52.6

1579.7
3.06
1568.5
3.1

1600.5
2.96
1534.3
3.1

1605.5
2.87
1412.8
3.27

1752.5
2.77
1337.5
3.63

1898.1
2.77
1568.9
3.35

a – Average rate of payment for 1 cubic metre of harvested wood; b – Ratio of the average rate of
payment for 1 cu. m of harvested wood to the average producer price for coniferous timber, %;
c – Ratio of the average rate of payment for 1 cu. m of harvested wood to the average producer
price for hardwood timber, %.

Table 3. Contribution of payments for the use of forests to the total amount of tax
revenue under the consolidated budget of the Russian Federation in the period
2005–2015, in billion roubles [Finance of Russia 2017]

Total tax revenuesa
– of which receipts of
payments for forest use
Contribution of paymentsb

2010

2011

2012

2013

2014

2015

7695.8

9720.0

10959.3

11327.2

12670.2

13788.3

19.9

21.6

22.6

23.2

25.4

26.5

0.26

0.22

0.21

0.20

0.20

0.19

a – Total tax revenue under the consolidated budget; b – Ratio of payments for forest use to the
total amount of tax revenue under the consolidated budget, %

It should be noted that great expectations were attached to the enactment of
the Forest Code of the Russian Federation [2006], under which, while
maintaining the federal state ownership of forests, the management of forests
was transferred to the level of the Russian federal subjects, and the
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implementation of economic management, protection and regeneration of forests
was transferred to forest lessees.
To date, it is clear that the introduction of the Forest Code has not improved
the state of the forestry sector: the balance of relations in the forestry complex
has been disturbed, and there is an accelerated depletion of profitable resources.
It also failed to create a competitive market environment; the innovative
development of the forestry sector is not stimulated; the sector remains
unattractive for investment; there are elements of corruption and unreasonable
preferences in the conduct of auctions or transfer of forests for rent; and the
condition of the forests has deteriorated due to the poor performance of work on
artificial forest regeneration by lessees, the absence of a regulatory list of forest
protection and forest regeneration measures, etc.
There are several reasons for this situation: (i) In fact, only 30% of the
country’s forest fund is available for commercially profitable exploitation, so the
remaining 70% is neglected [Zozulya 2011a]; (ii) Lessees have received
unjustifiably wide discretion, including exemption from the legally established
order of forest use that was historically fixed for state forests, and the right, at
their own discretion, to create forestry development projects [Moiseyev 2016];
(iii) Commercial interests predominate in the actions of lessees (the most
valuable forest areas that are closer to the infrastructure available in the region
and do not require significant investment are cut down), and at the same time the
cutting age of forests is altered, obsolete technologies are used, clear cutting is
predominant and no cutting residues are used; (iv) the process of reproduction of
forest areas and carrying out of forest conservation and regeneration work,
mandatory for lessees, is poorly controlled, and the volume of investment in all
types of forest protection and regeneration work is not sufficient.
Since it is obvious that the forest management system and the mechanism for
its financial provision and stimulation in the RF require adjustment, this paper
addresses four main objectives: (i) to analyse systematically the established
approaches to the design and calculation of forest rent; (ii) to assess the current
system of forest management and the related fiscal approach in the RF; (iii) to
develop principles and approaches that will lead to sustainable, yet effective
forest management; and (iv) to develop a model for calculating forest rents.

Approaches to the design and calculation of forest rent
The classical approach: the calculation of forest rent based on cost or on the
reproduction approach
The classical approach involves the use of a cost basis or a reproduction
approach. According to the cost approach, the rent is the net income received by
the owner at the time of exploitation of forest resources, defined as the
difference between the market price of the final product and the costs of its
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production, considering a standard profit on capital [Bolshakov 2001; Eismont et
al. 2002; Petrov 2002; Pochinkov 2004]:
R = P – C – Np
where: R
P
C
Np

is the value of the forest rent;
is the market price of final forest products;
is the costs of production and transportation of forest products;
is the standard profit.

The reproduction approach [Bolshakov 2001] further takes account of the
costs of artificial forest regeneration. Thus, the forest rent is the residual value of
the market price of the products sold, minus the costs of its reproduction and
cultivation, as well as the production costs associated with harvesting wood and
delivering it to markets, and minus the standard profits of economic entities for
all of the aforementioned types of work [Tretyakov 2015]:
R = P – C – B – Np
where: B denotes artificial forest regeneration costs.
A distinctive contribution to the discussion on determining the amount of
forest rent was the introduction of the concept of accessibility of forest resources
[Tretyakov 2015]. It is stated that the development of forest resources (usually
considered as wood resources, although the entire biomass of the forest – bark,
branches, stumps – should be considered) makes economic sense if they are
economically accessible. This is possible when the value of forest rent, r (forest
rent per unit of resource), has a positive value and when the rent, r, is greater
than B (costs of reproduction and protection of forests in exploited forest areas in
accordance with the established requirements for sustainable forest
management).
The approach based on the differentiation of absolute and differential rent
Absolute rent is the net additional income received from the exploitation of
a natural resource, regardless of its specific quality characteristics; that is,
a relatively guaranteed minimum rental income. Absolute rent arises only in
a case when the market price is higher than the socially necessary expenses for
the reproduction and protection of the natural resource (forest). For Russia, it is
believed that the role of absolute rent for forest released for logging is performed
by the established minimum rates.
Differential rent is an additional super-income. The possibility of obtaining
this super-income depends on many factors, including specific selling prices,
production and economic costs, characteristics of natural resources, etc.
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The mixed approach to the calculation of absolute and differential forest
rents has been applied in the Republic of Belarus [Neverov and Ravino 2000].
When calculating the absolute and differential rent, it is necessary to make
differentiations in the calculation depending on the wood species, size
categories, sales markets, and logging areas [Zozulya 2011a]. Differential rent of
type I takes into account the following rental indicators: varieties available in the
forest area, transport accessibility and sizes of forest areas. Differential rent of
type II is created on the basis of more efficient use of exploited natural resources
through the use of more advanced, innovative logging technologies, like
ecological anti-rent, which is charged for predatory exploitation of natural
resources (clear cutting of the best forest areas without their artificial
regeneration).
The legislative framework in the RF
The legislative framework in the RF assumes the federal minimum rate
(compulsory application of the established payment rates) and regional
coefficients [Decree of the Government of the Russian Federation 2007].
Payment rates for a unit of forest resources are divided into two groups. The
first group includes payment rates per unit of wood volume, taking into account
the qualitative and quantitative characteristics of the resource: species (pine,
spruce, fir, larch, etc.), wood merchantability (high, medium, low), and
geographic location. The second group includes payment rates per unit of
volume of non-timber forest resources (stumps, birch bark, pine paw, spruce
paw, chat wood, etc.) and per unit of non-wood forest products (wild fruits,
berries, nuts, seeds) and medicinal plants.
The differentiated payment rates apply to the types of activities conducted in
the forest area: hunting, agriculture, research and educational activities,
recreational activity, creation of forest plantations and their exploitation,
growing of forest fruit, berries, ornamental plants and medicinal plants, use of
forests to perform geological exploration work during the construction and
operation of reservoirs and other artificial water bodies, hydraulic structures and
specialized ports, construction, reconstruction and operation of linear facilities,
processing of wood and other forest resources, performance of survey work, and
growing of planting material of forest plants (young plants, seedlings).
An approach that considers the multifunctionality of a forest
A forest is a complex ecological-socio-economic biological system which
simultaneously performs several functions: social, ecological, environmental,
raw material. Considering the multifunctional importance of forest resources, it
is proposed to apply a systematic approach to the calculation of forest rent. Thus,
the total forest rent should be estimated taking account of: the environmental
rent of the assimilated forest potential (water regulation, soil protection, carbon

Taxation of the use of forest resources: the case of the Russian Federation

177

reduction and other functions); the forest protection rent of the regeneration
potential of forests (water protection zones, protective forests, especially
valuable forestlands); forest raw material rent (harvesting of wood, secondary
non-timber resources, utilization of non-wood forest products (collection and
harvesting of berries, mushrooms, walnuts) [Puntzukova 2011; Pechatkin 2013]:
R = (P – C(1 + p)) + E + L
where: R
P
C
p
E

is the forest rent;
is the market price of final forest products;
is the costs of production and transportation of forest products;
is the rate of return;
is the value of the environmental rent of the assimilation potential of
forests;
L is the value of the environmental rent of the restoration potential of
forests.

The value of the specific carbon reduction function of forests is proposed to
be calculated as follows [Rincikova 2011]:
E c= ∑ ( K ij⋅V ij )⋅P c
where: Kij is the coefficient of CO2 absorption by forests consisting of trees of
a certain species and age (i – tree species; j – tree age);
Vij is the volume indicator for the area and stocks of forests consisting
of trees of a certain species and age (i – tree species; j – tree age);
Pc is the price per tonne of CO 2 emissions on the carbon market in
roubles/tonne.
The territorial–production cost approach
The calculation of forest rent payments for the release of forest for logging is
based on a more detailed differentiation of costs by types of cutting, sales
markets and other rent-influencing factors of the forest economic region and
subregion: the volume of wood released, average values of stem volume,
distance of hauling and transportation of wood to points of sale, commodity
groups, directions of use (domestic or export), and others. This approach to the
calculation of forest rent payments is ready for application and has been tested in
the Republic of Buryatia [Puntzukova 2014, 2015]. In this case, the lowest and
highest levels of forest rent were determined for each region, subregion and
forest district. The average calculated rate of rental payment per cubic metre of
forest released for logging was paid, but not lower than minimum rates approved
by the Government of the Russian Federation [Decree of the Government of the
Russian Federation 2007].
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The most important advantage of this approach is the more detailed zoning
and determination of costs and profitability, which makes it possible to consider
the real values of differential rent and to determine the lowest level of absolute
rent from the use of forest resources more objectively. The approach includes the
following steps [Puntzukova 2015]:
1. Process of forest-economic zoning of forest areas:
1.1. Analysis of factors and conditions affecting the production of wood and
calculation of forest rent in the region.
1.2. Division of the territory into forest economic regions and subregions.
2. Assessment of forest rental income:
2.1. Determining of weighted average prices of wood by forest economic
region:
m

∑ d ij Q j P ij

P j = i =1
av

Qj

av

where: P j is the weighted average price of a pooled cubic metre of wood for
forest economic subregions;
i is the number of the commodity group of the wood, i = 1,…,m;
j is the number of the subregion, j = 1,…,n;
dij is the specific weight of the i-th commodity group in the total
volume of released wood in the subregion; is the volume of wood
released in the j-th subregion;
Pij is the price of the i-th commodity group in the j-th subregion.
2.2. Calculation of the normative cost of harvesting a pooled cubic metre of
wood by forest economic region:
c

c

s

s

S j Q j +S j Q j
Qj
av
where: S j
is the average costs of production and transportation of wood
products in the conditions of the j-th subregion;
c
s
S j , S j are the costs of wood production in case of wood harvesting by
clean and selective cutting;
c
s
Q j , Q j are volumes of wood released by clean and selective cutting.
av

Sj =

2.3. Determination of standard profit per cubic metre of wood by forest
economic region.
2.4. Calculation of forest rental income by forest economic region:
R j = P j − S j ⋅( 1+ p )
av

av

where p is the rate of return.
3. Determination of rental payments for forests released for logging:
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3.1. Determination of the highest and lowest levels of payment rates per
pooled cubic metre of wood.
3.2. Calculation of the average minimum rates for wood in medium-sized
forest economic subregions.
3.3. Determination of the multiplying coefficient for the minimum rate level
for wood.
3.4. Calculation of the average payment rate for forests released for logging
by forest economic region.
3.5. Drawing up of a price list of rental payments.
An approach with differentiation of forest rent according to the stage of
production of timber products (process stage)
It is proposed to determine the size of forest rent considering the stages of
production and selling of wood products: a) when wood is processed into final
consumption products and sold; b) when harvesting and selling round wood;
c) when harvesting and selling forests for logging [Mezenina 2012]. It must be
noted that the differentiation should be carried out according to the stages and
specific cutting units.
When differentiating according to the process stages, the following stages
are proposed: the first process stage is the harvesting of wood, the second is the
physical transformation of wood, while the third is the chemical transformation
of wood [Aslamov 2010; Mezenina 2012; Pyzhov et al. 2013; Tretyakov 2014].
The value of rent at the stage of processing of wood into final consumption
products and its sale is calculated according to the equation:
r=

P 0 −C 0 −i0 × K 0
−C 1 −i 1× K 1
S

The value of rent at the stage of harvesting and selling of round wood may
be calculated as follows:
r= P 1 −C 1 −i 1 ×K 1
The value of rent when harvesting and selling forests for logging is given by:
r=r m
In the above formulae:
r is the value of forest rent;
rm is the payment for forests released for logging received on the basis
of the results of bidding for forest districts selected as analogues of
the assessed district;
P0 is the market FOB price of final wood consumption products (sawn
wood, cellulose, paper, plywood, slabs, etc.);
P1 is the market FOB price of round wood;
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C0 is the current costs of wood processing excluding the cost of wood
raw materials, including depreciation and return of interest on loans;
K0 is specific capital investment in processing industries (buildings,
equipment, etc.);
s is consumption of raw materials (round wood) per unit of wood
processing products;
C1 is the current costs of harvesting wood and hauling it from the forest
to the lower landing, point of sale or point of processing, including
depreciation and return of interest on loans;
K1 is capital assets (fixed and liquid assets) used in forest harvesting,
including specific capital investment in the construction of hauling
roads and hauling of wood from the forest;
i0 is the rate of return on capital assets (fixed and liquid assets) in wood
processing (or the capitalization ratio);
i1 is the rate of return on capital assets (fixed and liquid assets) in forest
harvesting.
The majority of researchers therefore argue that the size of payments for
forest resources should be determined on the basis of the rental approach, while
the methods for calculating and identifying rents and types of rental payments
for forest use that are subject to withdrawal are different.

The current system of forest payments in the Russian Federation
According to the fiscal approach, the basic payment is currently a rent (in the
USSR a stumpage fee was charged, while in the RF from 1991 to 2006 a forest
tax applied). This is actually determined separately from the rent-forming factors
(qualitative and quantitative characteristics of forest resources); multi-component forest use is not considered.
The procedure for establishing and collecting payments for the use of forest
resources has been changed: the status of payments has been changed to non-tax,
administration has been transferred to the federal executive body (Rosselkhoz),
and the approach to setting payment rates entails the introduction of a federal
minimum for payment rates and regional coefficients correcting their amounts
upwards.
There are several disadvantages of the current system of payments for forest
resources. Payments for forest resources are made when land is leased; as
a result, other types of forest use and other functional benefits received by the
community from forest resources are not assessed; rental payments are not based
on the real value of forest resources. The minimum rates for the release of forest
for logging are not differentiated within the forest taxation area; they do not
consider the different quality and location of forest resources, market conditions,

Taxation of the use of forest resources: the case of the Russian Federation

181

or other regional natural and industrial conditions of their exploitation
[Puntzukova 2015]. The method used (a method of averages in setting rates)
contradicts the essence of rental payments, violating the proportionality and
objectivity of the extraction of natural rent. The use of fixed rates is the initial
mistake, since forest rent should be determined at the time of extraction of the
resource and should depend on both general economic factors (the main one
being prices for timber products) and domestic production and economic factors.
Additionally, the lower limit of payment for forest resources is not sufficiently
justified, and no upper limit is set. There is also no provision for a zero rent for
loggers operating under the worst conditions [Zozulya 2011a]. Moreover, the
regional component of rental payments usually lacks adequate environmental
and economic justification. The analysis of rent-influencing factors within the
forest taxation area is not carried out regularly, its results are not used as a basis
for setting specific payment rates and rental rates, and at the same time the
reliability of statistical rent-influencing data is extremely low (loggers’ costs
grouped according to economic elements, real incomes and the volume of work
performed). On the other hand, low rates of payment for the release of forest for
logging discourage the introduction of modern technologies in logging and wood
processing and its integrated, waste-free use [Petrov 2013]. The current system
is also characterized by the lack of a real mechanism for setting payments for
other types of forest use (collecting berries, mushrooms, nuts, medicinal plants)
by individuals. Also, the cadastre of forest resources requires adjustments. There
should be a responsibility assigned for the application of the annual allowable
cut, and, consequently, for the receipt of payments [Rudakov et al. 2009].

Results by issues
By synthesizing the results of the analysis and by comparing the developed
methodological approaches, along with the shortcomings of the existing RF
calculation system, we have developed a system of principles and approaches
that would lead to sustainable, yet efficient forest management. On this basis we
have developed a model for the calculation of forest rent. The system for
improving compulsory payments for forest use in the RF can be classified in the
following 15 postulates:
1. Calculation of payments for forest use based on forest rent.
2. Introduction of environmental and forest conservation rent into the system
of payments for forest use.
3. A transition to the calculation of forest rent for all types of forest use based
on the reproduction approach.
4. Maintenance of the approach by which the payment should consist of two
components: the federal minimum, playing the role of absolute rent, and the
regional component (with the obligatory normative fixing of a standard
methodology for establishing regional adjustment coefficients).
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5. Revision of the current amount of payments for forest use with more
detailed links to quantitative and qualitative factors.
6. Use of normative averaged values: costs of forest harvesting (processing),
realization prices, profitability of activity, and costs of reproduction of the
forest areas used, which should be differentiated according to the methods of
artificial forest regeneration.
7. Differentiation of rental payments according to the stages of production of
forest products.
8. Calculation of payments for other types of forest use (conduct of hunting or
forestry, leasing by oil and gas companies, geological exploration during
construction and operation of reservoirs, etc.) based on environmental
damage.
9. Introduction of additional payments for the recategorization of forest land
and its transfer to other categories of usage.
10. Introduction of a mechanism for collecting payments for other types of
forest use (collection of brushwood, wild plants, medicinal plants, etc.)
based on licensing.
11. Establishment of rates of export duties to stimulate a greater degree of
processing within the RF.
12. Replacement of payments for the main types of forest use with a forest tax,
and payments for other types of forest use with charges for utilization of
non-wood forest products [Zozulya 2011b], which also should have tax
status. This will ensure the better administration of payments and
accelerated introduction of information and IT into the accounting and
control system in the forest sector.
13. Creation of a transparent, unified and complete information and statistical
system [Lesekspert 2015] for accounting and control of the following
indicators:
– actual volumes of forest harvesting (for example, based on laser scanning,
blazing and micro chipping using modern logging techniques – forwarders
and harvesters with built-in on-board computers keeping accounts of
harvested volumes);
– technical and economic factors influencing the amount of forest rent: the
stem volume, the yield of commercial wood, the stock of the stand, the
distance of hauling, removal and transportation of wood to points of sale,
commodity groups, the selling price, costs, profit, directions of use:
domestic or export and others;
– applied technologies of extraction (processing).
Indicators should be determined in the context of forest taxation areas,
subareas, forest districts and plots. Thus, the zoning should be based on
quantitative (composition) and qualitative indicators of the wood (bonitet
class, stem diameter, average height, age of the dominant wood species –
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young stand, pole- -stage stand, ripening stand, ripe stand, declining stand –
and the density and thickness of the stand).
14. In special cases (for example, difficult-to-reach, economically unprofitable
logging areas, depressed areas, requiring socio-economic support), a special
tax regime or agreement on the sharing of forest products should be applied.
15. Inclusion of incentive instruments (benefits, preferences) in the forestry
payment mechanisms, aimed at increasing investment, favouring the use of
lower impact and waste-free logging technologies, and encouraging
innovations that would reduce wage costs and material capacity and provide
an increase in the quality of reforestation.
The model proposed
Based on the conclusions presented, we propose the following approach to the
design and calculation of forest rent:
1. Introduction of a differentiated forest tax (DFT):
DFT = AP + DR,
where: AP is the absolute rent per cu. m of harvested wood;
DR is the differential rent per cu. m of harvested wood.
AP = ZVK + EAK,
where: ZVK is the cost-reproduction component, including the cost of
reproduction (restoration) of one cubic metre of the lowest grade
species (for example, aspen) on average in Russia;
EAK is an ecologically assimilating component of this low-grade
species per cubic metre of wood.
DR = ZVK · K1 · K2 + EАK · K1 · K2,
where: K1 is an increasing coefficient for other tree species;
K2 is a coefficient of regional cost differentiation.
In this case the differentiated forest tax is not considered as a forest lease fee.
If the forest plot is leased and the lessee takes over the reproduction costs, then
the cost-reproduction component should not be charged. If the lessee takes over
only part of the cost of reproduction, this part is deducted from the cost-reproducing component. In addition, the lease agreement may specify other
additional conditions for the lessee’s activity, increasing payments: collecting
wild plants, hunting, etc. Therefore, in the general case, both a differentiated
forest tax and a forest lease fee must be paid.
Thus, the fiscal mechanism of forest use should become one of the most
effective elements of a system of sustainable, efficient use of forests, and
contribute to eliminating unnecessary crisis situations in the forest sector.
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Conclusions
The most important result of this paper is the establishment of a model for
calculating forest rents, a model that includes elements for achieving efficient
and sustainable forest management. The model is based on an analysis of the
weaknesses of the existing forest management system, the identified advantages
of various existing methodological approaches, and consideration of certain
specificities of forest wealth in the RF. The model is based on a calculated forest
rent, which is, for the amount above the minimum rent, based on different
determinants, both regionally specific as well as related to the forest’s uses, rate
of utilization, sustainability of methods, forest reproduction and others.
All four objectives of this paper have been fulfilled. The systematic analysis
of established approaches and models for the calculation of forest rent, along
with the assessment of the current system of forest management in the RF, has
enabled us to construct a model for calculating forest rents, based on principles
and approaches that will lead to sustainable, yet effective forest management.
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INFLUENCE OF RESIDUE TYPE ON QUALITY PROPERTIES
OF PARTICLEBOARD MANUFACTURED FROM FAST-GROWN
TREE OF HEAVEN (AILANTHUS ALTISSIMA (MILL.) SWINGLE)

In this study, the effect of residue types (soundwood, branchwood and bark) on the
quality properties of particleboards made from the tree of heaven (Ailanthus
altissima (Mill.) Swingle) was investigated. For this purpose, the soundwood,
branchwood and bark mixed at different ratios were used in the production of
particleboards. Modulus of rupture (MOR), modulus of elasticity (MOE), internal
bond strength (IB), thickness swelling (TS) and formaldehyde emission (FE) of the
specimens were then tested. The chemical and anatomical properties of the
residue types were also determined. Residue type was found to have an impact on
the properties of particleboards. The addition of bark and branchwood improved
the thickness swelling (2 h immersion) and formaldehyde emission. However, use
of branchwood negatively affected the thickness swelling for 24 h immersion.
Based on the findings of this study, it can be concluded that different parts of
Ailanthus altissima (Mill.) Swingle can be used to manufacture particleboard
panels. The branchwood and bark contents significantly affected the quality
properties of the manufactured particleboards. The chemical and anatomical
properties of the branchwood and bark were also found to be parameters
influencing the quality properties of the particleboards. The results indicate that
the contents of added bark and branchwood should not exceed 10% and 20%
respectively.
Keywords: particleboard, type of wood, residue type, mechanical properties,

water resistance, formaldehyde emission

Introduction
Ailanthus altissima, a genus of trees belonging to the family Simaroubaceae, is
a fast growing species commonly known as tree of heaven. It is native to both
northeast and central China, as well as Taiwan. The tree grows rapidly and is
capable of reaching heights of 15 meters in 25 years [Collin and Dumas 2009;
Sladonja et al. 2015].
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Particleboard is a wood-based composite material commonly used for
various applications, including floor underlayment, insulation, and the
production of furniture, cabinets, and veneer substrates. It appears that
particleboard production from wood-based wastes is one of the most commonly
used methods to assess waste materials [Wang and Sun 2002; Wang et al. 2008].
In this regard, intensive investigations have been undertaken with the aim of
manufacturing particleboard panels using recycled industrial and agricultural
wastes [Lertsutthiwong et al. 2008].
The demand for raw materials in the forest products industry is increasing
steadily. There is great interest in finding alternative raw materials for woodbased composite manufacture [Guntekin and Karakus 2008; Guntekin et al.
2008]. A decrease in the availability of raw material resources and the need to
protect natural resources have led to increased use of fast growing species and
wood wastes in particleboard manufacturing processes. Therefore, it can be said
that alternative sources such as industrial wastes and agricultural residues
provide significant contributions to the development of the wood composite
industry [Bektas et al. 2005]. In this regard, date palm branches [Nemli and
Kalaycioglu 2001], coconut shell [Almeida et al. 2002], sunflower stalks [Bektas
et al. 2005], mimosa bark [Nemli and Colakoglu 2005], wood waste chips
[Wang et al. 2007], hazelnut husk [Copur et al. 2007], eggplant stalks [Guntekin
and Karakus 2008], pepper stalks [Guntekin et al. 2008], kenaf core [Okuda and
Sato 2008], a mixture of wood and rice husk [Ayrilmis et al. 2012], oil palm
trunk [Baskaran et al. 2013], sawmill waste [Alves et al. 2014], different
proportions of wood, bamboo and rice husk [Melo et al. 2014], residues from
fruit tree branches, evergreen hardwood shrubs and Greek fir wood [Lykidis
et al. 2014], sweet sorghum bagasse [Kusumah et al. 2016], agricultural crop
residues [Klímek et al. 2016] and soybean waste [Martins et al. 2018] have been
trialed for particleboard manufacture.
The goal of the present study was to investigate quality features of
particleboards produced from different parts (soundwood, branchwood, and
bark) of fast-grown tree of heaven (Ailanthus altissima (Mill.) Swingle).

Materials and methods
Ten trees of Ailanthus altissima (Mill.) Swingle with an average diameter at
breast height of 18 cm were cut for the experiments. Particles from the green
soundwood, branches and bark of the trees were used to produce particleboard.
The raw material was chipped by a chipper at the harvesting site. A ring-type
flaker was used to break the chips down to particle size. The particles were dried
in a dryer until they reached the target moisture content (3%) and classified into
two sizes for the core and face layers. Based on the oven dry weight of the
particles, 10% and 12% urea formaldehyde resin with a solid content of 65%
was applied for core and surface particles respectively. Ammonium sulfate

Influence of residue type on quality properties of particleboard manufactured from fast-grown tree...

189

(concentration: 25%) was used as a resin hardener during the blending process at
a rate of about 1% based on the solid amount of resin. The mats were formed
manually and then pressed in an electrically heated press under a pressure of
25 kg/cm2, at 150°C, for 6 minutes. All of the panels were produced with an
average target density of 0.75 g/cm3. Seven types of panels were made using
various mixtures of the three types of residue (table 1). Bark and branchwood
were used only in the core layer of the particleboard. A total of 14 panels, two
for each group, were made in the laboratory. Table 1 gives percentages of
residue types, density and moisture content (MC) of the particleboards.
Table 1. Percentage of residue types, density and moisture content of particleboards
Panel type

Soundwood
(%)

Bark
(%)

Branchwood
(%)

Density
(g/cm3)

MC
(%)

A
B
C
D
E
F
G

100
90
80
70
90
80
70

–
10
20
30
–
–
–

–
–
–
–
10
20
30

0.749 (0.027)
0.748 (0.061)
0.748 (0.056)
0.746 (0.029)
0.749 (0.044)
0.748 (0.035)
0.745 (0.049)

9.61 (0.35)
9.63 (0.29)
9.64 (0.41)
9.72 (0.56)
9.62 (0.35)
9.64 (0.45)
9.70 (0.50)

Note: numbers in parentheses represent standard deviations.

The experimental particleboards were stored in a conditioned room at 20°C
and 65% relative humidity. A physical property, TS [EN 317:1993], the
mechanical properties MOR, MOE [EN 310:1993] and IB [EN 319:1993], and
FE [EN 120-1:1993] were determined for the panels. Thirty specimens were
used for the physical and mechanical tests, and three specimens were used for
the determination of the formaldehyde content.
The anatomical properties of soundwood and branchwood were determined
on sawn, 5 cm thick cross-cut disks. The data were derived from 25 and 3
measurements of anatomical and chemical properties, respectively. The
determination of the chemical properties and the preparation of the specimens
were performed according to TAPPI standards [TAPPI T 11 M-45:1992].
Solubilities in alcohol-benzene, hot and cold water, and dilute alkali (1%
NaOH), lignin content and ash content were determined in accordance with the
respective TAPPI standards [TAPPI T 204 cm-97:1997; TAPPI T 207 om-88:
1988; TAPPI T 212 om-98:1998; TAPPI T 222 om-02:2002; TAPPI T 211 om-93:1993]. Holocellulose and cellulose contents of the specimens were
determined using chlorite and nitric acid methods [Wise and Karz 1962]. The
acidity was measured in an extract solution made from 3 g wood flour added to
100 ml water and boiled for 30 min [Prasetya 1989]. The content of condensed
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tannins was determined according to the method developed by Tisler et al.
[1986]. Three specimens were used for determination of the chemical properties.
One-way analysis of variance (ANOVA) was performed to assess the
influence of residue type on the quality features of the manufactured
particleboards. In addition, the Newman-Keuls test was used to identify
significant differences between average values for the particleboard types.

Results and discussion
Anatomical properties
Table 2 gives the results for anatomical features. The fiber and trachea lengths
and the thicknesses of fiber and tracheid cell walls were significantly influenced
by residue type. The highest fiber length (1230.49 μm), trachea length
(313.57 μm), tracheid cell wall thickness (6.58 μm) and fiber cell wall thickness
(4.43 μm) were determined for soundwood, while the lowest fiber length
(687.41 μm), trachea length (201.70 μm), tracheid cell wall thickness (2.68 μm)
and fiber cell wall thickness (2.86 μm) were determined for branchwood.
Table 2. Anatomical properties of tree of heaven (Ailanthus altissima (Mill.)
Swingle)
Residue types
Anatomical properties
Fiber length (µm)
Trachea length (µm)
Thickness of fiber cell wall (µm)
Thickness of trachea cell wall (µm)

Soundwood

Branchwood

1230.49 (285.11) a
313.57 (143.02) a
4.43 (1.27) a
6.58 (0.96) a

687.41 (143.02) b
201.70 ( 44.05) b
2.86 (0.89) b
2.68 (0.43) b

Note: numbers in parentheses represent standard deviations.

Chemical properties
The highest levels of cellulose and hemicellulose were determined in the
soundwood, followed by branchwood and bark respectively, while the highest
lignin content was found in the bark. Table 3 presents the mean values of
chemical properties of specimens. The statistical analysis revealed that the
chemical features of the specimens were significantly influenced by the residue
type. The highest solubility values were obtained for bark, followed by
branchwood and soundwood, respectively. The lowest pH values were found in
bark. The highest ash content and condensed tannin content were found in bark,
followed by branchwood and soundwood respectively.
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Table 3. Chemical properties of soundwood, branchwood and bark
Chemical properties
pH
Solubility in dilute alkali (1% NaOH) (%)
Solubility in alcohol-benzene (%)
Solubility in cold water (%)
Solubility in hot water (%)
Holocellulose (%)
Cellulose (%)
Hemicellulose (%)
Lignin (%)
Ash (%)
Content of condensed tannin (%)
Content of condensed tannin (%) in chips
after 2 h water immersion
Content of condensed tannin (%) in chips
after 24 h water immersion

Residue types
Bark

Branchwood

5.33 (0.10) a
48.97 (0.41) a
6.75 (0.31) a
12.28 (0.03) (a)
12.42 (0.10) (a)
53.50 (0.30) (a)
38.89 (0.19) (a)
14.61(0.23) (a)
42.03 (0.06) (a)
0.84 (0.02) (a)
10.29 (0.36) (a)

5.64 (0.13) b
34.91(0.33) b
3.81 (0.21) b
11.15 (0.07) (b)
11.95 (0.45) (b)
64.29 (0.42) (b)
44.80 (0.09) (b)
19.49 (0.25) (b)
34.03 (0.22) (b)
0.48 (0.04) (b)
7.92 (0.56) (b)

10.25 (0.39) (a)

7.87 (0.54) (b)

6.80 (0.48) (a)

3.26 (0.47) (b)

Note: numbers in parentheses represent standard deviations.

Physical and mechanical properties and formaldehyde emission
Table 4 gives the mean values of MOR, MOE, IB, TS and FE. Based on EN 312
[2010], it can be stated that 12.5 N/mm2 and 13 N/mm2 are the minimum
required MOR values for particleboards for general use and interior fitments
(including furniture) respectively. The minimum required value of MOE for
interior fitments is 1800 N/mm2. All of the particleboards except for type D had
higher values of MOR and MOE than the general-purpose and furniture
manufacturing requirements. The IB values of the specimens ranged from 0.317
to 0.517 N/mm2. According to EN 312, the minimum required IB values for
general use and furniture are 0.28 N/mm 2 and 0.40 N/mm2 respectively. All
panel types produced met the IB requirement for general purposes, while types
A, B, C, E and F met the IB requirement for interior fitments. The results also
revealed that the panel types did not meet the requirements for TS according to
EN 312 [2010] because no wax or other water-repellent agents were used in the
panels.
The maximum permissible formaldehyde content for E 1 quality (for indoor
applications) is 8 mg CH2O/100 g dry sample, based on EN 120-1 [1993]. All of
the particleboards complied with the requirement for formaldehyde emission.
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Table 4. Summary of experimental results for the panel types
Panel type
A
B
C
D
E
F
G

MOR
(N/mm2)

MOE
(N/mm2)

IB
(N/mm2)

TS*
(%)

TS**
(%)

FE
(mg CH2O)

15.49
(2.85) a
15.27
(2.58) a
13.70
(2.79) b
12.12
(2.95) c
15.38
(2.08) a
15.07
(2.88) a
13.52
(3.02) b

2278.99
(194.86) a
2222.76
(192.63) a
2112.64
(180.16) b
1999.38
(211.96) c
2267.92
(195.99) a
2215.02
(200.03) a
2106.39
(174.25) b

0.517
(0.054) a
0.497
(0.072) a
0.407
(0.060) b
0.317
(0.064) c
0.491
(0.052) a
0.482
(0.077) a
0.377
(0.065) b

13.65
(1.19) a
13.34
(1.21) a
11.76
(0.92) b
10.13
(1.51) c
13.39
(1.04) a
13.15
(0.95) a
12.04
(1.18) b

24.96
(0.56) a
24.55
(0.45) a
23.18
(0.51)b
21.01
(0.35)c
25.18
(0.58)a
25.24
(0.49)a
26.88
(0.31)b

7.28
(0.12) a
7.17
(0.13) a
6.84
(0.17) b
6.50
(0.09) c
7.22
(0.20) a
7.15
(0.13) a
6.92
(0.09) b

Note: numbers in parentheses represent standard deviations.
* after 2 h immersion, ** after 24 h immersion.

The addition of bark to more than 10% and branchwood to more than 20%
reduced the strength values of the particleboard. The highest strength values
were obtained for particleboards manufactured from 100% soundwood. The
panels containing 30% bark had the lowest mechanical strength properties. The
negative impact of branchwood and bark residues on the strength values of the
particleboard is possibly because of the reaction wood in the branchwood,
having reduced fiber and trachea length and fiber and trachea cell wall thickness,
and the higher contents of extractives (solubility values) and ash content and
lower cellulose content of branchwood and bark (table 3) compared with the
soundwood. Greater cell length, thicker cell walls and higher cellulose content
cause a tighter and more compact structure and increase the strength values
[Baharoglu et al. 2013]. High solubility values mean that the wood has a high
quantity of extractives. The presence of extractives adversely affects adhesive
bonding and adhesion. Extractives fly during hot pressing. They create air
bubbles and cause pre-curing of the urea formaldehyde. As a result, this reduces
the internal bonding between wood particles [Ayrilmis et al. 2009; Ayrilmis et al.
2017]. Similarly, Martins et al. [2018] reported that a high content of extractives
impairs resin curing in the board. This results in poor bonding between the
particles and resin.
The FE and TS values of the specimens were not affected significantly by
the addition of bark (10%) and branchwood (10% and 20%). However,
increasing bark and branchwood content (20% and 30% respectively)
significantly improved the thickness swelling (2 h immersion) and formaldehyde
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content at the 95% confidence level. Chemical analysis showed that branchwood
and bark had higher extractives than soundwood (table 3). The extractives
contribute positively to the waterproofing of the particleboard [Maloney 1993].
This positive contribution to water resistance has been confirmed in other studies
[Nemli and Colakoglu 2005; Nemli et al. 2008; Buyuksari et al. 2010; Nasser
2012; Muhcu et al. 2015]. On the other hand, lignin has a hydrophobic structure
[Kang et al. 2019]. The bark and branchwood had higher contents of lignin than
the soundwood (table 3). Another factor is hemicellulose content. Hemicellulose
absorbs a greater amount of water than cellulose [Sari et al. 2012]. The
soundwood had a higher content of hemicellulose than the bark and
branchwood, as is shown in table 3. However, use of 30% branchwood increased
the TS after 24 h immersion. This may be related to the movement of tannin
from branchwood after 24 h water immersion and the presence of reaction wood
in the branchwood. As table 3 shows, branchwood and soundwood had similar
condensed tannin content after 24 h immersion. The reason for the lower
formaldehyde emission of the panels made from bark and branchwood is the
content of extractives (tannin, phenolic compounds, etc.) in the structure of this
type of residue. These fix the formaldehyde, as formaldehyde scavengers.
A higher tannin content is associated with a higher level of polyphenolic
extractive content. The reason for the lower formaldehyde content of the
particleboard made from bark and branchwood may be a reaction between the
formaldehyde and polyphenolic extractives. Nemli and Colakoglu [2005]
reported similar results in their studies on the effect of bark use on some quality
properties of particleboard. Ayrilmis et al. [2009] found that the addition of pine
cone flour to medium-density fiberboard decreased formaldehyde emission. In
another study, Buyuksari et al. [2010] reported a decrease in the formaldehyde
emission of particleboard produced from waste stone pine cones.

Conclusion
In this study, various parts of tree of heaven were used to make particleboard
panels. While the addition of bark and branchwood improved the TS and FE
values, it led to a worsening of the mechanical properties. The results indicate
that this species may be utilized to produce particleboard. In addition, it is
recommended that the content of added bark and branchwood in the
particleboards should not exceed 10% and 20% respectively, to ensure their
desired characteristics. The residue types and chemical and anatomical
composition of residues were the basic parameters affecting the quality
characteristics of the manufactured particleboards. Extractives and condensed
tannin positively affected the thickness swelling and formaldehyde emission.
Greater cell length and cell wall thickness, and a higher content of cellulose,
provided better strength properties. The strength properties were also shown to
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be dependent on ash content – a high ash content was associated with lower
strength properties.
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