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Sait Dündar Sofuoğlu1, Ahmet Kurtoğlu2

Effects of Machining 
Conditions on Surface 
Roughness in Planing and 
Sanding of Solid Wood
Utjecaj uvjeta obrade na hrapavost površine 
pri blanjanju i brušenju masivnog drva

Original scientifi c paper • Izvorni znanstveni rad
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ABSTRACT • It is important to evaluate the effect of machining and wood machining properties on surface 
quality to determine and upgrade the data on wood machining properties and to defi ne convenient usage areas 
for some native wood species of Turkey. European black pine (Pinus nigra Arnold) and cedar of Lebanon (Cedrus 
libani A. Rich) are two softwood species and sessile oak (Quercus petraea Lieble) and black poplar (Populus nigra 
L.) are two hardwood species commonly used and grown in Turkey. These trees species were selected as experi-
mental material for the study. Roughness measurements are signifi cant in the determination of wood surface qual-
ity for use as a fi nal product. This study evaluated roughness measurements after planing and sanding operations, 
and found that the highest value for average roughness (Ra) was observed as 6.780 μm. in sessile oak, followed 
by black poplar at 6.338 μm, cedar of Lebanon at 4.836 μm, and black pine at 4.740 μm. The average roughness 
values for wood in directions perpendicular to the grain and along the grain from highest to lowest were sessile 
oak, black poplar, black pine, and cedar of Lebanon.

Key words:Wood, surface roughness, planing, sanding

SAŽETAK • Istraživanje utjecaja mehaničke obrade i svojstava drva na kvalitetu obrađene površine važno je 
kako bi se dopunili podaci o svojstvima drva pri mehaničkoj obradi i defi nirala prikladna područja upotrebe 
nekih domaćih vrsta drva u Turskoj. Europski crni bor (Pinus nigra Arnold) i libanonski cedar (Cedrus libani A. 
Rich) dvije su meke vrste drva, a hrast kitnjak (Quercus petraea Lieble) i crna topola (Populus nigra L.) dvije su 
tvrde vrste drva koje se često upotrebljavaju i uzgajaju u Turskoj. Te su četiri vrste drva odabrane za istraživanje 
hrapavosti pri mehaničkoj obradi. Mjerenje hrapavosti važno je za određivanje kvalitete površine drva goto-
vog proizvoda. U ovom se istraživanju ocjenjuje izmjerena hrapavost drva nakon njegova blanjanja i brušenja. 
Utvrđeno je da je najveća izmjerena vrijednost prosječne hrapavosti (Ra) iznosila 6,780 μm na uzorcima drva 
hrasta kitnjaka te 6,338 μm na uzorcima drva crne topole, dok je na uzorcima drva libanonskog cedra izmjerena 
hrapavost od 4,836 μm, a na uzorcima crnog bora 4,740 μm. Izmjerene su vrijednosti prosječne hrapavosti drva 
u smjeru okomito na vlakanca i uzduž vlakanaca, od najviše do najniže, na uzorcima hrasta kitnjaka, crne topole, 
crnog bora i libanonskog cedra.

Ključne riječi: drvo, hrapavost površine, blanjanje, brušenje

1 Author is PhD at Department of Wood Works Industrial Engineering, Faculty of Simav Technology, Dumlupinar University, Simav/Kutahya, 
Turkey. 2Author is professor at Department of Interior Architecture, Faculty of Fine Arts and Design, Dogus University, Acibadem, Kadikoy/
Istanbul, Turkey.

1 Autor je doktor znanosti u Odjelu za industrijsku obradu drva, Tehnološki fakultet, Sveučilište Dumlupinar, Simav/Kutahya, Turska. 2Autor 
je profesor Odjela za unutarnje uređenje, Fakultet likovne umjetnosti i dizajna, Sveučilište Dogus, Acibadem, Kadikoy/Istanbul, Turska. 
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1  INTRODUCTION
1.  UVOD

In wood fi nishing, roughness refl ects faults on a 
wood surface as a result of the operations carried out in 
production. These faults are repeated with a low prob-
ability and periodically. Control and monitoring of sur-
face roughness is required to maintain product quality 
at the same level throughout the production, as this 
property affects wood adhesion and changes can in-
crease loss. After solid wood undergoes machining by 
sawing, planing, sanding, etc., it becomes a fi nal prod-
uct. Wood fi nishing is an important factor in determin-
ing the economic value of the fi nal product. Accord-
ingly, surface roughness is a defi nitive property for 
measuring the success of the wood fi nish.

Surface roughness can be evaluated quantitative-
ly and qualitatively. Each approach has advantages and 
disadvantages, such as a slower speed, sensitivity, and 
the accuracy of results (Malkocoglu, 1999). There are 
various methods of surface roughness measuring in the 
area of woodworking. Lumber surface roughness can 
be measured with an airfl ow method (Porter, 1971). An 
imaged light and needle-scan can also measure surface 
roughness (Peters, 1970). It is thought that surface 
roughness in industrial applications can be easily done 
with a light-sectioning shadow scanner method (San-
dak, 2005). However, the stylus trace method has 
emerged as the most suitable and applicable method in 
the measurement of surface roughness (Peters, 1971; 
Faust, 1987).

Stumbo (1960) mentioned that a decrease in sur-
face roughness will occur with an increase in the cutter 
speed and number of teeth in cutting saws. An increase 
in surface roughness will occur with an increase in 
feeding speed. When planing and milling softwood 
species compared to hardwood species, roughness is 
greater when cutting perpendicular to the grain than 
when cutting along the grain. In general, worn cutters 
increase surface roughness. With regards to average 
roughness values, approximately the same values are 
obtained in directions perpendicular to the grain and 
along the grain (Steward, 1970).

Roughness of various tree species has been in-
vestigated. Gurleyen (1998) studied surface roughness 
in the planing of beech (Fagus orientalis L.), scotch 
pine (Pinus sylvestris L.), sessile oak (Quercus petreae 
L.), and black locust (Robinia pseudoacacia L.). 
Demirci (1998) studied oriental beech (Fagus orienta-
lis L.), scotch pine (Pinus sylvestris L.), oak (Quercus 
petreae L.), and black locust (Robinia pseudoacacia 
L.) in the machining of massive wooden material with 
circular saws. Ors et al. (1999) studied the planing and 
sanding operations of planed and sanded massive 
wooden material using oriental beech and Scotch pine. 
Kantay et al. (2001) studied the surface roughness of 
sliced veneer boards from tree species of walnut (Jug-
lans regia L.) and oriental beech (Fagus orientalis L.) 
in Turkey. Ünsal et al. (2002) studied the surface 
roughness of massive parquets from oak and oriental 
beech in Turkey using a stylus trace method. Ilter et al. 

(2002) studied surface roughness in planing and sand-
ing of Uludag fi r (Abies bornmülleriana Mattf.). Efe et 
al. (2003) carried out surface roughness measurements 
in planing experiments conducted under various condi-
tions on black locust (Robinia pseudoacacia L.) and 
walnut (Juglans regia). Kilic et al. (2003) studied sur-
face roughness in the sawing of wood from Scotch pine 
(Pinus sylvestris L.) and chestnut (Castania sativa 
mill.). Ors et al. (2003) determined surface roughness 
in the sanding of wood from black locust (Robinia 
pseudoacacia L.) and oak (Quercus petrea L.) using a 
stylus trace method. Aslandogan (2005) determined 
the surface roughness after planing and sanding exper-
iments of European black pine (Pinus nigra Arnold) 
that were artifi cially grown. Sogutlu (2005) determined 
surface roughness in sanding of black locust (Rubinia 
pseudoacacia L.), European pear (Pirus communis L.), 
chestnut (Castanea sativa Mill.), oak (Quercus petrea 
Lieble) and cedar of Lebanon (Cedrus libani A.Rich) 
grown in Turkey. Sonmez et al. (2005) determined sur-
face roughness in the planing of wood from Black lo-
cust (Rubinia pseudoacacia L.), European pear, chest-
nut, oak and cedar of Lebanon.

Aras et al. (2007) evaluated surface roughness in 
the turning of walnut (Juglans regia L.), oriental beech 
(Fagus orientalis L.), largeleaf linden (Tilia grandifo-
lia Ehrh.) and aspen (Populus tremula L.) with a stylus 
trace method. Malkocoglu (2007) investigated planing 
properties and surface roughness of oriental beech (Fa-
gus orientalis Lipsky.) grown in the Eastern Black sea 
region, Anatolian chestnut (Castenea sativa Mill.), 
black alder (Alnus glutinosa), Scots pine (Pinus sylves-
tris L.) and oriental spruce (Picea orientalis (L.). It was 
observed that using veneer with tough surfaces in ply-
wood production reduced adhesion quality (Faust, 
1986). Hiziroglu et al. (2013) determined surface 
roughness in the sanding of pine (Pinus strobus), bor-
neo camphor (Dryobalanops spp.) and meranti (Shorea 
spp). Zhong et al. (2007) evaluated surface roughness 
in various commercially produced composite panels 
including particleboard, medium density fi breboard 
(MDF), and plywood in addition to ten different solid 
wood species which are commonly used in furniture 
production. Skaljic et al. (2009) determined surface 
roughness values of planed beech-wood (Fagus L.), 
oak - wood (Quercus L.) and fi r-wood (Abies alba 
Mill.) specimens.

This study investigated and evaluated surface 
roughness through planing and sanding experiments 
for several hardwood and softwood species commonly 
used in Turkey.

2  MATERIAL AND METHODS
2.  MATERIJAL I METODE

2.1  Wood material
2.1.  Uzorci drva

Various species of softwoods and hardwoods were 
used for the experiments. European black pine (Pinus 
nigra Arnold) and cedar of Lebanon (Cedrus libani A. 
Rich), as two softwood species, and Sessile Oak (Quer-
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cus petraea Lieble) and black poplar (Populus nigra L.), 
as two hardwood species commonly used and grown in 
Turkey, were selected as experimental material for the 
study. The samples were all randomly selected from 
naturally   grown wood in Istanbul and Kutahya in Tur-
key. The wood was conditioned at a temperature of 20 ± 
2 °C and 65 ± 5 % to a moisture content of about 12 %. 
30 specimens (25 x 102 x 910 mm) were used for each 
planing and sanding test according to ASTM standard D 
1666 (2004) (ASTM International, 2004).

2.2  Performance of planing and sanding 
experiments

2.2.  Provedba eksperimenta pri blanjanju i brušenju

Planing experiments were carried out using a 
TORK brand K500-X250 model thickness planer at the 
facility of the Istanbul University, Forestry Faculty of 
Furniture and Wood Machining. Thirty test samples 
with the dimensions 25 x 102 x 910 mm and a wood 
moisture content of 12 % were made from each tree 
species. As stated in the above said standard (ASTM 
D-1666), the cutting depth was 1.6 mm for all the cuts. 
The properties of the cutting tools used in the planing 
tests are presented in Table 1. 

A wide-belt caliber sander, Melkuc Kombi 650 
model, for calibrating and sanding of wood based pan-
els was used for the sanding experiments. The cutting 
speed in sanding operation was set to 5.5 m/min. The 
samples previously used in the planing experiments 
with dimensions of 20 x 102 x 910 mm were fi rst sand-
ed with 80 grain sandpaper and then with a 120 grain.

2.3 Roughness measurement
2.3.  Mjerenje hrapavosti

The measurement of surface roughness was done 
according to protocols in TS 6956 EN ISO 4287, TS 
971, and TS 2495 EN ISO 3274. An instrument for 
measuring surface roughness, Mitutuyo Surfjet SJ 301, 
was used for the determination of surface roughness by 
a contact stylus trace method.

Measurements were made in two different direc-
tions, perpendicular and along the grain. Gaussian fi lter 
type was used. Sampling length was 2.5 mm and the 
evaluation length was Lt= 12.5 mm. Cut-off length was 
2.5 mm. Surface roughness values were measured with 
a sensitivity of ± 0.01 μm. Tool measurement speed was 
10 mm/min, the diameter of the measurement needle 
was 4 μm, and the needle tip 90°. Care was taken to have 
a measurement environment around 18 °C -22 °C, away 
from noise sources, and without vibration. The tool was 
calibrated before the measurement and the calibration 
was checked at established intervals. 

2.4  Statistical methods used
2.4.  Statističke metode

Arithmetic mean and standard deviation were 
used for the evaluation of the specifi c gravity and the 
number of annual rings per cm. In the evaluation of 
roughness results, correlation analysis, analysis of var-
iance (ANOVA), and also a t-test were employed to 
investigate whether there is a signifi cant difference be-
tween the roughness values with respect to the applied 
measurement directions. 

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

Wood species with various specifi c gravity were 
selected: European black pine (0.6526 g/cm3), cedar of 
Lebanon (0.5019 g/cm3), sessile oak (0.7767 g/cm3), 
black poplar (0.3412 g/cm3). The mean for the number 
of rings per cm was also calculated for each species: 
European black pine (3.484), cedar of   Lebanon (1.768), 
sessile oak (4.660), and black poplar (0.780). 

A total of 8 roughness measurements were con-
ducted on 4 fi xed points established on each machine 
in directions perpendicular to the grain and along the 
grain on 30 planed samples. A Ra (average roughness) 
value was used in the evaluation of results of rough-
ness measurement.

There is a very weak correlation between rough-
ness, a dependent variable, and the number of annual 
rings per cm and the specifi c weight, an independent 
variable, at 0.097 and –0.038, respectively. However, a 
strong positive correlation is observed between the 
number of annual rings per cm and the specifi c weight, 
an independent variable at 0.804. The data obtained 
from the experiments is given in Table 2.

Figure 1a below shows roughness values along 
the grain for various machining conditions and tree 
species. Figure 1b shows the roughness perpendicular 
to the grain. Figure 1c provides the mean of the rough-
ness values perpendicular to the grain and along the 
grain in the form of a graph.

Table 3 provides average roughness values, 
standard errors based on tree species, and lower and 
upper limits based on a 95 % confi dence limit.

With respect to tree species, oak had the highest 
roughness average with 6.780 μm, followed by black 
poplar with 6.338 μm. With regards to the upper and 
lower limits of tree species based on a 95 % confi dence 
level, the confi dence ranges of pine and cedar of Leba-
non intersect. When roughness values are studied 
based on machining conditions, the highest average 

Table 1 Machining conditions of planing experiments 
Tabli  ca 1. Uvjeti obrade tijekom provedbe eksperimenta pri blanjanju

Number of knives
Broj noževa

Feed rate
Posmična brzina

m/min

Number of knife marks per cm
Broj prolazaka noža po 1 cm

Cutting angles, o

Kut rezanja, o

Run 1 / Prolazak 1. 4 8.6 4.72 25
Run 2 / Prolazak 2. 4 18 2.36 25
Run 3 / Prolazak 3. 2 8.6 4.72 15
Run 4 / Prolazak 4. 2 8.6 4.72 20
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Figure 1a Roughness values along the grain for various machining (cutting type) conditions and tree species 1b  Roughness 
values perpendicular to grain for various machining (cutting type) conditions and tree species 1c  Mean Roughness values for 
various machining (cutting type) conditions and tree species
Slika 1. a) Vrijednosti hrapavosti uzduž vlakanaca za različite uvjete obrade i različite vrste drva; b) vrijednosti hrapavosti 
okomito na vlakanca za različite uvjete obrade i različite vrste drva; c) prosječne vrijednosti hrapavosti za različite uvjete 
obrade i različite vrste drva

a

b

c



...... Dündar Sofuoğlu, Kurtoğlu: Effects of Machining Conditions on Surface Roughness...

DRVNA INDUSTRIJA  66 (4) 265-272 (2015) 269

than the roughness value along the grain). Figure 2 
shows the average roughness values (Ra) along and 
perpendicular to the grain based on tree species in the 
form of graphs.

Ra of poplar is 1.6077 μm higher than that of pine. 
The average roughness value Ra of poplar is also 1.5048 
μm higher than that of cedar of Lebanon. However, Ra of 
oak is 0.4417 μm units higher than that of black poplar. 
The Ra of pine is 2.0494 μm less than that of oak. Al-
though the Ra of pine is 0.1029 μm less than that of cedar 
of Lebanon, there is no signifi cant difference between 
the two. In other words, pine and cedar of Lebanon may 

roughness values were found in Run 1 and sanding, 
and the average roughness values for Run 3 and Run 1 
exhibited close values when the upper and lower limit 
values of the Run 3 and Run 1 are studied based on a 
95 % confi dence level, the limit values for both runs 
overlap. It was determined that the machining condi-
tions of Run 4 had the lowest roughness average.

With regards to measurement direction, there 
was a signifi cant difference between the measurement 
values along the grain and measurement values per-
pendicular to the grain (the average of the roughness 
values perpendicular to the grain is 1.553 μm higher 

Table 2 General results for the measured roughness 
Tablica 2. Rezultati izmjerene hrapavosti

Wood species
Vrsta drva

Surface roughness / Hrapavost površine, μm
Run 1
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europski crni bor 3.91 4.70 4.31 5.46 5.89 5.68 4.28 4.12 4.20 4.51 4.25 4.38 3.82 6.41 5.11

Black poplar
crna topola 4.87 7.22 6.05 6.17 7.73 6.95 5.03 7.61 6.32 4.83 7.14 5.98 4.29 8.46 6.37

Sessile oak
hrast kitnjak 5.81 8.08 6.95 6.70 9.30 8.00 6.03 7.79 6.91 4.68 7.82 6.25 4.26 7.28 5.77

Cedar of Lebanon
libanonski cedar 4.09 4.73 4.41 5.83 5.65 5.74 4.51 3.96 4.24 4.55 3.84 4.19 4.20 6.94 5.57
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Table 3 Aver  age roughness values, standard errors based on tree species and lower and upper limits based on 95 % confi -
dence limit
Tablica 3. Prosječne vrijednosti hrapavosti, standardna pogreška za pojedinu vrstu drva, donja i gornja granica za interval 
pouzdanosti od 95 % 

Wood species
Vrsta drva

Arithmetic average
Aritmetička sredina

Standard error
Standardna pogreška

95 % confi dence limits
95 %-tni interval pouzdanosti

Lower limits
Donja granica

Upper limits
Gornja granica

Black poplar / crna topola 6.338 0.072 6.196 6.480
Europen black pine / europski crni bor 4.740 0.073 4.597 4.884
Sessile oak / hrast kitnjak 6.780 0.072 6.638 6.922
Cedar of Lebanon / libanonski cedar 4.836 0.073 4.693 4.978

Figure 2  Graphs of average surface roughness along and perpendicular to the grain based on tree species
Slika 2. Prosječna hrapavost površine istraživanih vrsta drva uzduž vlakanaca i poprečno na njih
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Fig ure 3  Average roughness values under machining conditions of runs 1, 2, 3, and 4 based on measurement directions and 
tree species
Slika 3. Prosječne vrijednosti hrapavosti u uvjetima obrade nakon 1., 2., 3. i 4. prolaska noža za različite smjerove mjerenja 
hrapavosti i različite vrste drva
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be gathered together under the same group with regards 
to roughness value. The Ra values for black poplar and 
oak are higher than those for the other tree species. 

According to statistical analysis results, the Ra 
for Run 2 was by 1.1737 μm higher than for Run 1. 
Although Ra for Run 1 was by 0.0218 μm higher than 
for Run 3, there was no signifi cance between them 
(Sig: 1,000) and Run 1 and Run 3 can be put into the 
same group with regards to roughness averages. While 
the value of Ra for Run 1 was by 0.2375 μm higher 
than for Run 4, it is by 0.2677 μm less for sanding. The 
Ra for Run 2 exhibited a signifi cant difference since 
they were higher compared to all the other machining 
conditions. The Ra for sanding conditions have a 
slightly higher Ra compared to all the other machining 
conditions except for Run 2. Sanding machining condi-
tion can be shown as a separate group with regards to 
Ra. At the same time, although Ra for Run 3 was by 
0.2158 μm higher than for Run 4, these two machining 
conditions are shown under the same group with re-
gards to roughness averages. 

According to the statistical analysis results, there 
was no signifi cant difference in roughness with regards 
to measurement directions. Figures 3a, 3b, 3c, and 3d 
show the roughness graphs under machining condi-
tions for Runs 1, 2, 3, and 4 based on measurement 
directions and tree species.

Figure 4 presents a roughness graph under sand-
ing condition based on measurement directions an d 
tree species.

4  CONCLUSIONS
4.  ZAKLJUČAK 

As a result, Sessile Oak showed the roughest sur-
face in wood machining operations. According to the 
roughness measurement results for black poplar, sur-
faces with the highest faults and the roughest surfaces 

occurred  in the sanding operation. Although it was ex-
pected that black poplar would have smoother surfaces 
during sanding, since the machining method affects 
surface quality, an increase in the roughness was ob-
served. It is believed that this result is signifi cantly af-
fected by the type of procedure. Cedar of Lebanon ex-
hibited values close to black pine with regards to 
average roughness,  displaying the lowest average 
roughness values amongst the tree species studied. The 
values for black poplar and sessile oak were found to 
be higher. Cedar of Lebanon was in the same group as 
black pine in regards to surface roughness and exhib-
ited the highest roughness value.
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ABSTRACT • Thermal modifi cation of wood has been commercially available for almost twenty years but the 
complete mechanism of improved durability is still not completely understood. It is known that the temperature 
and duration of the modifi cation infl uences the properties of the fi nal products. There are several potential reasons 
for the increased durability of the modifi ed wood. In recent research in particular, water exclusion effi ciency has 
been identifi ed as one of the key mechanisms. In order to elucidate this presumption, specimens made of Norway 
spruce heartwood were thermally modifi ed at 6 different temperatures (160 °C, 180 °C, 190 °C, 200 °C, 210 °C 
and 230 °C) for three hours according to the Silvapro® procedure. Control specimens were left unmodifi ed. Three 
sets of tests were performed: (a) samples were soaked in water for 4 days and then positioned on load cells and 
allowed to dry until a constant mass was achieved; (b) short term water uptake was determined with a tensiometer 
and (c) wood-water interactions were verifi ed using constant gravimetric moisture measurement during outdoor 
exposure. As expected, the degree of modifi cation was refl ected in the moisture content of the wood during testing. 
Short and medium term water uptakes correlated quite well with the performance of wood in outdoor applications. 
On the other hand, long term tensiometer measurements were not in line with either short term water uptake or 
outdoor measurements. 

Key words: load cell, Picea abies, tensiometer, thermal modifi cation, water uptake, fi eld testing

SAŽETAK • Toplinski modifi cirani drvo dostupno je na tržištu već gotovo dvadeset godina međutim, potpuni 
mehanizam poboljšane trajnosti drva još uvijek nije sasvim razjašnjen. Poznato je da temperatura i trajanje modi-
fi kacije utječu na svojstva konačnog proizvoda. Nekoliko je razloga za povećanje trajnosti toplinski modifi ciranog 
drva. U recentnim istraživanjima učinkovito je odstranjenje vode identifi cirano kao jedan od ključnih mehanizama 
za poboljšanje trajnosti drva. Kako bi se razjasnila ta pretpostavka, uzorci drva srži norveške smreke toplinski 
su modifi cirani pri šest različitih temperatura (160, 180, 190, 200, 210 i 230 °C) tijekom tri sata prema postupku 
Silvapro®. Kontrolni su uzorci ostali nemodifi cirani. Provedena su tri ciklusa ispitivanja: a) uzorci su namakani 
u vodi tijekom četiri dana, zatim su postavljeni na senzor težine da se osuše do konstantne mase; b) kratkoročno 
upijanje vode određeno je tenziometrom i c) interakcije drva i vode provjeravane su stalnim gravimetrijskim mje-
renjem sadržaja vode pri izlaganju uvjetima na otvorenome. Kao što se očekivalo, stupanj modifi kacije ogleda se 
u sadržaju vode u drvu tijekom ispitivanja. Kratkoročno i srednjoročno upijanje vode dobro korelira s ponašanjem 
drva  u vanjskim uvjetima. Nasuprot tome, dugoročna mjerenja tenziometrom nisu bila u skladu s kratkoročnim 
vezanjem vode ili s mjerenjem pri izlaganju uvjetima na otvorenome.

Ključne riječi: senzor težine, Picea abies, tenziometar, toplinska modifi kacija, upijanje vode, terenska ispitivanja
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ogy, Ljubljana, Slovenia.
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1  INTRODUCTION
1.  UVOD

Thermal modifi cation is one of the most com-
mercially important modifi cation procedures (Rapp 
and Sailer, 2001; Esteves and Pereira, 2009; Lacić et 
al., 2014). The properties of the treated products de-
pend on the temperature and duration of modifi cation 
(Altgen et al., 2012). In spite the fact that this proce-
dure has been on the market for almost two decades, 
the complete mechanism of improved durability has 
not been fully elucidated. The increased durability has 
been explained by the lower equilibrium moisture con-
tent, better dimensional stability and formation of new 
toxic compounds (Hakkou et al., 2006). In recent re-
search, another aspect has attracted considerable atten-
tion: water exclusion effi ciency. The purpose of this 
study was to elucidate the correlation between the de-
gree of modifi cation and water exclusion effi ciency, as 
determined by different experimental procedures. 

Although there is no standardised method for de-
termining water exclusion effi ciency, several tech-
niques are available. The majority of them are based on 
gravimetric measurements after longer or shorter peri-
ods of exposure to water (Humar and Lesar, 2013). 
These methods are fairly simple to perform but time 
consuming and the size of the specimens is limited. 
However, especially when considering the time and ef-
fort, manual weighing of the samples is not the best 
solution for outdoor testing, particularly if working 
with a larger number of specimens. Furthermore, if the 
specimens are weighed manually once per week, the 
moistest periods might be overlooked, since the speci-
mens are not usually weighed immediately after rain. 
In order to speed up the test procedure, there are two 
possibilities: to determine the moisture content through 
measurements of electrical resistance (Brischke et al., 
2013) or to apply single load cells for automated meas-
urements (Van den Bulcke and Van Acker, 2008). The 
second method is more correlated to laboratory-gravi-
metric based measurements, and hence continuous 
monitoring of weight on single load cells was also ap-
plied in the present research. 

2  MATERIAL AND METHODS
2.  MATERIJAL I METODE

Samples made of Norway spruce (Picea abies) 
were heat treated according to the Silvapro® commercial 
procedure (Rep et al., 2012). Two types of sample were 
used: large ones (2.5 × 5.0 × 50.0 cm) and small ones 
(1.5 × 2.5 × 5.0 cm). Samples were thermally modifi ed 
at six temperatures, as shown in Table 1. The time of 
modifi cation at the target temperature for all specimens 
was 3 hours. The mass loss of the samples after modifi -
cation was determined gravimetrically. After modifi ca-
tion, samples were stored in laboratory for 4 weeks (24 
°C; 65 %). The conditioned samples were then subjected 
to various short and long term water uptake analyses. 

Short term water uptake was determined on small 
specimens. The measurements were carried out at room 

temperature (20 °C), at RH of 50±5 % on a Krüss Pro-
cessor Tensiometer K100MK2. The specimens were po-
sitioned in the device in such a way that the axial sur-
faces of the specimens were in contact with the test 
liquid (water) and their masses were subsequently meas-
ured at 2-s intervals for 200 s. Other parameters used 
were: velocity before contact 6 mm/min, sensitivity of 
contact 0.005 g and depth of immersion 0.5 mm.

The medium term water uptake test was based on 
the ENV 1250-2 (1994) leaching procedure. Smaller 
specimens were used for this test. The water uptake 
study was completed in four days. Modifi ed samples 
were placed in the vessel and positioned with weights to 
prevent them from fl oating. One hundred grams of dis-
tilled water were added per specimen. The water was 
replaced six times in four subsequent days, as prescribed 
by the standard (the cumulative periods of leaching 
were: 1 h, 3 h, 7 h, 23 h, 31 h, 47 h, 95 h). The mass of 
the samples was determined after each period and the 
moisture content of the samples was calculated. 

Long term water uptake was determined on larger 
samples. Similarly as reported for short term water up-
take measurements, samples were positioned so as to be 
in contact with the water and their masses were subse-
quently measured at 20-s intervals for the following 160 
h.  Samples were placed on single point load cells (HBM 
precix 6), with a maximum capacity of 7 kg. Data was 
acquired with the PMX data acquisition system and re-
corded and analysed with Catman Easy software. 

There are two important processes during weath-
ering, drying and wetting. Short, medium and long 
term leaching procedures were designed to simulate 
wetting events. In this laboratory experiment, the focus 
was on the drying phase. The larger samples were, 
therefore, immersed in distilled water for 4 days. They 
were then mounted on HBM precix single point load 
cells and their mass was continuously recorded through 
the drying process (sampling rate = 0.02 Hz). 

In the last experiment, the actual moisture content 
of the samples was continuously monitored during out-
door exposure (sampling rate = 0.02 Hz). The test set up 
was located in the fi eld test site of the University of Lju-
bljana (latitude: +46.0489°; longitude: +14.4787). Sam-
ples were placed in a horizontal position on single point 
load cells and their masses were continuously moni-
tored, as described previously. Samples were exposed in 
the period Nov. 30, 2013 to March 6, 2014 for 105 days.  

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

Thermal modifi cation resulted in changes in the 
overall properties of the Norway spruce wood. Mass 
loss is one of the most reliable indicators of the effec-
tiveness of thermal modifi cation (Hill, 2006; Altgen et 
al., 2013). The mass loss of the specimens increased 
with the modifi cation temperature as shown in Table 1. 
The obtained data are in line with the literature data 
(Esteves and Pereira, 2009; Rep et al., 2012). 

The short term water uptake test is a fast and ef-
fi cient method for quick estimation of hydrophobicity. 
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The limitation of this test is that tests are performed on 
axial surfaces only. The ratio of axial surfaces in the 
specimens compared to real case applications is fairly 
small. However, axial surfaces often represent the 
weakest point of wooden objects in above ground ap-
plications. Unmodifi ed spruce wood samples retained 
approximately 0.00169 g/mm2 of water in 200 seconds. 
The modifi cation of spruce at low temperature (160 
°C) resulted in higher water uptake (0.00218 g/mm2). 
The reason for the increased water uptake is linked to 
certain anatomical changes, such as the destruction of 
tracheid walls, ray tissues, pit de-aspiration due to heat 
treatment and thus an increase in the wood cell wall 
porosity (Awoyemi and Jones, 2011). In contrast, high-
er temperatures of modifi cation resulted in lower short 
term water uptakes. Heat treatment of wood slightly 
increases the free energy of wood (Kutnar et al., 2012). 
Furthermore, the contact angles for water in contact 
with wood modifi ed at different temperatures showed 
greater variation but without a clear trend; only spruce 
treated above 210 °C exhibited a considerably higher 
value (96,6°) than non-modifi ed wood (Kutnar et al. 
2012). However, in spite of the increased hydrophobic-
ity of the specimens treated at 230 °C, short term water 
uptakes again increased. We presume that the small 
cracks in the axial surface are the primary reason for 
increased water uptake. They act as capillaries and in-
crease the short term water uptake. This should be elu-
cidated in one of the future studies. 

In the next step, we compare the values of the 
short term water uptake tests with the results of con-
tinuous immersion in water. The same specimens as 
used for the short term water uptake tests were im-
mersed in water according to leaching protocol ENV 
1250-2 (1994).The differences between the materials 
were most prominent after one hour of immersion (Ta-
ble 2). The moisture content of the control specimens 
reached almost fi bre saturation point (28.5 %). Simi-
larly as reported for the short term tests, modifi cation 
of the specimens at 160 °C resulted in higher moisture 
contents, while higher modifi cation temperatures re-
sulted in lower MC of modifi ed specimens compared 
to the controls (Table 2). The only difference in wood 
moisture performance with medium term immersion 
compared to the short term water uptake was with 
specimens modifi ed at the highest temperature. The 
moisture content of these samples after medium term 
immersion was the lowest among all of the specimens 
(Table 2). It seems that the cracks on the surface of the 
specimens have an infl uence on the uptake from the 
axial planes but not on the overall medium term uptake 
of water. With continuous immersion, the moisture 
content of the specimens began to increase. The infl u-
ence of the modifi cation was still evident even after 47 
h of immersion and was similar to that already de-
scribed. However, after 95 h of immersion, all speci-
mens had similar MC, with the exception of the sam-
ples treated at 160 °C. The MC of these specimens was 
approximately 15 percentage points higher than the 
MC of other specimens (Table 2). Consequently, it can 
be concluded that thermally modifi ed wood is not suit-
able for use in applications with permanent moisture 
load, like in ground contact.  

In order to obtain more representative data, ex-
periments were also repeated with larger specimens in 
the laboratory. Since EN 252 sized specimens (2.5 × 
5.0 × 50 cm) performed well in past moisture related 
studies (Humar in Lesar, 2013), this size of specimen 
was chosen for the second part of the research. Firstly, 
we tried to simulate the tensiometer measurements 
with larger samples that were in contact for a longer 
period. The axial planes of the samples were thus posi-
tioned in contact with the water and the mass of the 
samples was monitored for 160 hours. Water uptake 
continuously increased during the overall testing peri-
od. However, visual inspections of the specimens 
clearly showed that the properties of not only the axial 
planes but other surfaces contribute to the water up-

Table 1 Infl uence of modifi cation temperature on mass loss 
after thermal modifi cation and short term water uptake 
(STWU); different letters represent different homogeneous 
groups within the same exposure
Tablica 1. Utjecaj temperature modifi kacije na gubitak 
mase nakon toplinske modifi kacije i kratkoročnog upijanja 
vode (STWU); različita slova predočuju različite homogene 
skupine unutar iste izloženosti

Modifi cation 
temperature, °C

Temperatura 
modifi kacije, °C

Mass loss, %
Gubitak mase, %

STWU, g/mm2

Kratkoročno 
upijanje vode, 

g/mm2

0  0.0 (a) 0.00169 (b)
160  1.9 (b) 0.00218 (a)
180  2.3 (b) 0.00120 (b)
190  3.2 (c) 0.00068 (c)
200  4.4 (d) 0.00073 (c)
210  6.0 (e) 0.00081 (c)
230 11.7 (f) 0.00150 (b)

Table 2 Moisture content of Norway spruce samples heat treated at different temperatures, after continuous immersion in water
Tablica 2. Sadržaj vode u uzorcima drva norveške smreke toplinski obrađenima pri različitim temperaturama, nakon 
kontinuiranog namakanja u vodi

Modifi cation temperature, °C
Temperatura modifi kacije, °C

Moisture content, % / Sadržaj vode, %
1 h 3 h 7 h 23 h 31 h 47 h 95 h

0 28.5 41.4 50.6 62.5 64.4 69.3 72.6
160 38.9 51.2 71.5 79.8 80.7 85.7 87.8
180 19.5 34.5 41.5 55.8 59.0 65.5 72.1
190 15.0 28.1 38.1 51.9 55.5 62.7 70.4
210 13.6 28.0 35.6 48.7 51.8 59.3 67.6
230 12.7 25.4 34.6 48.4 52.4 60.5 71.0
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take. Water was also rising through the longitudinal 
planes, which was evident from the dark colour of the 
wet wood. The results presented in Figure 1 show that 
the specimens modifi ed at lower temperatures (160 °C 
and 180 °C) took up less water than the control speci-
mens, while the specimens modifi ed at higher tempera-
tures (210 °C and 230 °C) took up more water than the 
control specimens. Not all the reasons for this phenom-
enon can be elucidated but it is suspected that the prime 
reason for this is formation of the small cracks in the 
surface of the specimens modifi ed at higher tempera-
tures, which act as capillaries and increase the water 
uptake into the specimens. 

In addition to water uptake, drying is another im-
portant phenomenon that infl uences the moisture con-
tent of wood during outdoor exposure. In order to elu-
cidate this phenomenon, samples were fi rst immersed 
in water for 4 days and then positioned on single point 
load cells in order to monitor their mass during drying. 
As shown in Figure 2, the initial moisture content re-
fl ects the modifi cation temperature. Although all speci-
mens were immersed for 4 days, the starting moisture 
content varied between 25.6 % (control) and 16.9 % 
(modifi cation at 210 °C). This is in line with the im-
mersion studies performed on the smaller specimens. 
Wood modifi ed at higher temperatures took up less wa-
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Figure 1 Water uptake from axial surfaces of EN 252 sized samples in contact with water 
Slika 1. Upijanje vode aksijalne površine uzoraka drva izrađenih prema EN 252 u dodiru s vodom

Figure 2 Drying of thermally modifi ed specimens in indoor conditions; specimens were mounted on load cells
Slika 2. Sušenje uzoraka toplinski modifi ciranog drva u uvjetima zatvorenog prostora; uzorci su bili postavljeni na senzore 
težine



.............Zlahtic, Thaler, Humar: Water Uptake of Thermally Modifi ed Norway Spruce

DRVNA INDUSTRIJA  66 (4) 273-279 (2015) 277

ter than wood modifi ed at lower temperatures and con-
trol (unmodifi ed) wood. The fi nal MC at the end of the 
drying process clearly correlated with the temperature 
of the modifi cation. A higher modifi cation temperature 
resulted in a lower MC at the end of the drying period. 
Regardless of the modifi cation temperature, the fi nal 
MC was determined after 100 h of drying.  

In the last part of the experiment, moisture moni-
toring was performed during outdoor exposure. During 
the fi rst ten days of exposure, there was no rainfall. This 
was clearly refl ected in the MC of the samples (Figure 
3). The average MC of the samples varied between 6 % 
(210 °C) and 18 % (control). With the exception of the 
highest modifi cation temperature, a higher modifi cation 
temperature resulted in a lower MC during the initial 
days of exposure. This was expected, since in the ab-
sence of rainfall, only sorption and desorption infl uence 
the MC of the exposed samples. Similar relations were 
determined during a foggy period, with the only signifi -
cant difference being that the average MC was consider-
ably higher: 17 % for specimens modifi ed at 210 °C and 
33 % for control specimens. However, during a rainy 
period, MC relationships changed considerably. The 
highest average value was again determined on control 
specimens, while specimens modifi ed at 180 °C and 190 
°C had the lowest average MC. This result indicates that 
not only the sorption properties but other physical prop-
erties of the modifi ed wood refl ect its performance dur-
ing outdoor exposure, predominantly during and after 
extensive rain. Moisture performance is a function of the 
sorption properties, surface properties and permeability 
and thus cannot be assessed with a single laboratory test 
(Figure 3). Furthermore, it should be considered that dif-
ferent mechanisms are responsible for capillary water 
uptake and sorption.

Comparison of the daily rainfall and moisture 
content revealed that intensive rain events considera-
bly infl uence the moisture content (Figure 4). There 
were 31 days with a moisture content of the control 
specimens above 100 %. There are two reasons for 
such a high moisture content. Firstly, in total there 
were 520 mm of rain during the 100 days of exposure, 
in 53 rain events, of which 17 days were snow that was 
deposited on the specimens and afterwards slowly 
melted and wet the specimens more effectively than 
rain. Further information shown in Figures 3 and 4 
concerns the velocity of drying. Although the speci-
mens were very wet, they dried very fast. For example, 
the moisture content of control specimens was reduced 
from 100 % to 20 % in two to three days (Figure 4). 
However, it should be born in mind that the construc-
tions contained no water trap and the specimens were 
positioned on two fasteners only, which allowed good 
circulation of air and thus resulted in fast drying. This 
drying was signifi cantly faster than drying of green 
timber. 

However, long term data are fairly diffi cult to 
analyse and compare. Data presented in Figure 4 are, 
therefore, summarised in Table 3. It is evident from 
these results that control specimens had the highest av-
erage MC (69 %) and specimens treated with 210 °C 
(35 %) the lowest. These results are in line with labora-
tory data obtained in this study (Table 1 and 2). Similar 
relationships were determined with other statistical ag-
gregates. However, from an application point of view, 
the days with a moisture content above 25 % are the 
most important data since this is accepted to be the 
limit for effective fungal decay (Welzbacher et al., 
2009). There are some fungi that can grow at a lower 
MC but decay caused by such fungi is not likely out-
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 Figure 4 Infl uence of modifi cation temperature on the correlation between the average daily moisture content of wood 
specimens and daily rainfall
Slika 4. Utjecaj temperature modifi kacije na korelaciju između prosječnoga dnevnog sadržaja vode u uzorcima drva i dnevne 
količine oborina 

doors. During the exposure period of 105 days, the MC 
of the control specimens was higher than 25 % on 82 
days. On the other hand, there were only 47 days on 
which the MC of the specimens modifi ed at 210 °C 
was above 25 %. This indicates suffi cient moisture per-
formance of modifi ed wood if not in permanent contact 
with liquid water. The reasons for this have already 
been discussed and can be summarised as a lower 
hemicellulose content, fewer OH groups and lower 
surface energy. 

4  CONCLUSIONS
4.  ZAKLJUČAK

Thermal modifi cation of wood considerably im-
proves its performance against wetting. The highest 
level of correlation between laboratory and outdoor 
testing was determined between short term tests and 

outdoor moisture monitoring on single point load cells. 
However, it is evident from the presented results that a 
single laboratory procedure is not enough for predic-
tion of the moisture performance outdoors. In order to 
determine a comprehensive moisture performance, 
multiple techniques have to be applied. 
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ABSTRACT • Wood processing industry (WPI) is a sector based on renewable natural resources of wood raw 
material. It can, therefore, provide sustainable growth and be competitive on the international markets. The inter-
est of the European Union is to build economy based on renewable natural resources, meaning that it is neces-
sary to pay increased attention to the development and support of the WPI. The aim of the article is to evaluate 
and compare the level and development of competitiveness of WPI in the Czech and Slovak Republics for a ten 
year period through the establishment of indicators based on foreign trade data of industry using mathematical 
and statistical methods. To reach the goal, a system of indicators measuring sectoral competitiveness was set up 
under the hypothesis: in the WPI the potential of competitiveness is used defi ciently. The resulting indicators have 
confi rmed the hypothesis and shown that, despite the fact that the WPI creates active foreign trade balance and 
contributes to surplus balance of the country, it achieves low values of indicators implying comparative advantage 
with a negative, decreasing trend, consequently meaning that industry gradually loses its competitive ability. The 
analysis also showed that the reason for low competitive ability of WPI is low specialization of the country in the 
commodity group, which was confi rmed by statistical method of correlation analysis. 

Key words: competitiveness, Revealed Comparative Advantage, foreign trade balance, wood processing industry

SAŽETAK • Drvoprerađivačka industrija (WPI) industrijski je sektor koji se temelji na drvnoj sirovini kao ob-
novljivome prirodnom resursu, zbog čega je moguće ostvariti održivi rast i razvoj te međunarodnu konkurentsku 
prednost. Interes je Europske unije graditi gospodarstvo utemeljeno na obnovljivim prirodnim resursima, što će re-
zultirati pojačanom pozornošću prema razvoju i potpori WPI-a. Cilj ovog rada jest vrednovati i usporediti razinu 
razvijenosti konkurentnosti WPI-a u Češkoj i Slovačkoj Republici u razdoblju od deset godina, i to uspostavom po-
kazatelja utemeljenih na podacima međunarodne trgovine sektora primjenom matematičkih i statističkih metoda. 
Kako bi se to postiglo, uspostavili smo sustav pokazatelja kojima se mjeri sektorska konkurentnost. Postavili smo 
hipotezu da je potencijal konkurentnosti WPI-a nedovoljno iskorišten. Rezultati dobiveni uz pomoć tih pokazatelja 
potvrdili su hipotezu i pokazali da, usprkos činjenici da WPI ima pozitivnu vanjskotrgovinsku bilancu i unatoč 
činjenici da znatno pridonosi pozitivnoj bilanci države, još uvijek ima niske vrijednosti pokazatelja, što upućuje 
na negativne trendove komparativnih prednosti, a posljedica toga je gubitak komparativnih mogućnosti. Analiza 
je također pokazala da je razlog niske konkurentnosti WPI-a niska specijaliziranost pojedine države u pojedinoj 
grupaciji proizvoda, što je potvrđeno statističkom metodom korelacijske analize. 

Ključne riječi: konkurentnost, komparativne prednosti, vanjsko trgovinska bilanca, drvoprerađivačka industrija
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2  MATERIAL AND METHODS
2.  MATERIJALI I METODE

The material required for achieving the relevant 
outputs from a secondary research was obtained on the 
basis of an analysis of available scientifi c literature 
dealing with competitiveness problem of sectors and 
countries and on the basis of processing the foreign 
trade statistics of the wood processing industry.

The present research of competitiveness is based 
on using statistical methods to assess revealed and an-
ticipated comparative and competitive advantages. In 
fact, there is not only one indicator comprehensively ex-
pressing the level of competitiveness. Some indicators 
are applicable only to the whole economy; some may 
measure competitiveness at the level of a country as a 
whole as well as at lower levels of economic structure 
(Bobáková and Hečková, 2007). In practice, several in-
dicators for identifying and measuring competitiveness, 
which can be combined, characterize competitiveness of 
the selected industrial sector or even country (Han et al., 
2009). The indicators can be classifi ed into two basic 
groups, to result-oriented and determinant-oriented indi-
cators (Dieter and Englert, 2007).

Result-oriented indicators enable to detect a 
competitive situation in ex-post perspective and they 
are used for determining competitiveness in the sector 
and in international markets. Based on the study of lit-
erature and methodologies of international organiza-
tions dealing with the evaluation of competitiveness at 
the macro and meso levels, a system of indicators was 
developed for evaluating the competitiveness of the 
sector and its internal structure:
 Revealed Comparative Advantage (RCA) is the 

most used indicator and exists in several modifi ca-
tions:

 -  RCA indicator (Aiginger and Landesmann, 2002) 
expresses competitiveness at national level. 

 -  Competitiveness Growth Index (RCA1) allows to 
determine the competitiveness of industry in the 
international and world market.

 -  Index of Net Business Performance RCA 2 (Bal-
assa, 1965, p. 90- 124) expresses the rate of the 
industry contribution to establish active trade bal-
ance.

 -  RCA index of cross-sectoral specialization (in ac-
cordance with the methodology ITC - Internation-
al Trade Center UNCTAD and WTO) analyzes 
the difference between observed net exports, ex-
isting specialization, trade defi cit and the theoreti-
cal net exports.

 Index of Contribution to Trade Balance CTB 
(Melíšek, 2012) measures the contribution made by 
the industry to the national trade balance.

 Michaely Index (Michaely, 1962) enables to demon-
strate certain rate of specialization of the country in 
the commodity group, or in the industry.

 Grubel-Lloyd Index (GLI) analyzes the level of 
representation of commodities with intrasectoral 
character of foreign trade, higher levels of repre-
sentation is symptomatic of higher level of national 
competitiveness.

1  INTRODUCTION
1.  UVOD

According to EU, the competitiveness is defi ned 
as the ability of the fi rms, industries, regions, nations 
and transnational regions to generate a high level of in-
come and employment, while exposed to foreign com-
petition. Today, competitiveness of countries and indus-
tries on the world markets is the basis for the theory of 
international trade and economic growth, while in com-
parison with classical and neoclassical economic theory 
of international trade, it highlights innovative, realistic 
sources of trade and economic development. In profes-
sional literature, however, there is no universally valid 
and generally accepted defi nition for the competitive-
ness of the sector. In the case of sectoral competitive-
ness, the macro-economic evaluation of competitiveness 
is applied, thus there is an overlap of macro and meso 
level view of competitiveness. The balance of foreign 
trade is used for better understanding of competitiveness 
and it is, therefore, based on analyzing comparative ad-
vantages of the industry. At the sectoral level, an interna-
tional trade is also taken into account. 

The article deals with the analysis of competitive-
ness of wood processing industry (WPI) in the Czech 
Republic, Slovak Republic and comparison with EU 
WPI as a whole. The article is focused on WPI for sev-
eral reasons. The WPI is extremely multi-functional and 
provides a wide range of products and materials. It pro-
vides economic, environmental and social contribution 
based on use of renewable resources. Wood-based prod-
ucts are recyclable, re-usable either as new products or 
energy. They are biodegradable and can be used to re-
place materials from non-renewable resources. The WPI 
is an important part of developing economies and pro-
vides a new prospective direction based on biotechnolo-
gy. Production of wood-based products in the Czech and 
Slovak Republics has, in regard to suffi cient supply of 
input wood material, long tradition and, as one of the op-
tions for obtaining renewable resources, it is closely con-
nected with many sectors of the national economy 
(Jelačić et al., 2012). Wood processing industry is one of 
the sectors in which the Czech and Slovak economies can 
affect European markets by maximum use of their own 
resources. The need to deal with the theme of the article 
is mainly due to the fact that the EU puts emphasis on the 
economic development based on renewable resources. 
WPI, therefore, belongs to the supported and prospective 
industries and it is in the EU interest to make this sector 
highly competitive on the world market. The competi-
tiveness of the WPI is, therefore, highly topical and im-
portant. Despite these facts, insuffi cient attention is paid 
to the analysis of competitiveness development of WPI, 
and so far no study of the subject has been published.

The aim of this article is to evaluate, based on 
competitiveness analysis, the competitiveness devel-
opment of the wood processing industry in the Czech 
and Slovak Republics in a ten-year period, to identify 
competitive advantages of the industry and to suggest 
possibilities for increase of sectoral competitiveness 
within EU.
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Michaely Index (MI) highlights the degree of spe-
cialisation, or the lack of specialisation in specifi c com-
modity groups. Calculation of the index is as follows: 

 MI =  (4)

The following applies to Michaely Index:
0 < MI < 1 points to a certain degree of specialisation 
of the country in the commodity group, 
-1< MI < 0 indicates insuffi cient specialisation of the 
country in the commodity group.

Index of Contribution to Trade Balance (CTB) 
is calculated by the formula: 

 CTB =  · 100 (5)

The left part of the equation represents the real 
balance of trade industry based on its share in the total 
foreign trade of the country, which is a cross-sectoral 
trade, and the right part of the equation measures the 
expected trade balance in the sector (commodity group) 
provided that each commodity contributes to the over-
all trade balance according to their weight in total 
trade. The difference between the actual and the ex-
pected trade balance defi nes a specifi c contribution to 
the total trade balance. 
The following applies to CTB:
CTB > 0 means that actual surplus is higher than ex-
pected and the relative trade defi cit is less than expect-
ed, the industry has a positive contribution to the over-
all trade balance,
CTB < 0 industry has a negative contribution to the 
total trade balance, the actual results are in accordance 
with the expected negative or insuffi cient results.

The original Grubel-Lloyd Index (GLI) meas-
ures export ability on the macroeconomic level. It has 
been modifi ed for the evaluation at the industry level, 
and its calculation indicates the level of commodity 
representation in intrasectoral foreign trade of the 
country. The formula for its calculating is:

 GLI = 1 –  (6)

Values of GLI are in interval from 0 to 1 (0 < 
GLI< 1). Comparing value should be an average value 
of GLI for all industries in the country or GLI value of 
EU or world trade in the commodity group. 

To simplify the comparison of the results of the 
sector in different countries, as well as for the purpose 
of implementing benchmarking, a new indicator has 
been suggested: Trade Coverage Index (TCI). Its cal-
culation is presented in the section - Results.

Calculation of individual indicators was applied 
in the wood processing industry of the Czech Republic, 
the Slovak Republic and the EU 27. A characteristic 
feature of the WPI is processing of raw wood and wood 
products production at various stages of fi nalization. 
Within the classifi cation of business activities of the 
EU (NACE), WPI consists of the following sections:

 Index of Kilogram Export and Import Prices (KPI) 
highlights the relationship between price and quali-
tative competitiveness of the product or commodity 
group.

 Indicator of revealed price elasticity (REVELAST 
approach) developed by Aiginger and Landesmann 
(2002) analyzes competitiveness in price and quali-
tative distinction. 

The real competitiveness of wood processing in-
dustry, its sections and commodities was analyzed by 
applying the above mentioned methods for measuring 
competitiveness at the level of industry with the aim to 
validate correctness of the achieved results and the rel-
evance of characteristics. 

Indicators found in literature were modifi ed and 
their calculation was adjusted in order to provide the 
analysis of sectoral competitiveness. For their calcula-
tion, the following abbreviations are used:
xij -  export value of commodity group „i“ within in-

dustry „i“ in country „j“ 
mij  -  import value of commodity group „i“ within in-

dustry „i“ in country „j“ 
Xj  -  value of total export from country „j“
Mj  -  value of total import to country „j“
Xi  -  world export or export of integration group (e.g. 

EU) in commodity group „i“
X - total world export or total EU export 

RCA indicator presents comparative advantage 
or disadvantage of export and its competitive ability. 
The formula for its calculation is: 

 RCA = ln [(xij / mij):( Xj / Mj)] (1)

The following applies to variable RCA: 
RCA < 0 induces revealed comparative disadvantages 
in the commodity. 
RCA > 0 indicates that there are revealed comparative 
advantages in the country for exported commodities of 
that industry or commodity group. 
RCA > 1 identifi es the commodity and industry as in-
ternationally competitive.

Index of Competitiveness Growth (RCA1) is 
calculated as follows: 

 RCA1 =  (2)

If RCA1 > 1 there is comparative advantage of indus-
try in the worldwide market  
If RCA1 < 1 a commodity group has no competitive 
ability in the relevant market 

Indicator of net trade performance (RCA 2) eval-
uates a comparative advantage of export of industry or 
commodity and its competitive ability. The formula for 
calculating RCA2 is: 

 RCA2 =  (3)

The following applies to variable RCA2:
RCA2 = -1 means that there is no export (xij = 0),
-1 < RCA2 < 0 induces comparative disadvantage,
RCA2 = 0 export = import 
0 < RCA2 <1 induces comparative advantage,
RCA2 = 1 means that there is no import (mij = 0).
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-  NACE 16: primary mechanical wood processing 
(timber industry),

-  NACE 17: primary chemical wood processing 
(pulp and paper industry)

-  NACE 31: secondary wood processing (production 
of furniture)

Input data for evaluating the competitiveness of 
WPI was obtained from the database of Statistics Bu-
reaus, the Ministries of Economy of the Czech and Slo-
vak Republics (www.cso.cz; www.slovak.statistics.sk) 
and Eurostat (epp.eurostat.ec.europa.eu) with annual 
data on foreign trade of countries and commodity 
structure divided according to statistical classifi cation 
of products by activity (CPA 2008) in million Euro 
(FOB/FOB) for the period 2003 – 2012. The selected 
database enabled to exclude the trade in timber used as 
raw material from export and import values. Thus it 
was possible to analyze competitiveness of WPI ac-
cording to the NACE.

To reach the goal of the paper, the hypothesis 
“WPI potential of competitiveness is used defi ciently” 
was tested.

For appropriate applications of statistical meth-
ods, the application was created in MS Excel and com-
petitiveness of WPI and its individual sections was 
analyzed at several levels: at international EU level, at 
national level and intrasectoral competitiveness of in-
dividual sections by calculating statistical variables to 
measure competitiveness. Then, the results obtained in 
the Czech and Slovak Republics were compared with 
the EU WPI as a whole. Moreover, a trendline analysis 
of competitiveness development has been performed.

Dependences among the selected data were ana-
lyzed using statistical method of correlation analysis. 
Strength of mutual dependence between selected rela-
tions was determined by calculating the coeffi cient of 
correlation (r).

3  RESULTS
3.  REZULTATI

The starting point in evaluating the competitive-
ness at the sector level was the defi nition that competi-
tiveness of the industry can be characterized as the suc-
cess of the industry in a competitive battle with other 
equivalent sectors in other economies in placing their 
products on the domestic and foreign markets, provid-
ed that production factors are effi ciently used. 

The status of wood processing industry (WPI) in 
the foreign trade of the country is characterized by the 
proportion of the sector in the foreign trade of the 
country, and its success in foreign markets is presented 
by export performance of the industry. The analyzed 
statistical data showed that in a ten year period (2003–
2012) WPI in the Slovak and Czech Republics had an 
active role in the balance of trade; the export perfor-
mance in Slovakia being much higher. The share of the 
Slovak WPI in the import of SR is lower than in the 
export and it gradually decreased from 4 % to 2.9 %. In 
the Czech Republic the situation is similar, and the pro-
portion of WPI in the Czech Republic is almost at the 

same level as in Slovakia. As for export performance of 
the industry, it can be concluded that in Slovakia it is 
high and amounting to an average of 77 % of revenues 
and 95 % of production. In the Czech Republic the ex-
port performance of WPI compared to SR is lower but 
with an increasing trend; the share of exports in sales 
gradually increased from 31.2 % to 64.5 % and in the 
production of WPI from 53.8 % to 66.7 %.

3.1  Analysis of Competitiveness of Wood 
Processing Industry

3.1.  Analiza konkurentnosti drvoprerađivačke 
industrije

The choice of indicators of competitiveness at 
the sectoral level was inspired by efforts to determine 
whether the wood processing industry and its sections 
have succeeded in the domestic and foreign markets. 
Evidence of success is a higher volume of products 
placed by the domestic industry on the foreign market 
than the volume of products placed by the same foreign 
sectors on the domestic market. Based on the informa-
tion on these facts via the coeffi cient of RCA and its 
various modifi cations, coeffi cients CTB, GLI and Mi-
chaely Index were achieved. The achieved results of 
individual parameters are shown in Table 1.

Values of the indicators in Table 1 show that 
wood processing sector has a comparative advantage 
within the industry of the country, as well as on inter-
national markets. Positive values of RCA index mean a 
comparative advantage of the industry at the national 
level. However, over the analyzed period this advan-
tage is gradually decreasing in both countries and ap-
proaching zero.  In Slovakia it is associated with de-
creased net export of the sector, but in the Czech 
Republic, despite an increase in net exports, the com-
parative advantage decreases. Index of Competitive-
ness Growth (RCA1) is much higher than the value; in 
both countries it is almost at the same level and pres-
ents a high competitiveness of Czech and Slovak in-
dustry within the EU. 

Positive values   of net trade performance indica-
tor (RCA2) say that WPI contributes to the positive 
trade balance of the sector, in Slovakia at a much high-
er rate than in the Czech Republic at the beginning of 
the period. However, in 2012 the situation was reversed 
due to a steep decrease in the Slovak Republic - up to 
three times, while in the Czech Republic, the level of 
indicator is almost at the same level. The indicator 
RCA2 is related to index of Contribution to Trade Bal-
ance (CTB) indicating the contribution of the sector to 
the national trade balance. The negative   CTB values 
achieved in WPI as a whole and also in its subsectors 
since 2005 show that the contribution of the sector to 
the overall trade balance is negative and that there is no 
real surplus, which is quite the contrary of what was 
expected. This in turn means that the relative trade 
defi cit is smaller than expected. Signifi cantly worse re-
sults of this indicator were observed in the Czech Re-
public, where negative values have been recorded 
since 2005. Positive values of Michaely Index   con-
fi rmed the competitiveness of WPI, but showed a very 
low rate of country specialization in the commodities 
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and a decreasing trend in the post-crisis period. On the 
other hand, the values of the Grubel-Lloyd Index (GLI) 
show a high degree of representation commodities of 
intrasectoral character of foreign trade and an increas-
ing share of individual WPI subsectors. GLI values of 
WPI are higher when compared with the average val-
ues   of the processing industry of SR (0.835), CR 

(0.868) and EU-27 (0.776), which implies WPI contri-
bution to the competitiveness of economy as a whole. 

Development trend of competitive abilities of 
wood processing industry based on the most important 
indicators are shown in Figures 1 and 2.

The development of the main indicators shows 
higher competitiveness of wood processing industry in 

Table 1 Indicators of Competitiveness of Wood Processing Industry
Tablica 1 Pokazatelji konkurentnosti drvoprerađivačke industrije

indicator/ year
pokazatelj / godina 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

WPI SR / WPI Slovačka
RCA 0.666 0.553 0.605 0.430 0.367 0.451 0.514 0.395 0.329 0.208
RCA1 1.984 1.953 1.965 1.949 1.763 1.712 1.940 1.695 1.642 1.527
RCA2 0.310 0.252 0.266 0.189 0.175 0.208 0.248 0.194 0.166 0.131
MI 0.038 0.029 0.029 0.020 0.016 0.017 0.022 0.015 0.011 0.007
GLI 0.679 0.731 0.706 0.788 0.819 0.778 0.748 0.805 0.837 0.897
CTB 0.091 0.113 0.161 0.118 0.035 0.063 0.026 0.013 -0.005 -0.087
WPI ČR / WPI Češka:
RCA 0.406 0.358 0.346 0.330 0.306 0.230 0.148 0.239 0.230 0.197
RCA1 1.895 1.812 1.793 1.707 1.659 1.613 1.659 1.621 1.614 1.587
RCA2 0.177 0.170 0.182 0.173 0.169 0.128 0.110 0.143 0.148 0.150
MI 0.021 0.017 0.016 0.014 0.013 0.009 0.006 0.009 0.008 0.007
GLI 0.800 0.823 0.829 0.836 0.848 0.886 0.926 0.881 0.886 0.902
CTB 0.137 0.044 -0.040 -0.033 -0.069 -0.051 -0.152 -0.089 -0.119 -0.181

0

0.5

1

1.5

2

2.5

2003  2004  2005  2006  2007  2008  2009  2010  2011  2012

RCA SR

RCA1 SR

RCA CR

RCA1 CR

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

2003  2004  2005  2006  2007  2008  2009  2010  2011  2012

CTB SR

MI SR

CTB CR

MI CR

Figure 1 Trend of Revealed Comparative Advantage (RCA and RCA1)
Slika 1. Trend RCA, RCA1

Figure 2 Trend of Contribution to Trade Balance Index (CTB) and Michaely Index (MI)
Slika 2. Trend CTB, MI
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Slovakia than in the Czech Republic. However, Slovak 
sector is losing competitiveness on foreign markets. If 
such trend continues, it can cause uncompetitiveness of 
Slovak WPI. Considering the development of CTB in-
dicator, a negative trend can be seen. Despite higher 
values of   RCA2 of WPI in SR compared to CR, the 
level of indicators was gradual falling and came under 
the EU average. A decreasing trend is also seen by 
Michaely Index, which is near zero.

In further analysis, fi ndings of dependency be-
tween the selected indicators were analyzed using sta-
tistical correlation method to determine the factors af-
fecting the competitiveness of wood processing 
industry. Dependences based on the correlation coeffi -
cients are shown in Table 2.

The results show that the sector´s competitive-
ness is strongly infl uenced by the following factors:
- specialization of the country for commodities of the 

sector, 
- high rate of intrasectoral foreign trade of the coun-

try,
- export performance of the sector at the national 

level, 
- share of the sector in the country´s export affecting 

mainly a positive contribution of the sector to ac-
tive trade balance of the country.

3.2  Comparative and Trendline Analysis of 
Competitiveness of Wood Processing 
Industry

3.2.  Analiza konkurentnosti drvoprerađivačke 
industrije komparacijom i na osnovi trendova 

To compare the competitiveness of the sector in 
several countries, a new indicator Trade Coverage In-
dex (TCI) has been proposed. The formula for its cal-
culation is:

 TCI =  (7)

Where: Xia  is export of sector „i“ and Mia import of 
sector „i“ in country „a“

 Xib  is export of sector „i“ and Mia import of 
sector „i“ in country „b“

The following applies to TCI: 
- if TCI > 0 the higher competitiveness of the sector 

is in country „a“ 
- if TCI < 0 the higher competitiveness of the sector 

is in country „b“
Results of TCA indicator calculated for compari-

son of Slovak and Czech wood processing industry are 
shown in Table 3. The values of Trade Coverage Index   
observed for WPI in Slovakia and the Czech Republic 
show that higher competitiveness of the sector was 
reached in Slovakia until 2011. However, this advantage 
was gradually decreasing until 2012 when the CR be-
came more competitive. The low TCI values   of 0.5 fur-
ther indicate a small difference between competitiveness 
of the sector in Slovakia and the Czech Republic.

Competitiveness of the wood processing industry 
of the Czech and Slovak Republics at EU level was fur-
ther evaluated by comparing the average values   of indi-
cators to WPI of EU as a whole. Results are shown in 
Table 4 and Figure 3. The comparison showed that, ex-
cept indicators RCA2 and GLI, the Czech and Slovak 
WPI show lower competitiveness than WPI of EU. The 
most important indicators of competitiveness: RCA, MI 
and CTB are considerably below the EU average.

4  DISCUSSION
4.  RASPRAVA

Evaluating the competitiveness of wood process-
ing industry was based on the fi ndings of previous 
studies in which the authors (Sujová, 2011, 2012, 2013; 
Hlaváčková and Šafařík, 2014) and other professionals 
(Parobek, 2014; Grladinović et al., 2006; Šafařík and 
Badal, 2013) dealt with qualitative analysis of com-

Table 2 Correlation coeffi cients
Tablica 2. Koefi cijenti korelacije

X/Y RCA RCA1 RCA2 CTB
MI 0.9428 0.7815 0.9319 0.9572
GLI 0.9998 0.7959 0.9666 0.8132
trade balance of WPI / trgovinska bilanca WPI-a 0.9576 0.7428 0.9263 0.765
share of WPI in national export 
udio WPI-a u nacionalnom izvozu

0.8598 0.8098 0.8362 0.9501

Table 3 Trade Coverage Index in wood processing industry of SR and CR
Tablica 3. Indeksi trgovinske pokrivenosti drvoprerađivačke industrije u Slovačkoj i Češkoj

Years / Godine 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
TCI SR/CR
TCI Slovačka/Češka

0.284 0.174 0.179 0.034 0.012 0.165 0.287 0.105 0.037 -0.038

Table 4 Average values of indicators
Tablica 4. Prosječne vrijednosti pokazatelja

Indicator / Pokazatelj RCA RCA1 RCA2 GLI CTB MI
WPI SR / WPI Slovačka 0.452 1.813 0.214 0.779  0.053 0.020
WPI CR / WPI Češka 0.279 1.696 0.155 0.862 -0.055 0.012
WPI EU 27 1.070 - 0.159 0.776  0.154 1.028
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subject of further scientifi c study will, therefore, be 
intrasectoral analysis of competitive abilities of indi-
vidual WPI sections allowing to suggest and optimize 
the structure of foreign trade in wood processing indus-
try to increase competitiveness of the sector.

5  CONCLUSION
5.  ZAKLJUČAK

The wood processing industry has the potential 
to achieve high competitiveness on international mar-
kets, create an active trade balance and contribute to 
economic growth of the sector and country. The system 
of indicators established to analyze the level and evolu-
tion of competitiveness of the industry in a ten-year 
period enabled to determine the achieved comparative 
advantages and the ability to create a positive trade bal-
ance by wood processing industry. However, this can-
not be applied in defi ning the active trade balance of 
the country, where the contribution is much lower than 
expected. At the beginning of the analyzed period, 
wood processing industry achieved higher competi-
tiveness in Slovakia than in the Czech Republic, but 
after gradual decreasing indicators in Slovakia, at the 
end of the period in question the level was equal in 
both countries. It can be expected that competitiveness 
of wood processing industry in the Czech Republic 
will be kept at a low level, while the industry in Slova-
kia will be at risk of losing comparative advantage. 

As for the competitiveness level of wood pro-
cessing industry, the analysis showed existing com-
parative advantages but the achieved level of competi-
tiveness is at a low level, lower than the EU average 
and the potential of the industry. The analysis con-
fi rmed very low specialization of countries in the WPI 
foreign trade and inability of industry to actively con-
tribute to national trade balance, resulting in a decrease 
of existing comparative advantages of industry on in-
ternational markets. 

In order to infl uence trade balance in a positive 
way, it is necessary to optimize the structure of intra-
sectoral foreign trade, to increase attention to support-
ing export of wood-based products with the highest 
added value and exploit the potential of the industry to 
create a competitive advantage based on quality and 
innovation. Success of wood processing industry, the-
refore, lies in the active development of new compara-
tive advantages because, as shown by the results of the 
analysis, the original comparative and competitive ad-
vantages based on cost and price are disappearing.
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SAŽETAK • Bogatstvo šuma na prostorima Republike Hrvatske uvjetovalo je razvoj pilanske prerade drva koja 
ima već stoljetnu tradiciju. S određenim zakašnjenjima u usporedbi s europskim zemljama, pilanska je prerada 
drva pratila razvoj tehnologije, zapošljavala stručnu radnu snagu te uz šumarstvo bila prva faza razvoja pre-
rade drva. Troškovi su „u srcu“ mnogih poslovnih odluka. Nije dovoljno proučavati troškove za pojedino ili za 
ograničeno poslovno područje, već ih je nužno promatrati za cijeli lanac poslovnog procesa, tj. od dobavljača 
do kupca proizvoda ili usluga. Cilj ovog istraživanja bio je usporediti čimbenike u proizvodnji uz pomoć kojih se 
mogu uspoređivati proizvodnje domaćih i inozemnih poduzeća kako bi se dobila slika konkurentnosti pilanarstva 
u Republici Hrvatskoj. Čimbenici koji su se uspoređivali jesu trošak po jedinici proizvoda, trošak sirovine s pri-
jevozom, trošak energije, trošak kapitala (u ovom primjeru amortizacije) te trošak radne snage. Radi dodatnog 
povećanja i održavanja konkurentnosti, potrebno je više ulagati u tehnologiju kako bi se smanjili troškovi po 
jedinici proizvoda. Također treba utvrditi optimalnu tehnologiju s obzirom na kvalitetu, kvantitetu i vrstu drva. 

Ključne riječi: prerada drva, troškovi, konkurentnost, kalkulacije, trupci, piljena građa  

ABSTRACT • Abundance of forests in the territory of the Republic of Croatia was the reason for the development 
of sawmill industry that has a century long tradition. Although lagging behind the European countries, the Croa-
tian sawmilling industry, along with forestry, represents the fi rst phase of wood processing development, which 
is based on high manufacturing technology, trained employees and skilled workers. Costs are the core of many 
business decisions. It is, however, not enough to analyze the costs of a specifi c or restricted business area, but the 
costs of the entire business process – from supplier to product/service buyer. The aim of this paper was to compare 
the selected production process factors so as to make comparison between the Croatian and foreign companies, 
in order to get an idea of competitiveness of the Croatian sawmilling industry. Factors that were compared were: 
output cost per unit, costs of raw material including transportation, energy costs, cost of capital (in this case amor-
tization), and the cost of labor. In order to further increase and maintain competitiveness of sawmill industry, it is 
necessary to make higher investments into technology with the aim to reduce the unit production costs. It is also 
necessary to determine the optimal technology in terms of quality, quantity and wood species. 

Key words: wood processing, costs, competitiveness, calculations, logs, sawn wood
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Potrebno je poznavati troškove da bismo mogli 
odrediti cijenu koštanja, a samim time i prodajnu cije-
nu proizvoda i vidjeti kako se ona ponaša s obzirom na 
konkurentske cijene na domaćemu i stranom tržištu 
(Škrtić, 1995.).

Cijene su egzogeni činitelji kada se promatraju s 
aspekta poslovne politike poduzeća. Cijene, dakle, po-
mažu proizvođačima da odrede koliko će sredstva alo-
cirati na pojedine proizvodne faktore da bi ostvarili 
maksimalnu količinu proizvodnje (Babić, 2000.). Troš-
kovi pripadaju unutrašnjim, a ostali vanjskim činitelji-
ma politike cijena. Cijena je posljedica odnosa ponude 
i potražnje, ali i uzrok ponude i potražnje te ima svoje 
sastavne elemente. Odnos elemenata unutar cijene čini 
strukturu cijene. Pojedini elementi strukture cijene ko-
štanja za proizvodno poduzeće jesu materijal izrade, 
amortizacija, troškovi rada, strane usluge, opći troško-
vi uprave i prodaje, dakle, troškovi proizvodnje (Gulin, 
2003.). Jednako tako, na strukturu prodajne cijene utje-
ču i korisnost nekog proizvoda, troškovi transporta, tr-
govine, kapitala, distribucije, a može postojati i utjecaj 
države putem poreza, carina, prireza i raznih taksi. 
Osnovni su činitelji politike poduzeća troškovi, potra-
žnja, konkurencija, politika i društvene mjere.

Strukturu cijene određuje ponuda, mjesto ponude 
te potrebe i kupovna moć potrošača. Zato se razlikuju 
različite strukture cijena: cijena proizvodnje (cijena 
koštanja i prosječni profi t), cijena ponude (iznos za 
koji je prodavatelj voljan prodati robu) i cijena potra-
žnje ili nabavna cijena (iznos koji je voljan platiti ku-
pac). Struktura cijene nije samo računski postupak 
izračunavanja udjela pojedinih elemenata u cijeni robe 
nego ona odražava tehnički odnos i odnos između rada 
i kapitala. Računski postupak utvrđivanja strukture ci-
jena naziva se kalkulacijom. Metoda kalkulacije uvje-
tuje način izražavanja elemenata cijena. Za utvrđivanje 
cijena postojećih proizvoda primjenjuju se dvije skupi-
ne metoda: a) metode utvrđivanja cijena na temelju 
troškova (troškovno načelo) i b) metode utvrđivanja 
cijena na temelju ponude i potražnje (tržišno načelo).

1.1. Metode utvrđivanja cijena na temelju troškova 
(troškovno načelo) 

1.1 Methods for determining prices based on costs 
(cost principle)

Određivanje cijena na temelju troškova obuhvaća 
sve troškove poduzeća uvećane za odgovarajuću dobit. 
Svako bi poduzeće trebalo obavljati određenu kontrolu 
svojih prodajnih cijena što znači: a) utvrditi osnovicu 
cijena za svoj proizvod; b) utvrditi različite cijene za 
različite modele; c) utvrditi različite cijene za različite 
uvjete prodaje s obzirom na količinu, područje itd.; d) 
utvrditi cijene za posebne narudžbe (specifi kacije) ili 
posebne uvjete u kojima se poduzeće može naći (razne 
usluge piljenja).

Kada je riječ o troškovima kao podlozi za utvrđi-
vanje cijena, nužno je analizirati troškove s obzirom na: 
1.  reagibilnost i remanenciju troškova – za velika po-

duzeća remanencija troškova ima veliko značenje 
zbog strukture njihovih ukupnih troškova. U kapi-
talno intenzivnim, velikim poduzećima, kao i u rad-
no intenzivnima, fi ksni troškovi imaju znatan udio 

1.  UVOD
1  INTRODUCTION

Bogatstvo šuma na prostorima Republike Hrvat-
ske uvjetovalo je razvoj pilanske prerade drva koja da-
nas ima već stoljetnu tradiciju. U proteklom razdoblju, 
s određenim zakašnjenjima u odnosu prema europskim 
zemljama, taj je dio industrije pratio razvoj tehnologije, 
obučavao je i zapošljavao stručnu radnu snagu te uz šu-
marstvo bio prva faza razvoja prerade drva. Krajnji pro-
dukt pilana završavao je kao proizvod u građevinarstvu 
ili kao sirovina za daljnju preradu u drvnoj industriji. 
Troškovi su u „srcu“ mnogih poslovnih odluka. Tvrtke 
za preradu drva moraju stalno nastojati poboljšati ili ba-
rem zadržati svoj tržišni udio (Oblak i Glavonjić, 
2014.).  Postoji nekoliko načina da se to postigne (Oblak 
i Glavonjić, 2014.), npr. tvrtke moraju paziti na troško-
ve jer svaka kuna više u trošku smanjuje profi te poduze-
ća, odnosno poduzeće koje vodi brigu o profi tu strogo 
će paziti na svoje troškove da bi održalo profi tabilnost 
(Motik, 2004.). Za svaku poslovnu situaciju vrijedi pra-
vilo da poduzeće mora biti dugoročni ponuđač s najni-
žim troškovima, da njegovi troškove moraju imati ten-
denciju snižavanja te imati potpunu sliku o troškovima 
i dobiti za svaki proizvod u svako vrijeme. Nije dovolj-
no proučavati troškove za pojedino ili za neko ograniče-
no poslovno područje, već ih treba pratiti u cijelom lan-
cu poslovnog procesa, tj. od dobavljača do kupca 
proizvoda ili usluga. Na taj se način upravlja troškovi-
ma u cijelom poslovnom procesu (Figurić, 2003.). 

Neprekidno traženje poboljšanja i težnja smanje-
nju troškova proces je koji se prema izvorniku naziva 
Kaizen (Figurić, 2003.). To je poslovno razmišljanje 
koje prati stalno snižavanje troškova i rast kvalitete. 
Bitan je timski rad menadžmenta, a i svih zaposlenika 
u traženju boljih rješenja kojima bi se mogao poboljša-
ti proizvod ili usluga te racionalizirati poslovanje. 
Upravljanje troškovima neprekidna je aktivnost uspo-
redbe troškova s tržištem i konkurencijom, jer poticaji 
za poboljšanje dolaze upravo od kupaca i konkurenci-
je. Troškovima se mogu smatrati svi oni poslovni ras-
hodi koji se mogu ukalkulirati u cijenu proizvoda od-
nosno u cijenu usluge (Santini, 2006.). Za troškove 
možemo ukratko reći da su novčano izrađena cijena 
utroška (Motik i Figurić, 1998.). Prema toj defi niciji, 
ako je prikažemo putem proizvodnje, troškovi su koli-
čine potrošenih elemenata proizvodnje pomnožene nji-
hovim cijenama. Na osnovi toga, ukupni se troškovi 
poduzeća mogu prikazati kao zbroj umnožaka količina 
i cijena svih utrošaka, odnosno ako je u proizvodnji 
potrošena određena količina materijala koja je nabav-
ljena po određenoj nabavnoj cijeni, tada je trošak mate-
rijala umnožak količine proizvoda i nabavne cijene 
materijala utrošenoga u taj proizvod. Na taj način dobi-
vamo i formulu koja će biti korištena u ovom radu, a u 
kojoj se navodi da količina rada pomnožena cijenom 
rada daje trošak rada, odnosno da su prosječni troškovi 
jednaki ukupnim troškovima podijeljenim s količinom 
proizvoda (Matić, 2000.). Cilj svakog poduzeća jest da 
uz što manje troškove ostvari što veću proizvodnju, od-
nosno da ostvari što veći profi t (Škrtić, 2005.). 
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u ukupnim troškovima. Odluku o smanjenju proi-
zvodnje nije lako donijeti ako se ne želi smanjiti 
dobit i, eventualno, stvoriti gubitak. Bitno je utvrdi-
ti način ponašanja prosječnih ukupnih troškova, 
prosječnih varijabilnih troškova, prosječnih fi ksnih 
troškova i graničnih troškova pri povećanju i sma-
njenju proizvodnje;

2.  način ponašanja troškova proizvodnje i troškova 
prodaje s obzirom na količinu proizvodnje; obično 
se troškovi proizvodnje po jedinici proizvoda sma-
njuju ako proizvodnja raste, a troškovi prodaje ra-
stu s povećanjem prodanih količina;

3.  metode obračuna troškova materijala, amortizacije 
i dr.;

4.  stupanj realnosti (stvarni, planski, standardni tro-
škovi);

5.  način izračunavanja troškova po jedinici proizvoda 
(direktni i indirektni ili posredni troškovi).

Cijene ovise o visini troškova proizvodnje i pro-
daje, a troškovi ovise o količini, kvaliteti i cijenama 
utrošenog materijala, primijenjenoj tehnologiji, utroše-
noj energiji te raznim društvenim obvezama. Jednako 
tako, troškovi ovise i o metodi njihova obračuna.

1.2.  Metode utvrđivanja cijena na temelju ponude i 
potražnje (tržišno načelo) 

1.2  Methods for determining prices based on supply 
and demand (market principle)

Cijena nije jednom zauvijek dana fi ksna veličina. 
Ona ima svoju donju i gornju granicu. O manjem ili ve-
ćem rasponu cijena ovisi i manja ili veća akumulativnost 
proizvoda. Gornja granica predstavlja potražnju, sredina 
ukupne troškove, a donja granica varijabilne troškove. 
Raspon cijena upućuje na zaključak da često nije isprav-
no promatrati cijene na temelju samo jednog kriterija 
(troška) već je potrebno uzeti u obzir više kriterija (troš-
kove, potražnju, konkurenciju i sl.). U tržišnom su gos-
podarstvu ponuda i potražnja bitni činitelji politike cije-
na. Bitni činitelji tržišne politike cijena jesu veličina 
tržišta, tip tržišta, oblik tržišta, struktura tržišta, odnos 
ponude i potražnje, položaj proizvoda na tržištu, elastič-
nost ponude i potražnje s obzirom na cijene i dobit itd. U 
svom najjednostavnijem obliku metoda utvrđivanja cije-
na na temelju ponude i potražnje sastoji se u tome da se 
istraži opći sustav cijena u pojedinoj grani ili grupaciji te 
se na temelju toga određuju cijene vlastitih proizvoda. 
Kad se jednom tako utvrde cijene, troškovi se moraju 
držati u granicama defi nirane vrijednosti ako se želi 
ostvariti planirana dobit. Po pravilu, problemi se uvijek 
pojavljuju pri pronalaženju mogućih ušteda u troškovi-
ma. Bitno je, međutim, da postoji ravnoteža između po-
trebe za utvrđivanjem odgovarajućih cijena unutar uske 
mogućnosti konkurencijskih cijena i potrebe da se proi-
zvede proizvod koji je konkurentan s obzirom na dizajn 
i kvalitetu.

Cilj ovog istraživanja bio je usporediti čimbenike u 
proizvodnji uz pomoć kojih se mogu uspoređivati proi-
zvodnje domaćih i inozemnih poduzeća kako bi se dobila 
slika konkurentnosti pilanarstva u Republici Hrvatskoj. 
Uspoređivani su trošak po jedinici proizvoda; trošak siro-
vine s prijevozom; trošak energije, trošak kapitala (u 
ovom primjeru amortizacije) te trošak radne snage.

Jedna od pretpostavki jest da pilane u Republici 
Hrvatskoj svojom produktivnošću i troškovima ne 
mogu konkurirati na tržištu piljene građe u Europi te 
mogu proizvoditi samo za domaće tržište. 

H1: Ako se ne poveća produktivnost pilanske pre-
rade drva u Republici Hrvatskoj, onda pilane u našoj 
zemlji neće biti konkurentne na međunarodnom tržištu. 

H2: Ako se smanje troškovi proizvodnje primar-
ne prerade drva, tada će poduzeća koja se bave proi-
zvodnjom piljene građe biti konkurentna na europsko-
me i svjetskom tržištu.

2.  MATERIJALI I METODE
2  MATERIAL AND METHODS

Podaci o troškovima proizvodnje i podaci o sa-
moj proizvodnji koji su radi istraživanja prikupljeni iz 
poduzeća A (u daljnjem tekstu: poligon A), poduzeća B 
(u daljnjem tekstu: poligon B) i poduzeća C (u dalj-
njem tekstu: poligon C) uvrštena su u dva modela obra-
de podataka kako bi se izračunao trošak po jedinici 
proizvoda. Da bi se dobio trošak po jedinici proizvoda, 
trebalo je razvrstati troškove prema vrsti i mjestu na-
stanka te prema proizvodnim jedinicama. Troškovi su 
dobiveni iz završnog računa na kraju godine. Za samo 
istraživanje, a kasnije i za usporedbu s drugim poligo-
nima i državama bilo je potrebno utvrditi trošak sirovi-
ne bez prijevoza i s njim, iskorištenje, trošak energije, 
trošak amortizacije, trošak radne snage, troškove odr-
žavanja i ostale troškove kako bismo njihovim uvršte-
njem u odgovarajuću formulu mogli izračunati trošak 
dobivene građe po jedinici proizvoda, u ovom primjeru 
trošak građe po m3. 

Prikupljeni podaci, dobiveni dnevnim praćenjem 
proreza trupaca i izmjerom dobivene građe te izračuna-
nim koefi cijentom iskorištenja, uvršteni su u mjesečne 
tablice, a na kraju godine u ukupnu godišnju tablicu 
ispiljene sirovine. U godišnjoj tablici ispiljene sirovine 
prikazana je količina ispiljene sirovine prema vrstama 
drva, trošak sirovine, trošak prijevoza sirovine, iskori-
štenje prema vrstama drva i prema ukupnoj količini. 
Analiza podataka provedena je primjenom sljedećih 
dvaju modela.
I. Model obrade podataka. Dobivanje troška piljene 

građe po jedinici proizvoda u prvom primjeru za 
sva tri poligona počinje izradom tablice građe s po-
dacima dobivenim iz proizvodnje i iskorištenja tru-
paca te izračunom dnevnog troška rada. Dnevni je 
trošak rada u tablici ukupnih troškova izračunan za 
pojedini poligon, a dobiven je tako da su zbrojeni 
pojedini godišnji troškovi radnih jedinica i podije-
ljeni brojem radnih dana u godini. 

II. Model obrade podataka. Model zamišljenoga (fi k-
tivnog) poduzeća sadržava izračun troška proi-
zvodnje po jedinici za Njemačku i Austriju. Svjet-
sku konkurentnost pilanske prerade izložila je 
tvrtka Jaakko Pöyry 2004. godine. Postavljen je 
zamišljeni (fi ktivni) model pilane koja preradi 600 
000 m3 trupaca u godini, i to 100 % jele i smreke. 
Pretpostavljeno je da cijena i kvaliteta sirovine 
iznose 20 % za podrazred 1B, 40 % za podrazred 
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2A, 30 % za podrazred 2B i 10 % za podrazred 
3AB, što odgovara našoj prosječnoj pilanskoj siro-
vini I. – III. klase (COST Action E44, 2008.). U 
prvom dijelu tablice 1. cijena trupaca zbrojena je s 
cijenom prijevoza i za pojedinu zemlju uvrštena u 
stavku SIROVINA. U tablicu su također uvršteni i 
podaci o kapitalu te ostali troškovi. U drugom dije-
lu tablice SIROVINA je dobivena na temelju isko-
rištenja pri piljenju trupaca i za Njemačku iznosi 
61,5 %, a za Austriju 62,5 %. Zbrajanjem podataka 
iz drugog dijela tablice dobije se trošak proizvodnje 
po jedinici proizvoda za proizvodnju iz svake od tih 
zemalja. Trendovi cijena trupaca i piljenje građe 
prikazani su u tablici 2.

3.  REZULTATI I RASPRAVA
3  RESULTS AND DISCUSSION

3.1.  Odnos troškova promatranih poduzeća u 
Republici Hrvatskoj (I. model)

3.1   Costs ratio between companies in the Republic of 
Croatia (Model I) 

Prema podacima iz tablice 3., najskuplja sirovina 
u 2011. i 2010. godini bila je u poligonu A, i to  u 2010. 
oko 9 % viša nego u ostala dva poligona, a u 2011. za 
oko 4,5 % viša  nego u preostala dva poligona. Nasu-
prot tome, u poligonu A trošak drvne sirovine za 2009. 
godinu bio je oko 12 % niži, odnosno oko 8 % niži u 

2008. nego u poligonima B i C. Razlika u cijeni sirovi-
ne bitno utječe na trošak građe po jedinici proizvoda 
jer, osim što je trošak veći za 10 %, iz tablice udjela 
troškova proizvodnje vidi se da je trošak sirovine tro-
šak s najvećim udjelom u ukupnim troškovima istraži-
vanih poligona. Troškovi rada vrlo često čine velik 
udio u troškovima proizvodnje te u odnosu prema osta-
lim troškovima dobivaju sve veće značenje (Polimeni i 
dr., 1999.). Drugi trošak s najvećim udjelom jest trošak 
radnika. Troškovi radnika najveći su u poligonu C, i to 
37 % veći nego u druga dva poligona. Iz toga možemo 
zaključiti da su plaće radnika veće nego u druga dva 
istraživana poligona ili je broj radnika veći u poligonu 
C pa je stoga potrebno izdvojiti i veću količinu novca 
za plaće radnika. U ovom radu trošak kapitala jest tro-
šak amortizacije. Amortizacija je svojevrsni dugoročni 
izvor fi nanciranja poslovanja i ekspanzije poduzeća te 
je postupna transformacija dugoročno imobilizirane 
imovine u novčani oblik. Sama transformacija imovine 
iz jednog oblika u drugi ne mijenja strukturu kapitala 
poduzeća. Trošak kapitala od amortizacije ukupan je 
trošak kapitala (Orsag, 2002.). Troškovi kapitala po-
djednaki su u poligonima A i B, dok su u poligonu C 
znatno niži, i to zato što je u poligonu C amortizacija 
obračunana po najnižoj obračunskoj stopi od 2,5 %.

Troškovi energije također su podjednaki za sva 
tri istraživana poligona i ne utječu bitno na trošak gra-
đe, a troškovi energije u ukupnim troškovima sudjelu-

Tablica 1. Analiza cijena pilanske prerade u „zamišljenom“ poduzeću
Table 1 Price analysis of sawmill processing in ‘model’ company

Kalkulacija za 600 000 m3: pilana, dvije smjene, četinjače (u EUR/m3)
Calculation (600 000 m3, sawmill, two shifts, coniferous (in EUR per m3)

Njemačka / Germany Austrija / Austria
Trupci / Logs

Sirovina / Raw material 63,4 65,8
Radnici / Employees 9 6,5
Kapital/ Equity 10,5 10,5
Ostalo / Other 7,3 6,9
Ukupno / Total 90,2 89,7

Piljena građa / Sawn wood
Sirovina / Raw material 103,9 105,2
Radnici / Employees 16,3 11,7
Kapital/ Equity 19,1 19,2
Ostalo / Other 13,3 12,5
Ukupno /Total 152,6 148,6

Izvor: COST Action E44: A European wood processing strategy: Country reports, 2008

Tablica 2. Trendovi cijena jelovih trupaca (Abies alba Mill.) (I. – III. klasa) i jelove piljene građe u odabranim zemljama (u 
EUR/m3)
Table 2 Price trends of fi r logs (Abies alba Mill.) (I. – III. Class) and fi r sawn wood in selected countries (in EUR per m3)

2008. 2007. 2006. 2005.
Njemačka/ Gremany

Trupci / Logs 80,0 78,0 65,0 63,4
Piljena građa / Sawn wood 186,9 183,6 161,9 159,3

Austrija/ Austria
Trupci / Logs 80,0 86,0 75,0 65,8
Piljena građa /Sawn wood 181,1 191,1 172,8 157,5

Izvor: COST Action E44: A European wood processing strategy: Country reports, 2008
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je u prosjeku s 10 %. Nadalje, trošak građe prosječno 
je jednak za sva tri istraživana poligona, a na nj jedino 
bitno utječe svaka promjena troška sirovine te trošak 
radnika, koji i u ukupnim troškovima čine najveći 
udio. 

Proizvodnost ili produktivnost općenito označa-
va omjer proizvedenih dobara i potrebe za čimbenici-
ma proizvodnje ili uspješnost pri obavljanju nekog po-
sla s obzirom na upotrijebljene resurse (Bizjak, 1993.). 
Produktivnost po radniku podjednaka je za istraživane 
poligone A i B, dok je za poligon C u prosjeku niža za 
40 %. Razlog tome je da prva dva poligona raspolažu 
modernijom tehnologijom pa im je potreban manji broj 
zaposlenih u proizvodnji, što nije točno jer sva tri istra-
živana poligona posjeduju jednako zastarjelu tehnolo-
giju, ili da poligon C ne prerađuje dovoljno trupaca s 
obzirom na broj zaposlenih.

3.2. Odnos troškova zamišljenog modela 
poduzeća i troškova istraživanih poligona A, 
B i C (II. model)

3.2  Costs ratio between the model company and 
polygons A, B, and C (Model 2)

Prema tablicama 4. i 5. trošak sirovine je 20 % 
veći u Njemačkoj i Austriji od troška sirovine u Repu-

blici Hrvatskoj. Zbog udjela od 50 % u ukupnim troš-
kovima, trošak sirovine ima i najveći utjecaj na pro-
mjenu troška građe po jedinici proizvoda. Iz podataka 
se vidi da je odnos troškova radnika u hrvatskim podu-
zećima 20 – 30 %, a u Njemačkoj i Austriji iznosi 6,5 
– 9 % za trupce te 13 – 18 % za piljenu građu. 

Iz modela opisanog poduzeća (tabl. 5.) može se 
zaključiti da se u proizvodnom procesu primjenjuje no-
vija tehnologija velikog kapaciteta piljenja koja ne za-
htijeva velik broj radnika kao u hrvatskim poduzećima 
sa zastarjelom tehnologijom, što povećava troškove. 
Budući da je u hrvatskim poduzećima tehnologija za-
starjela, i odnos troškova kapitala od 6 % manji je od 
10 % ukupnih troškova Njemačke i Austrije, te kao tro-
šak ne utječe bitno na povećanje troška građe, odnosno 
daje mogućnost konkurencije. 

Jednako je tako utvrđeno da su ostali troškovi za 
50 – 60 % manji u odnosu prema ostalim troškovima u 
poligonima A, B i C. S obzirom na to koji troškovi u 
ovom primjeru čine ostale troškove (troškovi održava-
nja, troškovi energije…), jedan od zaključaka može 
biti da zbog zastarjele tehnologije rastu troškovi održa-
vanja i kupnje rezervnih dijelova.

Tablica 3. Odnos troškova poligona A, B i C (u EUR/m3)
Table 3 Costs ratio of polygons A, B, and C (in EUR per m3)

Poligon A / Polygon A
Obračunska jedinica
Currency unit 2011. 2010. 2009. 2008.

Trošak piljene građe / Cost of  sawn wood EUR 139 141 117 122
Sirovina s prijevozom 
Raw material (including transportation) EUR 66 60 51 51

Radnici / Employees EUR 14 14 13 15
Kapital / Equity EUR 4 4 3 5
Energija / Energy EUR 4 4 4 4
Produktivnost po zaposleniku
Productivity per employee

m3/radnici
m3 per employees 725 744 767 685

Poligon B / Polygon B
Obračunska jedinica
Currency unit 2011. 2010. 2009. 2008.

Trošak piljene građe / Cost of sawn wood EUR 135 138 135 131
Sirovina s prijevozom 
Raw material (including transportation) EUR 55 54 54 55

Radnici / Employees EUR 17 18 17 14
Kapital / Equity EUR 6 6 8 9
Energija / Energy EUR 5 4 4 3
Produktivnost po zaposleniku
Productivity per employee

m3/radnici
m3 per employees 713 706 712 723

Poligon C / Polygon C
Obračunska jedinica
Currency unit 2011. 2010. 2009. 2008.

Trošak piljene građe / Cost of  sawn wood EUR 132 118 129 109
Sirovina s prijevozom
Raw material (including transportation) EUR 60 56 53 49

Radnici / Employees EUR 22 15 21 20
Kapital / Equity EUR 3 2 3 3
Energija / Energy EUR 4 3 4 4
Produktivnost po zaposleniku
Productivity per employee

m3/radnici
m3 per employees 439 597 426 426
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4.  ZAKLJUČCI
4  CONCLUSIONS

Na osnovi istraživanja odnosa troškova zamišlje-
nog poduzeća u promatranim zemljama Europe i stvar-
nih troškova u promatranim hrvatskim pilanama, može 
se istaknuti sljedeće. 
1. Cijena sirovine u promatranom je razdoblju u eu-

ropskim zemljama bila viša nego u Hrvatskoj. Za 
točnu usporedbu trebalo bi provesti i analizu 
kvantitativnog iskorištenja trupaca jednakih kla-
sa jer standardi razvrstavanja trupaca nisu iden-

Tablica 4. Usporedba troškova prema modelu „zamišljenog“ poduzeća za poligone A, B i C (u EUR/m3)
Table 4  Comparison of costs according to the model company for polygons A, B, and C (in EUR per m3)

Kalkulacija za 22 000 m3: pilana, dvije smjene, četinjače (u EUR/m3)
Calculation 22000 m3, sawmill, two shifts, coniferous (in EUR per m3)
Poligon A / Polygon A 2011. 2010. 2009. 2008.
Trupci / Logs
Sirovina / Raw material 66,1 59,0 50,9 50,9
Radnici / Employees 21,2 14,2 13,1 14,9
Kapital/ Equity 5,1 3,6 13,1 14,9
Ostalo / Other 11,1 8,1 9,3 9,8
Ukupno / Total 103,5 85,0 76,3 80,3
Piljena građa / Sawn wood
Sirovina / Raw material 94,4 84,3 72,6 72,7
Radnici / Employees 35,3 23,7 21,9 24,9
Kapital/ Equity 8,5 6,1 5,1 7,9
Ostalo / Other 18,4 13,5 15,5 16,3
Ukupno /Total 156,7 127,6 115,1 121,7
Kalkulacija za 60 000 m3: pilana, dvije smjene, četinjače (u EUR/m3)
Calculation 60000 m3, sawmill, two shifts, coniferous (in EUR per m3)
Poligon B / Polygon B 2011. 2010. 2009. 2008.
Trupci / Logs
Sirovina / Raw material 55,3 53,3 54,4 55,1
Radnici / Employees 17,1 18,4 17,2 14,3
Kapital/ Equity 6,0 6,1 7,5 8,8
Ostalo / Other 13,0 16,1 13,4 11,8
Ukupno / Total 91,5 93,9 92,5 90,0
Piljena građa / Sawn wood
Sirovina / Raw material 85,1 82,0 83,7 84,7
Radnici / Employees 28,6 30,7 28,7 23,9
Kapital/ Equity 10,0 10,1 12,4 14,7
Ostalo / Other 21,7 26,8 22,3 19,6
Ukupno /Total 145,4 149,6 147,1 142,9
Kalkulacija za 22 000 m3: pilana, dvije smjene, četinjače (u EUR/m3)
Calculation 22000 m3, sawmill, two shifts, coniferous (in EUR per m3)
Poligon C / Polygon C 2011. 2010. 2009. 2008.
Trupci / Logs
Sirovina / Raw material 59,9 56,2 53,4 48,8
Radnici / Employees 21,6 15,0 21,0 19,6
Kapital/ Equity 2,5 1,8 2,5 2,5
Ostalo / Other 10,6 6,9 8,5 9,5
Ukupno / Total 94,6 79,9 85,4 80,4
Piljena građa / Sawn wood
Sirovina / Raw material 92,2 86,4 82,1 75,0
Radnici / Employees 36,0 25,0 35,0 32,7
Kapital/ Equity 4,1 3,0 4,2 4,2
Ostalo / Other 17,7 11,5 14,2 15,8
Ukupno /Total 150,1 125,9 135,5 127,6

tični. U Hrvatskoj se trupci razvrstavaju na I., II. 
i III. klasu, a u Europi na A, B, C i D.

2. Struktura dobivene sirovine u Austriji i Njemačkoj 
bitno je drugačija, što uvjetuje i primjenu različitih 
tehnologija piljenja trupaca. U navedenim su ze-
mljama dobiveni trupci manjeg promjera i ujedna-
čene kvalitete, pa se mogu piliti na jarmačama, 
tračnim pilama trupčarama u paru ili na linijama 
kružnih pila uz mogućnost velike automatizacije i 
produktivnosti. U Hrvatskoj trupci imaju velik 
raspon promjera, a velike su i razlike u kvaliteti, pa 
je radi pravilnoga kvalitativnog i kvantitativnog 
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iskorištenja trupce nužno piliti na tračnim pilama 
trupčarama. Stoga je otežana primjena procesne 
tehnologije i automatizacije.

3. Iako su plaće zaposlenika u Republici Hrvatskoj 
niže nego u europskim zemljama, cijena rada po 
jedinici proizvoda zbog niske je produktivnosti 
viša nego u europskim zemljama. Prijeko je po-
trebno novim investicijama unaprijediti tehnolo-
giju u našim pilanama i povećati produktivnost.

4. U europskim se zemljama u pilansku proizvod-
nju ulaže mnogo više kapitala nego u nas, pa je i 
trošak kapitala veći. Međutim, veća ulaganja re-
zultiraju boljom tehnološkom opremljenošću, a 
time i većom proizvodnjom po radniku, boljim 
uvjetima rada i većom sigurnošću na radu. 

5. Analizom ukupnih troškova može se zaključiti da 
pilane u Gorskom kotaru mogu konkurirati eu-
ropskim pilanama. Prednost su manji ukupni 
troškovi po m3 građe.
Radi dodatnog povećanja konkurentnosti i njezi-

na održavanja, potrebno je više ulagati u tehnologiju 
kako bi se smanjili troškovi po jedinici proizvoda. Ta-
kođer treba utvrditi optimalnu tehnologiju s obzirom 
na kvalitetu, kvantitetu i vrstu drva. Ovim je radom 
istraženo koji čimbenici bitno utječu na trošak piljene 
građe, te su time dane smjernice za buduća istraživa-

nja, što bi u konačnici rezultiralo smanjenjem troškova 
poslovanja i povećanjem konkurentnosti poduzeća.
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ABSTRACT • In its wise use, many properties of wood are important. Among these properties, wood abrasion 
resistance (AR) and withdrawal capacity of screws (WCS) are deemed to be relatively signifi cant. It is well know 
that heat treatment changes the resistance features of wooden materials by changing the structural characteristics 
of wood. Within the scope of this study, the effects were investigated of the temperature and duration of heat treat-
ment of Wild Cherry (Cerasus avium (L.) Monench) on its AR and its WCS in the radial direction and tangential 
direction. The test results indicated that weight loss (WL) and thickness reduction (TR) remained almost the same 
in the radial direction specimen, but there was signifi cant TR in the tangential direction specimen. As a result of 
these changes, the abrasion effect of the S-42 abrader diminished based on the increase in the number of cycles. 
However, in both the radial and tangential direction, the WCS decreased to a signifi cantly greater extent in the 
heat-treated specimens than in the control specimens. 

Key words: Heat treatment, ThermoWood, abrasion resistance, withdrawal capacity of screws, Wild Cherry wood

SAŽETAK • Za brojne uporabe drva bitna su mnoga njegova svojstva, a među važnijima su otpornost na ha-
banje (AR) i čvrstoća držanja vijaka (WCS). Dobro je poznato da toplinska obrada drva zbog promjene obilježja 
građe drva mijenja njegova svojstva otpornosti. U sklopu ovog rada istraživani su učinci temperature i trajanja 
toplinske obrade drva divlje trešnje (Cerasus avium (L.) Monench) na njegovu otpornost na habanje i čvrstoću 
držanja vijaka u radijalnome i tangencijalnom smjeru. Rezultati istraživanja pokazali su da se gubitak mase (WL) i 
smanjenje debljine (TR) uzoraka ne pojavljuju u radijalnom smjeru, ali je značajno smanjenje debljine zabilježeno 
u tangencijalnim uzorcima. Kao rezultat tih promjena, učinak abrazije primjenom S-42 abraziva smanjuje se 
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s povećanjem broja ciklusa. Međutim, i u radijalnome i u tangencijalnom smjeru znatno se smanjuje čvrstoća 
držanja vijaka toplinski obrađenih uzoraka u usporedbi s kontrolnim uzorcima.

Ključne riječi: toplinska obrada, ThermoWood, otpornost na habanje, čvrstoća držanja vijaka, drvo divlje trešnje

1  INTRODUCTION
1.  UVOD

Wooden material has certain undesirable features, 
such as the change of dimensional stability, biological 
degradation, and color change, but wooden materials 
are still used extensively in many products. These 
adverse features reduce the lifetime and value of 
wooden material. Currently, it is possible to extend the 
lifetime and increase the value of wooden materials by 
various methods that upgrade the features of the 
materials. Heat treatment of wood is one such method 
(Kocaefe et al., 2008; Gunduz et al., 2008).

ThermoWood is one of the heat treatment methods 
developed in the 1990s by VTT Technical Research 
Centre of Finland. In this method, wooden material is 
heated at a minimum of 190 °C in steam. The Ther-
moWood treatment method enhances the properties of 
wooden material, e.g., the color of the wooden material 
darkens and becomes more stable against the exchange 
of moisture. Moreover, the wooden material gains the 
value of thermal isolation. If a suffi ciently high tem-
perature is used in the treatment, the wooden material 
becomes more resistant to decomposition. However, 
the bending resistance of the wooden material decreases 
(Anonymous, 2003).

From this perspective, the identifi cation of the 
resistance for various kinds of woods treated by the 
ThermoWood method can be signifi cant in determining 
appropriate areas for using the wood. For instance, 
ThermoWood treated wood can be used as a facade 
lining for such areas as saunas, bathrooms, and garden 
furniture (Anonymous, 2003). For use in such areas, 
AR and WCS, as well as the physical and mechanical 
properties of the wood, are taken into consideration. 

The AR, both heat-treated and untreated, wood is 
important for such areas as wooden fl oors, decks, and 
staves. Abrasive forces on wooden materials result in 
various effects. There are various methods and devices 
to measure the resistance of wooden materials to 
abrasion. However, this issue has been studied 
extensively because of certain diffi culties in the 
measurement of the resistance of wooden material to 
abrasion (Berkel, 1970).

Therefore, it is necessary to identify the resistance 
of wooden material to abrasion and classify it for 
related areas of use. Despite these diffi culties, it has 
been possible to predict the abrasion levels of various 
types of wooden materials based on other properties of 
the materials, such as weight loss, volume reduction, 
surface roughness, and energy consumption for a 
defi ned level of abrasion (Brischke et al., 2004).

Abrasion resistance is determined for various 
materials according to weight loss during an abrasion 
test. For example, the Taber Abrasor Method (TAM) 
was developed to determine the abrasion resistance of 

high Pressure-Laminated (HPL) panels (DIN EN 438-2, 
2005). The abrasion resistance of any solid wooden 
material can be measured by this method. Obviously, the 
principle of this testing method is not suitable for testing 
solid wood and thermally treated materials, even if it is 
possible to get board-like specimens of at least 120 x 
120 mm². Additionally, the wastage of sandpaper is very 
high due to plugging (Brischke et al., 2004).

Swaczyna et al. (2011) measured abrasion 
resistance compared to TR and WL with TAM, according 
to PN-EN ISO 5470-1:2001 standards and published the 
results. In the study, they found that TR was 0.17 mm 
and WL was 0.25 g in untreated Cherry Wood.

Taking into consideration the connecting tech-
niques applied on products made of wooden material, it 
seems that similar methods are used in heat-treated and 
untreated wooden material. From this perspective, 
connecting with screws would be better in heat-treated 
materials. A sinker and a tap hole must be prepared on 
hardwood, medium-density fi berboard, and other fragile 
materials. Stainless steel screws and embedding screw 
heads are preferred for outdoor usage and other humid 
conditions. Stove bolts give best connecting-resistance 
results. Self-locking screws can be used without a tap 
hole on ThermoWood (Anonymous, 2003).

Kariz et al. (2013) measured the withdrawal of 
screws in radial direction and tangential direction on 
heat-treated spruce wood at 150, 170, 190, 210, and 
230 °C. The results indicated that there was a greater 
reduction in WCS for thermal modifi cation conditions, 
and they concluded that deformation increased at 
higher temperatures based on the analysis of the images 
of the deformed surface left by the screws. In their 
study, in which they suggested the use of larger 
diameter screws and deeper penetration for connecting 
heat-treated materials, they also recommended that the 
distance between screws be increased to attain 
suffi cient resistance compared with wooden material 
that was not heat-treated. 

Wild Cherry, a valuable wood in the forest products 
industry, is used extensively in cabinet making and 
wood turning. Recently, the use of wild cherry wood has 
grown in popularity in Turkey and surrounding countries 
due to high demand for this species. A relatively small 
amount of research information is available concerning 
Wild Cherry tree ecology, biology, and genetics of 
Turkish forestry resources and increased efforts are 
being encouraged by economic incentives and other 
benefi ts (Eşen et al., 2005). 

Heat treated wooden materials, unlike products 
made available by conventional methods, can be 
evaluated without any protective surface treatment in 
places where the changes of temperature and relative 
humidity are intense or in the areas where contact with 
water is expected. Therefore, the determination of AR 
is of great importance. It is also important to consider 



......... Aytin, Korkut, As, Ünsal, Gündüz: Effect of Heat Treatment of Wild Cherry Wood...

DRVNA INDUSTRIJA  66 (4) 297-303 (2015) 299

the issue of the performance and quantity of fasteners 
for heat treated wood in furniture production for similar 
places. A large number of tree species relative to both 
issues has not been adequately researched. Thus, in this 
study, efforts were made to determine the values of AR 
and WCS in heat treated Wild Cherry Wood. The 
results should fi ll both of the mentioned information 
gaps and form a basis for future studies in this important 
area. In this way, when determining the values of AR 
and WCS, the applicability of the chosen method was 
also evaluated. 

Tests for AR and WCS were performed in radial 
and tangential directions. For the determination of AR, 
both WL and TR were measured in the test samples. 
This study was also focused on the applicability of the 
Taber method. The machine was stopped in the loop of 
0-250 to determine the effect of the S-42 abrader, and, 
after cleaning the piece with a brush, its weight was 
measured, and the test was continued. Depending on 
the results found in the loops of 0-250 and 250-500 in 
TR and WL for AR, the effects of aging of the abrasive 
material were also assessed.  

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Materials
2.1.  Materijali

Five Wild Cherry trees with a breast height 
diameter of 30 to 50 cm were obtained from Duzce 
Forest Enterprises. Trees were chosen according to TS 
4176, 1984 and cut to specimens according to TS 2470, 
1976. Later, the wood was heat treated in accordance 
with the ThemoWood method in the Novawood Factory 
in Gerede/Bolu at 190 and 212 °C for 1 and 2 hr. Five 
variations along with an untreated group were formed, 
i.e., untreated (UT); 190 °C and 1 hr (HT1); 190 °C and 
2 hr (HT2); 212 °C and 1 hr (HT3); and 212 °C and 2 hr 
(HT4). In order to determine AR, specimens with the 
dimensions of 100 x 100 x 10 mm were prepared 
according to TS EN 15185, 2013 and to determine 
WCS, specimens with the dimensions of 50 x 50 x 20 
mm were prepared according to TS EN 320, 1999. 

2.2  Method
2.2.  Metode

The number of test samples was determined 
according to TS EN 15679, 2010. Following the heat 
treatment of 100 specimens, 20 for the radial and 
tangential tests repeated fi ve times, were prepared to be 
used in the AR and WCS tests. Later, the specimens 
prepared for AR and WCS were kept at the temperature 
of 20±2 °C and the relative humidity of 60±5 % until 
their weights became stable.

2.2.1 Determination of abrasion resistance
2.2.1. Određivanje otpornosti na habanje

The AR values of the control and heat treated 
specimens were determined by using a Taber® Rotary 
Abraser 5135. The test specimens were mounted on a 
platform turning on a vertical axis against the sliding 
rotation of two abrading wheels, with one wheel 
rubbing the specimen toward the periphery, and the 
other wheel rubbing inward toward the center. The test 
specimens were abraded using loads of 1000 g. After 
every 250 cycles, the devices were stopped and the 
specimens were weighed, after which the devices 
resumed, and, at 500 cycles, both the weights and 
thicknesses of the specimens were determined. The test 
results were used to calculate the percentages changes 
in WL and TR by equations (1) and (2). S-42 sandpaper 
was used as the abrasive, and it was changed after 
every 500 test cycles.

 (WE-W1)
 WL =  · 100 (1)
 W1

WL = Weight loss (%), W1 = Initial weight (g), WE = 
Final weight (g)

 (TE – T1)
 TD =  · 100,  (2)
 T1

where TD = decrease in thickness (%), T1 = initial 
thickness (mm), and TE = fi nal thickness (mm).

Figs. 1a and b show images of radial and 
tangential specimens after 500 cycles. 

Figure 1 Images of specimens after the experiment: (a) radial specimens; (b) tangential specimens
Slika 1. Fotografi je uzoraka nakon eksperimenta: a) radijalni uzorci, b) tangencijalni uzorci
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2.2.2   Determination of withdrawal capacity of screws
2.2.2. Određivanje čvrstoće držanja vijaka

Specimens used to assess the withdrawal capacity 
of screws were prepared according to TS EN 320, 
1999. In order to determine WCS, specimens with the 
dimensions of 50 x 50 x 20 mm were prepared 
according to TS EN 320. The tests were conducted 
using the Laboratory Testing Machine, IMAL IB600. 
The IB600 has been designed to conduct a series of 
laboratory tests on wood-based samples, particleboard 
samples, MDF, OSB or similar. Simple operations 
enable the operator to programme and perform the tests 
required for board quality control (Anonymous, 2014). 
The machine consists of (Anonymous, 2014): 
- A motorised column capable of highly accurate 

speed control, fi tted with a two-way (push and pull) 
load cell, on which it is possible to mount special 
utensils to perform the individual tests,

- A precision weighing scale,
- A dimensions gauge,
- PC, monitor and printer,
- Utensils for conducting the tests.

Figs. 2a and b show the screw placed in the WCS 
test specimen and the test being conducted, respectively. 

In this experiment, the nominal size of the screw 
was 4.2 x 38 mm, according to TS 432-1 EN ISO 1478, 
and steel screws with a pitch of 1.4 mm were used 
without drilling the wood (Fig. 3).

For the abrasion resistance and withdrawal capacity 
of screws, all multiple comparisons were fi rst subjected to 
an analysis of variance (ANOVA), and signifi cant 
differences between mean values of control and treated 
samples were determined using Duncan’s multiple range 
test. The experimental values obtained were evaluated 
with SPSS 15.0 for Windows Evaluation Version.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Abrasion resistance
3.1.  Otpornost na habanje

Standard deviation (SD), Duncan test results (D), 
and arithmetic mean (M) for WL and TR caused by the 
abrasion in the radial and tangential test samples are 
given in Table 1.

As shown in Table 1, it was found that TR and 
WL did not change; however, UT for both the 0-250 
and the 250-500 loops in the radial test samples 
changed and WL was also greater in the 0-250 loop 
than in the 250-500 loop in all variations. The maxi-
mum WL occurred in UT, whereas the minimum WL 
occurred in the variation of HT4; WL in the HT4 sam-
ples was about 30 % less than in the UT samples. The 
maximum WL in all experimental designs of radial test 
samples occurred in the UT samples. The percentage 
changes in WL that occurred in HT compared to those 
in UT in the total amount of loops of the radial test 
samples are given in Figs. 4a and b.  

Unlike the radial samples, statistically signifi cant 
differences in WL were determined in all groups except 
for HT1 in the 0-250 loop and in all heat treated test 
samples in the 0-250 loop in the tangential test samples. 
WL occurred in the 0-250 loop samples to a greater 
extent than that of the 250-500 loop in all variations of 
tangential surfaces. In the tangential test samples, the 
maximum WL of tangential direction occurred in HT4, 
while the minimum WL occurred in UT. The WL 
changes in the total loop amount that occurred on 
tangential surfaces are given in Fig. 4b. 

Welzbacher et al. (2009) reported that there were no 
difference in resistance to abrasion between beech and 
thermally modifi ed beech timber, whereas a signifi cantly 
higher mass loss by abrasion of thermally modifi ed beech 
timber compared to controls was determined by the 
Shaker test. However, in both cases the abrasion in terms 
of mass loss of thermally modifi ed beech timber was 
signifi cantly lower compared to larch heartwood, which 
represents a commonly used decking material.

The TR values are also shown in Table 1 along 
with the WL results. Accordingly, it was determined 

Figure 2  (a) Preparation of the specimen; (b) conducting the experiment on the IMAL IB600 test device
Slika 2.  a) Priprema uzorka, b) provođenje ispitivanja na uređaju IMAL IB600

Figure 3 Dimensions of screws used in the experiment
Slika 3. Dimenzije vijka rabljenog  u eksperimentu   



......... Aytin, Korkut, As, Ünsal, Gündüz: Effect of Heat Treatment of Wild Cherry Wood...

DRVNA INDUSTRIJA  66 (4) 297-303 (2015) 301

-40

-30

-20

-10

0

10

20
0-250 250-500 0-500

-50

0

50

100

150

200

250

HT1 HT2 HT3 HT4

0-250 250-500 0-500

-40

-20

0

20

40

60

80

100

120

radial tangential

that, although there is no statistically signifi cant 
difference between UT and all heat treated test samples 
in terms of TR in radial test samples, there were 
differences between HT variations and UT in the 
tangential test samples. The variations in thickness that 
occurred in the total loop are shown in Fig. 5. 

Table 1 Weight loss (WL) and thickness reduction (TR) as percent
Tablica 1. Gubitak mase (WL) i smanjenje debljine (TR) izraženo u postocima

Test
samples
↓ Uzorci

WL TR
Radial

radijalno
Tangential

tangencijalno
Radial

radijalno
Tangential

tangencijalno
Cycle → 0-250 250-500 0-250 250-500 0-500

UT
M 0.80 A* 0.36 A 0.50 A 0.23 A 2.02 A 1.53 A
SD 0.24 0.3 0.05 0.03 0.37 0.39

HT1

M 0.55 AB 0.30 A 0.46 A 0.34  B 1.69 A 2.13 AB
SD 0.07 0.05 0.07 0.8 0.55 0.39

HT2

M 0.67 A 0.39 A 0.76 B 0.56 C 1.80 A 2.44 AB
SD 0.02 0.02 0.03 0.06 0.07 1.18

HT3

M 0.59 A 0.37 A 0.75 B 0.63 BC 1.82 A 3.25 B
SD 0.11 0.03 0.09 0.09 0.01 1.03

HT4

M 0.50 A 0.31 A 0.85 B 0.73 D 1.82 A 2.99 B
SD 0.08 0.07 0.17 0.10 0.00 1.24

(*) The letters express the homogeneity groups according to Duncan test results. / Slova označuju homogene grupe prema Duncanovu testu.

Figure 4 (a) Percentage change of WL in the radial samples; (b) Percentage change in the tangential test samples according 
to UT
Slika 4. a) Postotna promjena WL-a radijalnih uzoraka, b) postotna promjena WL-a tangencijalnih uzoraka u odnosu prema 
kontrolnom uzorku

a b

Figure 5 Change of TR on radial and tangential surfaces 
according to UT
Slika 5. Promjena smanjenja debljine radijalnih i tangen ci-
ja l nih uzoraka u odnosu prema kontrolnom uzorku

According to the results of WL and TR obtained 
from the heat treated Wild Cherry Wood, the following 
can be concluded:
1. In terms of both WL and TR, more abrasion 

occurred in the HT tangential test samples than in 
the UT samples. It is noteworthy that the results of 
HT were lower than those of UT in terms of both 
WL and TR in all loop groups of the radial test 
samples.

2. The abrasion of the I. loop was higher than the 
abrasion of the II. loop in all variations. This 
probably stems from the decrease of the abrasive 
feature of the sandpaper (S-42) depending on the 
increase of the loop. Some decrease in this feature 
of abrasive grains would inevitably occur as the 
number of loops increased. Thus, the abrasive 
etches, but it also puts pressure on the surface and 
compresses the surface as a result of the effect of 
the applied force. 

3.2 Withdrawal capacity of screws
3.2.  Čvrstoća držanja vijaka

Arithmetic mean values of the WCS results, the 
change of WCS according to UT, SD and Duncan test 
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results are given with the density of the test samples in 
Table 2. 

As shown in Table 2, WCS decreases more 
than the UT in both radial direction and tangential 
direction, heat treated. Compared to UT, the highest 
decrease of WCS occurred in HT4, and the lowest 
occurred in the HT1 test samples.

Heat treatment resultes in a decrease in the 
density, and this reduction in density became even 
more pronounced as the duration and the temperature 
of the heat treatment increased. So, a relationship was 
observed between the decrease in density and the 
decrease in WCS. Kariz et al. (2013) and Percin and 
Ayan (2012) outlined that heat treatment affects the 
screws withdrawal capacity of wooden material 
because of various factors, one of which was the 
decrease in density that resulted from heat treatment. 

Fig. 6 shows the effects of heat treatment on 
the withdrawal capacity of screws and the changes in 
wood density.

Fig. 6 shows that the withdrawal capacity of 
screws was compatible with decrease in the density 

during the heat treatment, and the extension of the 
duration of the treatment affected both radial and 
tangential surfaces.

4  CONCLUSIONS
4.  ZAKLJUČAK

1. In heat treated Wild Cherry Wood, weight and 
thickness losses that occurred in 500 loops on the 
radial surfaces were less than the losses on the 
tangential surfaces. Although it is not very important 
for wall and ceiling coverings, it will be suitable to 
use the material primarily with a radial surface if it is 
heat-treated wooden material for fl oor coverings.

2. The differences of weight loss and thickness 
reduction between the 0-250 loop and the 250-500 
loop indicated that careful consideration should be 
given to the applicability of the Taber method. In 
this regard, the loop numbers should be determined 
carefully to obtain objective results. Also, the S-42 
sandpaper should be replaced after completing 
each sample process.

Table 2 Values and change of WCS, density values and variations
Tablica 2. Vrijednosti promjene WCS-a, vrijednosti gustoće i varijacije

Test
samples
Uzorci ↓

Radial surface
Radijalna površina

Tangential surface
Tangencijalna površina

WCS
N/mm2

Reduction
Smanjenje %

Density
kg/m3

WCS
N/mm2

Reduction
Smanjenje %

Density
kg/m3

UT M 16.76 C* - 585 D 15.5 C - 579 C
SD 1.72 - - 0.63 - -

HT1 M 13.18 B 21.3 559 C 15.16 C 2.1 565 BC
SD 1.43 - - 1.33 - -

HT2 M 12.58 B 24.9 558 C 12.71 BC 18.0 546 BC
SD 0.57 - - 2.96 - -

HT3 M 8.40 A 49.8 510 B 10.59 AB 31.6 533 AB
SD 1.02 - - 1.52 - -

HT4 M 8.15A 51.37 469 A 9.26 A 40.2 491 A
SD 1.53 - - 0.7 - -

(*) The letters express the homogeneity groups according to Duncan test results. / Slova označuju homogene grupe prema Duncanovu testu.
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Figure 6 The effects of heat treatment on the withdrawal capacity of screws and changes in density
Slika 6. Utjecaj toplinske obrade drva na čvrstoću držanja vijaka i promjenu gustoće
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3. In practice, both temperature and duration have 
negative effects on the withdrawal capacity of 
screws of heat treated Wild Cherry Wood, but the 
effect of temperature has a greater effect than the 
duration. The withdrawal capacity of screws was 
reduced by 50 % in the trials with fl at head screws 
in heat treated Wild Cherry Wood.
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ABSTRACT • The heartwood of two European larch trees was examined for the content of lipophilic extrac-
tives. Hexane was used as a solvent for extractions, while gas chromatography with fl ame ionisation detection 
and gas chromatography coupled to mass spectrometry were applied for analyses. Different lipophilic groups of 
compounds, such as fatty acids, resin acids, diterpenoids, sterols, steryl esters and triglycerides were identifi ed 
and quantitatively evaluated as well as individual low molecular mass components. Distribution of heartwood 
lipophilics in relation to the trunk heights was also determined and their most likely biological function in wood 
tissues discussed. The content of hexane extract increased with stem height. Various fatty and resin acids as well 
as diterpenoid alcohols and sterols were characterized. The predominating lipophilic compounds identifi ed were 
isopimaric acid and diterpenoid alcohol larixyl acetate. Their average concentrations in examined samples was 
between 2.0 and 2.5 mg/g. Higher molecular mass lipophilics, e.g. steryl esters and triglycerides, were also pres-
ent with concentrations between 0.5 and 2.2 mg/g. 

Key words: European larch, heartwood, lipophilic extractives, chromatographic techniques 

SAŽETAK • U radu je prikazan rezultat istraživanja lipofi lnih ekstraktivnih tvari u srži dvaju stabala europskog 
ariša. Kao otapalo za ekstrakciju primijenjen je heksan, a plinska kromatografi ja s plameno-ionizacijskim detekto-
rom i plinska kromatografi ja povezana s masenom spektrometrijom primijenjene su za kemijske analize. Različite 
lipofi lne grupe spojeva, kao masne kiseline, smolne kiseline, diterpenoidi, steroli, sterolni esteri i trigliceridi, 
identifi cirane su u uzorcima i kvantitativno su procijenjene. Također su identifi cirani i procijenjeni pojedini spojevi 
niskih molekularnih masa. Određena je i raspodjela lipofi lnih tvari u srži s obzirom na visinu stabala i objašnjena 
njihova najvjerojatnija biološka uloga u drvnim tkivima. Sadržaj ekstrakta heksana povećava se s visinom stabla. 
Različite masne i smolne kiseline, kao i diterpenoidni alkoholi i steroli, također su zastupljeni u srži europskog 
ariša. Dominantni identifi cirani lipofi lni spojevi jesu isopimarična kiselina i diterpenoidni alkohol. Njihove 
prosječne koncentracije u ispitivanim uzorcima kreću se između 2,0 i 2,5 mg/g. Lipofi lni spojevi veće molekularne 
mase, npr. sterolni esteri i trigliceridi, također su otkriveni u koncentracijama između 0,5 i 2,2 mg/g.

Ključne riječi: europski ariš, srž, lipofi lni ekstraktivi, kromatografske tehnike
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1  INTRODUCTION
1.  UVOD

Different nonstructural wood components with 
relatively low molecular masses, which are well soluble 
in nonpolar organic solvents are classifi ed as lipophilic 
extractives. Their content is much smaller than that of 
the main building elements, e. g. polysaccharides and 
lignin and averagely amounts up to only a few percents 
of dry plant material. Types and concentrations of wood 
lipophilics depend on tree species, tissue types, geo-
graphic position of growing site, climatic conditions, 
felling season, age and tree health. A function of lipo-
philic extractives in living trees is not yet fully under-
stood, however it is well known that some compounds, 
such as sterols and steryl esters are components of cell 
membranes and take an active part in different biochem-
ical processes, while others, e.g. triglycerides and di-
glycerides represent food reserve. The most important 
function of extractives is most probably mechanical and 
chemical protection of wood tissues against microbial, 
fungal and insect attack. Resin and wax components 
form typical mechanical protective layer or hydrophobic 
barrier while more polar phenols (lignans, fl avonoids, 
stilbenes) exhibit biocidal properties and are as such 
very toxic for numerous organisms (Hawley et al., 1924; 
Scheffer and Cowling, 1966; Fengel and Wegener, 1984; 
Schultz et al., 1990, 1995). 

The genus Larix is represented by about ten spe-
cies that are mainly distributed across the cooler re-
gions of the northern hemisphere. European larch (Lar-
ix decidua Mill.) is the most frequent representative of 
this genus in Europe. It is growing on its natural habitat 
or on reforested areas. It is appreciated for its timber, 
with good mechanical properties, attractive colour and 
high natural durability of its heartwood (Gierlinger et 
al., 2004). The heartwood of European larch is usually 
composed of about 39 % of cellulose, 30 % of hemicel-
lulose (mannan and xylan), 28 % of lignin with the re-
maining portion being ash and extractives (Fengel and 
Wegener, 1984). Chemical composition of larch wood 
is variable, which is e.g. refl ected in variable durability 
of larch heartwood, reported to range from nondurable 
to moderately durable (class 5 to 3, European Standard 
EN 350-1) (Gierlinger et al., 2003). 

Several authors have so far reported on the con-
tent of lipophilic extractives in different larch species. 
Nair and von Rudloff (1959, 1960) studied and com-
pared chemical composition of heartwood extractives 
of Tamarack (Larix laricina) and Alpine larch (Larix 
lyalii). Norin and coauthors (1965) determined the 
structures and confi gurations of the diterpenoids larix-
ol, larixyl acetate and 13-epimanool, which were iso-
lated from the oleoresin of European larch. Larixol was 
reported to be one of the main neutral constituents of 
Siberian larch (Larix sibirica) as well. Mills (1973) 
analysed oleoresin of most larch species growing in 
England. He found out that European larch contained 
large quantities of larixyl acetate together with lesser 
amounts of the free diol larixol and epimanool. The 
neutral fraction was composed of aldehydes including 
dehydroabietal and isopimaral. Siberian larch con-

tained epimanool and epitorulosol, as well as hydrocar-
bons such as monocyclic thunbergene and biformene 
and compounds abietadiene, abietal and abietol. All 
investigated larches also contained resin acids of abi-
etic and pimaric type. The most striking feature was 
that two species, namely European and Japanese larch 
(Larix gmelinii) contained large amounts of larixol and 
larixyl acetate, which were not detectable in the others. 
Western larch and Japanese larch (Larix kaempferi) 
had high amounts of thunbergol, while the latter was 
completely absent from Tamarack and Alpine larch. 
Giwa and Swan (1975) studied extractives of Western 
larch, isolated from the heartwood by the help of sol-
vents of different polarity. The lipophilic portion was 
composed of sandaracopimaric, isopimaric, abietic and 
dehydroabietic acid, β-sitosterol, larixol and larixyl ac-
etate. Viitanen and coauthors (1997) examined durabil-
ity of European, Siberian and Japanese larch against 
brown-rot fungi and found out that it was related to the 
extractives content. They analysed diethylether ex-
tracts and proved that some resin acids inhibited the 
growth of certain fungi, in spite of the fact that their 
content was as small as about 0.1 %. Staccioli and col-
leagues (1997) compared heartwood extractives of liv-
ing and subfossil European larch and established dif-
ferent age dependent, structural changes. Krutov and 
co-workers (1988) examined extractives of Siberian 
larch in which they identifi ed numerous neutral diter-
penoid components. Babkin and coauthors (2001) also 
analysed resinous substances in Siberian and Japanese 
larch. The latter were a complex mixture of neutral di-
terpenoids and resin acids. Ohtsu and co-workers 
(1998a, 1998b, 1998c) identifi ed some interesting dit-
erpenes in cones of Japanese larch as well as tetracy-
clic triterpenes in needles and bark of the same tree 
species, while Xue (2004) reported about identifi cation 
of two new diterpenoids of labdane type in Chinese 
larch (Larix chinensis). Most authors analysed heart-
wood samples at the representative height of 1.2 to 1.5 
m, while there is practically no data on the content of 
extractives at different positions along the trunk.

The purpose of the present research was to make 
a detailed chemical characterization of lipophilic ex-
tractives in the heartwood of European larch, and to 
determine their variability in longitudinal direction 
within a tree and between two trees. 

2  MATERIAL AND METHODS
2.  MATERIJAL I METODE

2.1  Samples
2.1.  Uzorci

Two larch trees (Larix decidua Mill.) were felled 
at the end of June, 2009 in the Alpine region of Slove-
nia at the altitude of 1000 m. They were growing in a 
mixed forest among beech and spruce trees. Both were 
about 180 years old, about 30 m high and with a diam-
eter at breast height (DBH) above 50 cm. The trees 
were healthy and without visible damage.

About 5 cm thick discs were cut from the trunks 
at the base (50 cm above ground) as well as at the 
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12 ºC/min, 340 ºC (5 min); carrier gas H2 (7 ml/min, 
programed fl ow); PSS injector – temperature program 
of heating: 80 ºC (0,1 min), 50 ºC/min, 110 ºC, 15 ºC/
min, 330 ºC (7 min); FID detector: 340 ºC; injection 
volume 0.5 μl (on column). Heneicosanoic acid (S1) 
was used for quantifi cation of free fatty and resin acids 
as well as diterpenoids, while betulinol (S2) was ap-
plied for determination of sterols. Steryl esters were 
quantifi ed against cholesteryl heptadecanoate (S3) and 
triglycerides against 1.3-dipalmitoyl-2-oleyl glycerol 
(S4). No correction factor was applied for the calcula-
tion of lipophilics. The concentrations of individual 
extractive groups were expressed as mg per gram of 
dry sample weight where the quantifi cation limit was 
about 0.01 mg/g (Willfor, 2007).

2.5.2  GC-FID analysis on long capillary column
2.5.2.  GC-FID analiza na dugoj kapilarnoj koloni

The determination of individual fatty and resin 
acids, diterpenoids and sterols was accomplished by 
means of GC-FID on the Perkin Elmer AutoSystem XL 
instrument. HP-1 (25 m x 0.20 mm x 0.11 μm) capil-
lary column was used for separation of compounds un-
der the following experimental conditions: temperature 
program of column heating: 120 ºC, 6 ºC/min, 300 ºC 
(10 min); carrier gas H2 (0,8 ml/min); split injector 
(1:20) – 160 ºC, 8 ºC/min, 260 ºC (15 min); FID detec-
tor: 320 ºC; injection volume 1 μl. Heneicosanoic acid 
(S1) was used as internal standard for quantifi cation of 
individual acids and diterpenoids, while betulinol (S2) 
was used as standard in determination of sterols. All 
results are expressed as mg per gram of dry sample 
weight where the limit of quantifi cation was about 0.01 
mg/g (Willfor, 2007).

2.5.3   Identifi cation of extractive compounds by 
GC-MS

2.5.3.   Identifi kacija ekstraktivnih spojeva uz pomoć 
GC-MS-a

Characteristic components of the selected hexane 
extracts were identifi ed by means of gas chromatogra-
phy coupled to mass spectroscopy (GC-MS). The anal-
yses were performed on the HP 6890-5973 GC-MSD 
instrument. The separation was carried out on the HP-1 
(30 m x 0.25 mm x 0.25 μm) capillary column under 
the following experimental conditions: temperature 
program of column heating 80 ºC, 8 ºC/min, 290 ºC; 
carrier gas He (0.9 ml/min); split injector (1:15) – 260 
ºC; MS-EI detector (source temp. 280 ºC, 70 eV, quad-
rupole temp. 180 ºC). Mass range (m/z) was between 
10 and 1050. For positive identifi cation of individual 
compounds the mass spectra of their chromatographic 
peaks were compared with spectra of pure compounds 
from the Wiley Registry NIST 2008 Mass Spectral Li-
brary. On both GC-FID and GC-MS chromatograms 
there was practically the same sequence of chromato-
graphic peaks of individual compounds as similar long 
capillary columns were used, by which reliability of 
identifi cation was ensured and quantitative work facili-
tated (Willfor, 2007).

heights of 8, 18 and 28 m. Discs were debarked and 
representative sections of heartwood were cut into 
smaller pieces, which were subsequently frozen at -24 
°C till analysis.

2.2  Drying and grinding
2.2.  Sušenje i mljevenje

Frozen samples were fi rst conditioned at room 
temperature, after which they were cut into short splin-
ters, freeze-dried for 24 hours (Martin Christ Gefrier-
trocknungsanlagen GmbH) and ground by means of a 
Wiley laboratory mill (100 mesh) to wood meal. The 
latter was freeze-dryed again for 24 hours in order to 
remove volatile compounds.

2.3  Extraction
2.3.  Ekstrakcija

Extractions were conducted by means of an ac-
celerated solvent extraction system (ASE) using the 
instrument Dionex ASE 200. About 5 g of each freeze-
dried powdered sample was weighed into a metal ex-
traction cell and extracted with hexane (V-50 ml) to 
isolate lipophilic fraction. The temperature of the ex-
traction was 90 ºC, pressure 13.8 MPa and extraction 
time 10 minutes (2 static cycles with static time of 5 
minutes). The extraction was performed under the 
stream of nitrogen.

2.4  Derivatization of extractives
2.4. Derivatizacija ekstraktiva

All hexane extracts were derivatized prior to 
chromatographic analyses (GC-FID, GC-MS), by 
which components with hydroxyl groups, such as alco-
hols, sterols and acids were converted to the corre-
sponding trimethylsilyl (TMS) derivatives, namely 
ethers and esters. 2 ml of internal standard solution 
were added to each extract, containing about 0.5 mg of 
extractive compounds. Internal standards were henei-
cosanoic acid (S1), betulinol (S2), cholesteryl heptade-
canoate (S3) and 1.3-dipalmitoyl-2-oleyl glycerol (S4) 
all having concentration of 0.02 mg/ml. The mixture of 
a sample and standards was dried under the stream of 
N2 and in vacuum desiccator at 40 ºC, after which syli-
lation reagents were added: 80μl BSTFA (bis-tri-
methylsilyl-trifl uoroacetamide) and 20 μl TMCS (tri-
methylchlorosilane) in 20 μl of pyridine. The reaction 
mixture was heated for 1 hour at 70 ºC, then it was 
cooled and injected into gas chromatograph (Willfor, 
2007).

2.5  Chromatographic analyses of extractives
2.5.  Kromatografska analiza ekstraktiva

2.5.1  GC-FID analysis on short capillary column
2.5.1.  GC-FID analiza na kratkoj kapilarnoj koloni

The main extractive groups in hexane extracts 
were determined by means of gas chromatography 
with fl ame ionization detector (GC-FID) on the Perkin 
Elmer Clarus 500 instrument. The separation was per-
formed on a short capillary column HP-1 (6 m x 0.53 
mm x 0.15 μm) using the following experimental con-
ditions – oven temperature program: 100 ºC (1.5 min), 



Zule, Čufar, Tišler: Lipophilic Extractives in Heartwood of European Larch... .............

308  DRVNA INDUSTRIJA  66 (4) 305-313 (2015)

2.6  Gravimetric determination of the content of 
lipophilic extractives

2.6  Gravimetrijsko određivanje sadržaja lipofi lnih 
ekstraktiva 

10 ml aliquots of selected hexane extracts were 
dried under the stream of N2 and in vacuum desiccator 
at 40 ºC until a constant weight was reached. The 
gravimetric amount of extractives was calculated as 
mg per gram of dry sample weight.

All quantitative determinations of lipophilic ex-
tractives in the samples of heartwood were performed 
in two parallels. The present results are average values 
of individual determinations.
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3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Gravimetric determination of hexane extracts
3.1.  Gravimetrijsko određivanje heksanskih ekstrakata

Hexane, as one of the most nonpolar solvents, 
was selected for extraction and separation of lipophilic 
fraction from more polar components, e.g. polyphe-
nols, which are not soluble in it.

The content of hexane extract in the heartwood 
samples increased with stem height. The measured val-
ues were between 8 and 16 mg/g, calculated on dry 
mass of wood. There was no signifi cant difference be-

Figure 1 Hexane extract content in heartwood at different heights of two larch trees 
Slika 1. Sadržaj heksanskog ekstrakta srži stabla 1 i 2 na različitim visinama

Figure 2 GC-FID (short column) chromatogram of heartwood hexane extract (tree 1 – 0.5 m stem height) (FA – fatty acids, 
RA – resin acids, DT – diterpenoids, ST – sterols, SE – steryl esters, TG – triglycerides, S1-S4 – internal standards)
Slika 2. GC-FID kromatogram (kratka kolona) heksanskog ekstrakta srži (stablo 1 – 0,5 m visina stabla) (FA – masne 
kiseline, RA – smolne kiseline, DT – diterpenoidi, ST – steroli, SE – sterolni esteri, TG – trigliceridi, S1-S4 – interni 
standardi)
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tween the two trees. The amount of hexane extract vs. 
stem height is presented in Figure 1.

 The average concentration of hexane extract in 
the heartwood of tree 1 was calculated to be 11.6 ± 3.5 
mg/g and in the heartwood of tree 2 it was 12.0 ± 2.8 
mg/g, respectively.

3.2  Determination of typical compound groups 
(GC-FID)

3.2.  Određivanje tipičnih grupa spojeva (GC-FID)

The composition of lipophilic groups in hexane 
extracts was determined by GC-FID using short capil-
lary column. A typical short column chromatogram of 
a heartwood hexane extract is shown in Figure 2.

The analysis on a short capillary column (5 m) 
with relatively high carrier gas fl ows and use of tem-
perature programmable injection, supported by a rele-
vant computer program for calculation of complex 
peak areas, enables separation and detection of a series 
of compounds with very different volatilities and 
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Figure 3 Content and composition of lipophilic fraction of heartwood of tree 1 at different heights (FA – fatty acids, RA – 
resin acids, DT – diterpenoids, ST – sterols, SE – steryl esters, TG – triglycerides)
Slika 3. Sadržaj i sastav lipofi lne frakcije srži stabla 1 na različitim visinama (FA – masne kiseline, RA – smolne kiseline, DT 
– diterpenoidi, ST – steroli, SE – sterolni esteri, TG – trigliceridi)

Figure 4 Content and composition of lipophilic fraction of heartwood of tree 2 at different heights (FA – fatty acids, RA – 
resin acids, DT – diterpenoids, ST – sterols, SE – steryl esters, TG – triglycerides)
Slika 4. Sadržaj i sastav lipofi lne frakcije srži stabla 2 na različitim visinama (FA – masne kiseline, RA – smolne kiseline, DT 
– diterpenoidi, ST – steroli, SE – sterolni esteri, TG – trigliceridi)

chemical properties on a single chromatographic col-
umn. The most signifi cant property of these short col-
umn chromatograms is somewhat worse separation of 
peaks, meaning that compounds are separated as char-
acteristic groups (broad, overlapping peaks) and not as 
sharp peaks, representing individual compounds. In 
this way, it is possible to qualitatively and quantitative-
ly determine the composition of various lipophilic 
groups in wood extracts in a single chromatographic 
analysis (Sjöstrom and Alen, 1999).

The content and composition of lipophilic frac-
tion in the heartwood of trees I and II related to the 
stem height is presented in Figures 3 and 4. 

Chromatographically determined total concen-
tration of lipophilics (the sum of individual lipophilic 
group concentrations) increased with the height in both 
trees just the same as gravimetrically determined con-
tent of hexane extract. Concentrations of free fatty ac-
ids ranged between 0.9 and 1.8 mg/g, while the con-
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centrations of resin acids and other diterpenoids were 
much higher, which was between 5.6 and 11 mg/g. 
Concentrations of free sterols in no case exceeded 0.3 
mg/g, while the contents of higher lipophilics, e.g. ster-
yl esters and triglycerides, were comparable and in the 
range between 0.5 and 2.2 mg/g. High increase of tri-
glycerides was the most distinctive in the heartwood of 
both trees at 28 m, which was the top position. The 
measured quantities were 5 times bigger than at the 
base of the tree at 0.5 m. The most important fact is that 
the concentrations of all lipophilic groups exhibited in-
creasing trend in respect to the stem height. 

3.3  Identifi cation of individual compounds (GC-MS)
3.3.  Identifi kacija pojedinačnih spojeva (GC-MS)

For accurate and unambiguous identifi cation of 
individual low molecular mass components, as for ex-
ample free fatty acids, diterpenoids, sterols and fatty al-
cohols in hexane extracts, a selected sample of heart-
wood at 0.5 m from tree I was analysed by GC-MS 
technique. Among fatty acids unsaturated oleic, lino-

lenic and pinolenic predominated, while isopimaric acid 
and larixyl acetate were the most abundant components 
among resin acids and diterpenoids. β-sitosterol proved 
to be the most abundant sterol in all heartwood samples. 

3.4  Determination of individual compounds 
(GC-FID)

3.4.  Određivanje pojedinih spojeva (GC-FID)

All samples were later chromatographed on a 
similar long capillary column using similar experimen-
tal conditions as in the case of the GC-MS analysis in 
order to analyse qualitative and quantitative composi-
tion of free fatty acids, resin acids, diterpenoid com-
pounds, free sterols and fatty alcohols. A typical long 
capillary column chromatogram of a heartwood hex-
ane extract is presented in Figure 5. Steryl esters, wax-
es and triglycerides were not eluted at the applied con-
ditions as they were not volatile enough to be 
determined directly in this way.

The examined samples had practically the same 
chemical composition, however they differed accord-

Figure 5 GC-FID (long column) chromatogram of heartwood hexane extract (tree 1 – 0.5 m height) (1 – palmitic, 2 – epima-
nool, 3 – pinolenic, 4 – linoleic, 5 – oleic, 6 – stearic, 7 – pimaric, 8 – sandaracopimaric, 9 – isopimaric, 10 – palustric, 11 
– dehydroabietic, 12 – abietic, 13 – larixyl acetate, 14 – arachidic, 15 – neoabietic, 16 – behenic,17 – lignoceric, 18 – camp-
esterol, 19 – β-sitosterol, 20 – cycloartenol, S1 and S2 – internal standards)
Slika 5. GC-FID kromatogram (duga kolona) heksanskog ekstrakta srži (stablo 1 – 0,5 m visina stabla) (1 – palmitinska, 2 – 
epimanol, 3 – pinolenska, 4 – linolna, 5 – oleinska, 6 – stearinska, 7 – pimarna, 8 – sandarakopimarna, 9 – isopimarna, 10 – 
palustrinska, 11 – dehidroabietinska, 12 – abietinska, 13 – lariksil acetat, 14 – arašidna, 15 – neoabietinska, 16 – behenska, 17 
– lignocerinska, 18 – kampesterol, 19 – β-sitosterol, 20 – cikloartenol, S1 i S2 – interni standardi)

Table 1 Composition of free fatty acids in heartwood of tree 1 at different heights
Tablica 1. Sastav jednostavnih masnih kiselina srži stabla 1 na različitim visinama

Sample
Uzorak

16:0
mg/g

18:0
mg/g

18:1
mg/g

18:2
mg/g

18:3
mg/g

20:0
mg/g

22:0
mg/g

24:0
mg/g

Total
Ukupno

mg/g
0.5 m 0.06 0.02 0.26 0.29 0.16 0.02 0.04 0.01 0.86
8 m 0.14 0.03 0.48 0.57 0.29 0.03 0.07 0.02 1.6
18 m 0.09 0.03 0.31 0.31 0.14 0.07 0.11 0.02 1.1
28 m 0.12 0.04 0.54 0.37 0.16 0.08 0.11 0.01 1.4
Average
Prosječ. 0.10 0.03 0.40 0.38 0.19 0.05 0.08 0.01 1.2

16:0 – palmitic, 18:0 – stearic, 18:1 – oleic, 18:2 – linoleic, 18:3 – pinolenic, 20:0 – arachidic, 22:0 – behenic, 24:0 – lignoceric / 16:0 – pal-
mitinska, 18:0 – stearinska, 18:1 – oleinska, 18:2 – linolna, 18:3 – pinolenska, 20:0 – arašidna, 22:0 – behenska, 24:0 – lignocerinska
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Table 2 Composition of free fatty acids in heartwood of tree 2 at different heights
Tablica 2. Sastav jednostavnih masnih kiselina srži stabla 2 na različitim visinama

Sample
Uzorak

16:0
mg/g

18:0
mg/g

18:1
mg/g

18:2
mg/g

18:3
mg/g

20:0
mg/g

22:0
mg/g

24:0
mg/g

Total
Ukupno

mg/g
0.5 m 0.07 0.02 0.33 0.35 0.19 0.03 0.06 0.01 1.1
8 m 0.10 0.02 0.48 0.68 0.38 0.03 0.05 0.01 1.8
18 m 0.09 0.03 0.32 0.34 0.19 0.08 0.15 0.02 1.2
28 m 0.06 0.02 0.53 0.29 0.17 0.08 0.10 0.01 1.2
Average
Prosječ. 0.08 0.02 0.42 0.42 0.23 0.05 0.09 0.01 1.3

16:0 – palmitic, 18:0 – stearic, 18:1 – oleic, 18:2 – linoleic, 18:3 – pinolenic, 20:0 – arachidic, 22:0 – behenic, 24:0 – lignoceric / 16:0 – pal-
mitinska, 18:0 – stearinska, 18:1 – oleinska, 18:2 – linolna, 18:3 – pinolenska, 20:0 – arašidna, 22:0 – behenska, 24:0 – lignocerinska

Table 3 Composition of resin acids and diterpenoids in heartwood of tree 1 at different heights
Tablica 3. Sastav smolnih kiselina i diterpenoida srži stabla 1 na različitim visinama

Sample
Uzorak

PI
mg/g

SA
mg/g

IZ
mg/g

PA
mg/g

DeAB
mg/g

AB
mg/g

NeAB
mg/g

EPI
mg/g

LAc
mg/g

Total
Ukupno

mg/g
0.5 m 0.05 0.09 1.3 0.65 0.15 0.52 0.34 0.14 1.3 4.6
8 m 0.06 0.14 1.8 0.62 0.30 0.65 0.23 0.47 1.4 5.7
18 m 0.12 0.18 3.0 0.95 0.56 0.79 0.27 1.2 2.6 9.7
28 m 0.14 0.15 3.0 0.87 0.63 0.76 0.26 0.70 2.8 9.3
Average
Prosječ.

0.1 0.1 2.3 0.8 0.4 0.7 0.3 0.6 2.0 7.3

PI – pimaric, SA – sandaracopimaric, IZ – isopimaric, PA – palustric, DeAB – dehydroabietic, AB – abietic, NeAB – neoabietic, EPI – epima-
nool, LAc – larixyl acetate
PI – pimarna, SA – sandarakopimarna, IZ – izopimarna, PA – palustrinska, DeAB – dehidroabietinska, AB – abietinska, NeAB – neoabietinska, 
EPI – epimanol, LAc – lariksil acetat

Table 4 Composition of resin acids and diterpenoids in heartwood of tree 2 at different heights
Tablica 4. Sastav smolnih kiselina i diterpenoida u srži stabla 2 na različitim visinama

Sample
Uzorak PI

mg/g
SA

mg/g
IZ

mg/g
PA

mg/g
DeAB
mg/g

AB
mg/g

NeAB
mg/g

EPI
mg/g

LAc
mg/g

Total
Ukupno

mg/g
0.5 m 0.08 0.15 2.1 0.95 0.26 0.83 0.54 0.22 2.1 7.3
8 m 0.06 0.09 1.8 0.93 0.21 0.72 0.43 0.45 2.0 6.7
18 m 0.09 0.13 2.1 0.51 0.96 0.60 0.15 0.70 2.7 7.9
28 m 0.11 0.19 3.8 0.99 0.60 1.1 0.29 0.93 2.9 11
Average
Prosječ. 0.1 0.1 2.5 0.8 0.5 0.8 0.4 0.6 2.4 8.2

PI – pimaric, SA – sandaracopimaric, IZ – isopimaric, PA – palustric, DeAB – dehydroabietic, AB – abietic, NeAB – neoabietic, EPI – epima-
nool, LAc – larixyl acetate
PI – pimarna, SA – sandarakopimarna, IZ – izopimarna, PA – palustrinska, DeAB – dehidroabietinska, AB – abietinska, NeAB – neoabietinska, 
EPI – epimanol, LAc – lariksil acetat

Table 5. Composition of free sterols in heartwood of tree 1 
at different heights
Tablica 5. Sastav jednostavnih sterola srži stabla 1 na 
različitim visinama

Sample
Uzorak

Camp-
esterol
mg/g

β-sitosterol
mg/g

Cycloartenol
mg/g

Total
Ukupno

mg/g
0.5 m 0.04 0.08 0.02 0.14
8 m 0.09 0.18 0.03 0.30
18 m 0.07 0.15 0.02 0.24
28 m 0.06 0.14 0.02 0.22
Average
Prosječ.

0.07 0.14 0.02 0.23

Table 6. Composition of free sterols in heartwood of tree 2 
at different heights
Tablica 6. Sastav jednostavnih sterola srži stabla 2 na 
različitim visinama

Sample
Uzorak

Camp-
esterol
mg/g

β-sitosterol
mg/g

Cycloartenol
mg/g

Total
Ukupno

mg/g
0.5 m 0.05 0.11 0.02 0.18
8 m 0.05 0.10 0.02 0.17
18 m 0.02 0.05 0.01 0.08
28 m 0.06 0.11 0.02 0.18
Average
Prosječ.

0.04 0.09 0.02 0.15
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ing to the concentrations of individual low molecular 
lipophilic components. Qualitative and quantitative 
composition of free fatty acids, resin acids, diterpe-
noids and sterols is presented in Tables 1 to 6.

Unsaturated fatty acids C18 with one or more 
double bonds prevailed. The group was represented by 
oleic (C18:1), linoleic (C18:2) and pinolenic (C18:3) 
acids, having concentrations in the range between 0.14 
and 0.68 mg/g, while the contents of saturated higher 
fatty acids (C16:0 – C24:0) were much lower and 
ranged between 0.01 and 0.12 mg/g.

The samples also contained resin acids typical 
for conifers, among which isopimaric acids predomi-
nated with concentrations between 1.3 and 3.8 mg/g. 
The concentrations increased with the height of both 
stems. Palustric, dehydroabietic and abietic acids were 
also abundant with concentrations between 0.15 and 
1.1 mg/g. Other less important resin acids, in terms of 
quantity, such as pimaric, sandaracopimaric and neo-
abietic, were also detected. In addition, specifi c diter-
penoids, typical of larch wood, which formed quite a 
signifi cant portion of lipophilic fraction were also ob-
served. The identifi ed diterpenoid alcohols or labdans 
were epimanool, larixol and larixyl acetate. The con-
centrations of the latter were the highest and ranged 
between 1.3 and 2.9 mg/g. larixol eluted together with 
dehydroabietic acid, so it was impossible to determine 
its exact concentrations. 

In addition to the main lipophilic groups, low 
amounts were also detected of several diterpenoids and 
fatty alcohols, which did not belong to any of the pre-
sented extractive groups. Their total amount in no case 
exceeded 5 % of the dry mass of the hydrophobic ex-
tractive fraction.

β-sitosterol was the main free sterol, however 
campesterol and cycloartenol were also detected. Total 
sterol concentrations ranged between 0.08 and 0.30 
mg/g and no increase was observed related to the stem 
height.

Qualitative lipophilic composition of all examined 
samples in both larch trees was essentially the same with 
isopimaric acid and larixyl acetate as the most abundant 
compounds. On the other hand, the amounts of the total 
hexane extract as well as the concentrations of most 
components increased with trunk heights. This increase 
was most pronounced at the top of both trees at the 
height of 28 m, where the growth was very intensive and 
the observed tissues much younger and vulnerable. Rel-
atively high amounts of triglycerides represented sub-
stantial food reserve, while resin acids and diterpenoids 
are known to provide physical and chemical protection 
against deterioration.

4  CONCLUSIONS
4.  ZAKLJUČAK

A detailed chemical characterisation of the lipo-
philic fraction of larch heartwood was performed by 
means of modern chromatographic techniques, such 
as GC-FID and GC-MS. It was established that heart-
wood contained some characteristic compounds (epi-

manool, larixyl acetate) that could not be found in 
other conifer genera as for example pine (Pinus), 
spruce (Picea) and fi r (Abies). All heartwood samples 
from different height positions of two healthy larch 
trees exhibited the same qualitative composition of 
the lipophilic fraction, however the overall concentra-
tions of the lipophilics increased with the height of 
the trunk. The same held for the most important ex-
tractive groups, e.g. triglycerides, resin acids and dit-
erpenoids, which were found to be especially abun-
dant in the younger tissues at the top of the trees. It 
could be assumed that lipophilic compounds are dis-
tributed in the heartwood within a living tree in such 
a way as to ensure storage of food and protection 
against deterioration. Our study may contribute to 
better understanding of the chemistry and its variation 
within living trees. 

Acknowledgement – Zahvala
Analyses were performed at the Åbo Akademi 

University, Turku, Finland. Authors are gratefully 
thankful to prof. Bjarne Holmbom and the members of 
his staff – Jarl Hemming, Andrey Pranovich and Mark-
ku Reunanen for substantial help and cooperation.

5  REFERENCES
5.  LITERATURA

1. Babkin, V. A.; Ostroukhova, L. A.; Malkov Yu, A.; Bab-
kin, D. V.; Onuchina, N. A.; Ivanova, S. Z., 2001: Isola-
tion of biologically active compounds from larch wood. 
11th ISWPC International Symposium on Wood and 
Pulping Chemistry, Nice, June 11-14, pp. 119-122.

2. Fengel, D.; Wegener, G., 1989: Wood chemistry, ultras-
tructure, reactions. Walter de Gruyter, Berlin-New York, 
812 pp.

3. Gierlinger, N.; Jacques, D.; Schwanninger, M.; Wimmer, 
R.; Hinterstoisser, B.; Paques, L. E., 2003: Rapid predic-
tion of natural durability of larch heartwood using FT-
NIR spectroscopy. Canadian Journal of Forest Research, 
33 (9): 1727-1736 

 http://dx.doi.org/10.1139/x03-092.
4. Gierlinger, N.; Jacques, D.; Schwanninger, M.; Wimmer, 

R.; Paques, L. E., 2004: Heartwood extractives and lignin 
content of different larch species (Larix sp.) and relation-
ships to brown-rot decay-resistance. Trees 18: 230-236 
http://dx.doi.org/10.1007/s00468-003-0300-0.

5. Giwa, S. A. O.; Swan, E. P., 1975: Heartwood extractives 
of a western larch tree (Larix occidentalis Nutt.). Wood 
and Fiber, 7 (3): 216-221.

6. Hawley, L. F.; Fleck, L. C.; Richard, C. A., 1924: The 
relation between natural durability and chemical compo-
sition in wood. Ind. Eng. Chem., 16: 699-706 

 http://dx.doi.org/10.1021/ie50175a015.
7. Krutov, S. M.; Kovolev, V. E.; Roshchin, V. I., 1988: 

Wood extractives. 5th European Workshop on Lignocel-
lulosics and Pulp, Aveiro, Aug 30 - Sept 2, pp. 245-248.

8. Mills, J. S., 1973: Diterpenes of Larix oleoresins. Phyto-
chemistry, 12: 2407-2412 

 http://dx.doi.org/10.1016/0031-9422(73)80447-9.
9. Nair, G. V.; Von Rudloff, E., 1959: Chemical composi-

tion of the heartwood extractives of tamarack (Larix la-
ricina). Canadian Journal of Chemistry, 37: 1708-1713 
http://dx.doi.org/10.1139/v59-232. 



............. Zule, Čufar, Tišler: Lipophilic Extractives in Heartwood of European Larch...

DRVNA INDUSTRIJA  66 (4) 305-313 (2015) 313

10. Nair, G. V.; Von Rudloff, E., 1960: Chemical composi-
tion of the heartwood extractives of Larix lyallii. Cana-
dian Journal of Chemistry, 38: 177-181 

 http://dx.doi.org/10.1139/v60-023.
11. Norin, T.; Oloff, G.; Willhelm, B., 1965: The structure 

and confi gurations of larixol and larixyl acetate. Tetrahe-
dron Lett., 39: 3523-3528 http://dx.doi.org/10.1016/
S0040-4039(01)89336-9.

12. Ohtsu, H.; Tanaka, R.; Matsunaga, S., 1998a: 18-nor-
Abietatrienes from the cones of Larix kaempferi. Journal 
of Natural Products, 61 (3): 406-408 http://dx.doi.
org/10.1021/np9704720.

13. Ohtsu, H.; Tanaka, R.; Matsunaga, S., 1998b: Abietane 
diterpenoids from the cones of Larix kaempferi. Journal 
of Natural Products, 61 (10): 1307-1309 

 http://dx.doi.org/10.1021/np980159d.
14. Ohtsu, H.; Tanaka, R.; Michida, T.; Shingu, T.; Matsuna-

ga, S., 1998c: Tetracyclic triterpenes and other constitu-
ents from the leaves and bark of Larix kaempferi. Phyto-
chemistry, 49 (6): 1761-1768 

 http://dx.doi.org/10.1016/S0031-9422(98)00302-1.
15. Scheffer, T. C.; Cowling, E. B., 1966: Natural resistance 

to microbial deterioration. Annual Review of Phytopa-
thology, 4: 147-170 

 http://dx.doi.org/10.1146/annurev.py.04.090166.001051.
16. Schultz, T. P.; Hubbard, T. F.; Fisher, J. L.; Nicholas, D. 

D., 1990: Role of stilbenes in the natural durability of 
wood: fungicidal structure-activity relationships. Phyto-
chemistry, 29: 1501-1507 

 http://dx.doi.org/10.1016/0031-9422(90)80109-T.

17. Schultz, T. P., Harms, W. B.; Fisher, T. H.; McMurtrey, K. 
D.; Minn, J.; Nicholas, D. D., 1995: Durability of angio-
sperm heartwood: the importance of extractives. Holz-
forschung, 49: 29-34 

 http://dx.doi.org/10.1515/hfsg.1995.49.1.29. 
18. Staccioli, G.; Sturaro, A.; Parvoli, G., 1997: GC/MS in-

vestigation on the dichloromethane extract from subfos-
sil larch. Holzforschung, 51 (2): 107-110 

 http://dx.doi.org/10.1515/hfsg1997.51.2.107. 
19. Viitanen, H.; Paajanen, L.; Saranpää, P.; Viitaniemi, P., 

1997: Durability of larch (Larix spp) wood against 
brown-rot fungi. 28th Annual Meeting of the IRG, Whis-
tler, BC, Canada, 26-30 May, 1-8.

20. Willför, S., 2007: Modern analytical tools for pulp and 
paper, Turku, 5-9 Nov., COST E41 Course.

21. Xue, J. J.; Fan, C. Q.; Dong, L.; Yang, S. P.; Yue, J. M., 
2004: Novel antibacterial diterpenoids from Larix chin-
ensis Beissn. Chemistry & Biodiversity, 1: 1702-1707 
http://dx.doi.org/10.1002/cbdv.200490128.

Corresponding address:

JANJA ZULE, Ph.D.

Pulp and Paper Institute
Bogišičeva 8
SI-1000 Ljubljana, SLOVENIA
e-mail: janja.zule@icp-lj.si





.....Hrčka: Finite Changes of Bound Water Moisture Content in a Given Volume of Beech...

DRVNA INDUSTRIJA  66 (4) 315-320 (2015) 315

Richard Hrčka1

Finite Changes of Bound 
Water Moisture Content in 
a Given Volume of Beech 
Wood 
Promjene konačnog sadržaja vezane vode u 
određenom volumenu drva bukve

Original scientifi c paper • Izvorni znanstveni rad
Received – prispjelo: 23. 1. 2015.
Accepted – prihvaćeno: 6. 11. 2015.
UDK: 674.031.632.224; 630*812.221
doi:10.5552/drind.2015.1506

ABSTRACT • The undesired wood instabilities are connected with the changes of bound water moisture content. 
The rates of fi nite changes of bound water moisture content in a given volume of wood were determined in the 
frame of the specimen dimensions. The derivation is based on the 1st Fick’s law and diffusion equation solution 
in three dimensions. The inverse solution of diffusion equation provided the diffusion coeffi cients in the princi-
pal anatomical directions. Beech wood was tested. The nonlinear regression is involved in the inverse solution. 
Therefore, the starting values of diffusion coeffi cients were computed according to the proposed three dimensional 
square root scheme. The evaluation of data revealed the random character of transport characteristics. The suf-
fi cient condition for the slowest fi nite change of bound water moisture content in a given volume of beech wood is 
the ratio 8.7:1.5:1.0 of dimensions in longitudinal, radial and tangential directions.

Key words: beech wood, diffusion coeffi cient, moisture content

SAŽETAK • Nepoželjna pojava nestabilnosti drva povezana je s promjenom sadržaja vode vezane u drvu. Prom-
jene konačnog sadržaja vode vezane u određenom volumenu drva određene su u ovisno o dimenzijama uzor-
ka. Derivacija se temelji na 1. Fickovu zakonu i rješenju jednadžbe difuzije u tri dimenzije. Inverzna rješenja 
jednadžbe difuzije daju koefi cijente difuzije u glavnim anatomskim smjerovima. Test je proveden na uzorcima 
bukovine. Nelinearna je regresija uključena u inverzna rješenja, stoga su početne vrijednosti koefi cijenata difuzije 
izračunane prema predloženoj shemi trodimenzionalnoga kvadratnog korijena. Ocjena rezultata otkrila je svojstvo 
slučajnosti kretanja vode. Dovoljan uvjet za najsporiju promjenu konačnog sadržaja vode vezane u određenom 
volumenu bukovine omjer je dimenzija 8,7 : 1,5 : 1,0 u uzdužnome, radijalnome i tangencijalnom smjeru.

Ključne riječi: bukovina, difuzijski koefi cijent, sadržaj vode
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1  INTRODUCTION
1.  UVOD

The wood products should be used in an environ-
ment that can ensure constant moisture content. Other-
wise, the undesired mass and dimensional changes can 

occur. It is hard to maintain the constant moisture con-
tent for a long wood product life cycle; this proved in-
evitable in most observations and experiments. Wood 
equilibrates the bound water moisture content when it 
is in contact with humid air. The humid air should have 
constant parameters, namely relative humidity and 
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temperature (Langmuir, 1918; Brunauer et al., 1938; 
Dent, 1977). From the view point of drying, there is a 
lot of humid air with given parameters inside a drying 
kiln or inside a climatic chamber. The change of the 
equilibrium moisture content is accompanied with the 
change of the humid air parameters. The change can be 
infi nitesimal or fi nite. The infi nitesimal changes are 
connected with the phenomenon of the sorption iso-
therm. The fi nite changes only deal with the diffusion 
of the bound water as far as humid air has never been 
saturated and free water has not been present in wood. 
Then bound water mass fl ux  is induced, which is pro-
portional to the concentration gradient as the 1st Fick’s 
law states:

  (1)

Where c is concentration defi ned as the water 
mass in wood volume, D is diffusion coeffi cient as the 
second order tensor.

Diffusion equation describes the fi nite changes of 
the bound water moisture content and introduces the 
time of the diffusion in its solution. Also solutions in-
troduce the diffusion coeffi cient D and methods of its 
measurement can be arranged when the particular solu-
tions of diffusion equation are known (Hrčka and Ba-
biak, 1999): 
1. zero time derivative of concentration – steady 

diffusion – King’s method (Skaar, 1954), cup 
methods (Choong, 1965; Siau, 1995)

2. nonzero time derivative of concentration – un-
steady diffusion

 1.  variable initial condition – moment method 
(Cunningham et al., 1989)

 2.   constant initial condition – sorption method
I. kind boundary condition (Dirichlet condition)
1. constant boundary concentration – solution from 

Fourier series (log scheme, half-time scheme 
(Skaar, 1954; Chen et al., 1994)); solution from 
Laplace transform (square root scheme (Com-
stock, 1963; Stamm, 1964)) 

2. variable boundary concentration – relaxation 
time method (Babiak et al., 1989)

II. kind boundary condition (Newman condition) – av-
erage concentration or fl ux method (Babiak et al., 
1989)
III. kind boundary condition (Robin condition) – in-
cluding mass transfer coeffi cient - half-time method 
(Alpatkina, 1968; Choong and Skaar, 1969; Choong 
and Skaar, 1972; Liu, 1989); other approaching meth-
ods (Söderström and Salin, 1993; Dincer and Dost, 
1996).

There are some methods for analyzing the con-
stancy of diffusion coeffi cient – Egner’s method (Skaar, 
1954), Rosenkilde and Arfvidsson (1997), and methods 
based on the wood drying data (Dekrét and Trebula, 
1999) if moisture fi eld is known, or numerical methods 
for evaluating the sorption measurements if the depend-
ency of diffusion coeffi cient on moisture content is pre-
scribed (Olek et al., 2005). Siau (1984) published the 
exponential function of the diffusion coeffi cient on 
moisture content and Stamm (1964) and Choong (1963) 

found out its increasing dependence on temperature ac-
cording to Arhenius equation. Also Kang and Hart 
(1997) confi rmed such relationship experimentally. 
Olek et al. (2011) showed that the application of the dif-
fusion coeffi cient function on water content improved 
only insignifi cantly the prediction of change of the aver-
age bound water moisture content in time and the pro-
cess was modeled by modifi ed convective boundary 
condition. Yeo and Smith (2005) proved the existence of 
convective mass transfer coeffi cient based on the ex-
periment. The infi nite slab hypothesis was defeated by 
Droin-Josserand et al. (1989), who investigated the pro-
cess of moisture adsorption in three dimensions by wood 
samples of cubic and parallelepiped shapes. Baronas et 
al. (2001) guarantee a better prediction with a two-di-
mensional model than with a one-dimensional model in 
the case of extremely long specimen if the ratio of the 
width to thickness of the specimen is less than 10; other-
wise some edges should be heavily coated. The compu-
tational disadvantages of three dimensional models in 
comparison with two dimensional models are reported 
by Da Silva et al. (2014). 

The water fl ux enters wood volume modeled as 
continuum, through the wood surface. A given volume 
can have different surface areas. Therefore, there is a 
lot of ways how to equilibrate the fi nite change of the 
wood equilibrium moisture content of a given volume. 
The hypothesis of this research is the existence of an 
extreme. Such extreme cannot depend on the duration 
of the process. The aim of the contribution is the deter-
mination of the extreme, non-zero fi nite equilibrium 
moisture content change in a given wood volume. The 
second hypothesis is that if the volume of cube is en-
veloped by the smallest surface, than the extreme will 
be minimal.

2 METHOD AND MATERIAL
2. METODA I MATERIJAL 

The fi nite change of moisture content in a given 
volume of wood can be found using solution of diffu-
sion equation in the form:

  (2)

Where i=1, 2, 3; xi are spatial coordinates of the range 
–Li, Li, Di is diffusion coeffi cient in the ith principal 
anatomical direction (1–longitudinal, 2-radial, 3-tan-
gential), t is time. 

The boundary and initial conditions are of the 
form:

  (3)

  (4)

  (5)

Where Bi is Biot number; c∞ is equilibrium concentra-
tion; c0 is the initial, constant concentration.
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The particular solution is found in the form:

  (6)

Where ,  

are the roots of characteristic equation and other quan-
tities as previously defi ned.

A similar solution can be found for heat transfer 
in the study of Luikov (1968). The moisture content w 
of the parallelepiped is proportional to the integral of 
concentration over the wood volume:

  (7)   

Where m0 is the specimen oven dry mass.
The model (6) contains six unknown parameters 

(three diffusion coeffi cients and three Biot numbers). It 
is, therefore, desired to use three specimens of different 
dimensions as far as the function of moisture content in 
time is used for their estimation. Then, the least square 
method and nonlinear regression techniques can be ap-
plied. Therefore, starting values for six unknown pa-
rameters must be provided. The three dimensional 
square root scheme was developed to fi nd the staring 
values of diffusion coeffi cients. 

  (8)

where wi, wi∞ are values of the ith specimen’s moisture 
content at time t and at equilibrium, Lik are the ith spec-
imen’s half of the total dimension in the kth anatomical 
direction, i, k=1, 2, 3. Initial values of the Biot number 
were set to the value of 10 on the basis of previous 
analysis and experiments (Babiak, 1996; Hrčka, 2008). 
The precision of moisture content estimation was eval-
uated according to the residual standard deviation σres:

  (9)   

Where K is the number of estimated parameters (K=6).
Beech wood (Fagus sylvatica, L.) was selected as 

the experimental material. The specimens were free of 
visible defects. Beech is the most abundant and har-
vested tree species (32.7 % of total trees) in Slovakia 
(Green report, 2014). The experiment was conducted 
in the climatic chamber with controlled temperature 
and relative humidity. Mass was determined on the 
same balances, with the use of tare before every mass 
measurement. The mass was recorded to 1 mg. The di-
mensions were measured with calliper in millimetres 
to two decimal places. The beech specimens with di-
mensions of 5, 10, 15, 20, 25, 30 mm (denoted as A, B, 

C, D, E, F) in radial and tangential directions and 150 
mm in longitudinal direction were used as experimen-
tal material. The specimens were cut by sharp circular 
saw from radial board initially located in the outer part 
of the stem. Six replicates represented every dimen-
sion. Zero moisture content was the initial condition 
and the experiment was stopped when the mass of ev-
ery specimen started to slightly oscillate in the humid 
air at the temperature of 20±0.4 °C and relative humid-
ity of 85±3 %.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

The diffusion coeffi cient and Biot number, evalu-
ated from adsorption experiment of beech wood in hu-
mid air are random variables (Comstock, 1963; Dekrét 
and Kurjatko, 1986; Hrčka, 2008; Sonderegger et al., 
2011). The critical p-level value was set to 5 % as a 
variability of data can be assumed. Even though the 
parameters are only positive numbers, they fulfi l the 
requirement of the normal distribution. The volume 
was the factor in ANOVA with 5 degrees of freedom. 
The Cochran test proved non-signifi cant differences 
between variances and one-way ANOVA, 7-times re-
peated, proved non-signifi cant infl uence of volume on 
transport characteristic values. The residual standard 
deviation was the only exception, and Duncan’s test 
marked the value of A group signifi cantly different (p-
level 0.04).

The anatomical direction is the signifi cant factor 
for the diffusion coeffi cient. It has the largest average 
value in longitudinal direction and the smallest value in 
tangential one. The null hypothesis (H0) for Biot num-
bers cannot be refused on the bases of experimental 
data, the averages differed on the fi fth decimal place, 
and therefore unique average value is assumed for it. 
Table 1 shows statistical data of bound water diffusion 
characteristics of beech wood obtained on the basis of 
the experiment.

Additional results are also shown in Figure 1. 
The residual standard deviation reached the value 

of 0.194 % and its individual values for different vol-
umes are embedded in Table 2.

The change in moisture content is proportional to 
fl uxes through the surfaces. The areas of surfaces are 

Table 1 Statistical data of bound water diffusion character-
istics of beech wood obtained by the experiment (1–longitu-
dinal, 2-radial, 3-tangential)
Tablica 1. Statistički podaci obilježja difuzije vode vezane 
u uzorcima bukovine dobiveni eksperimentom (1 – longitu-
dinalni smjer, 2 – radijalni smjer, 3 – tangencijalni smjer)

D1·10-12 
m2·s-1

D2·10-12 
m2·s-1

D3·10-12 
m2·s-1 Bi

Average
Prosječno 1510 45.3 20.0 20.9

Stand. deviation
Standardna devijacija 1.9 8.1 6.3 0.5

No. of observations
Broj mjerenja 60 60 60 60
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the proportionality factor for such change. The volume 
can be enclosed with different surface areas. The ex-
treme values of areas must fulfi l the following condi-
tions:

  (10)

Where Lj denotes the dimension in the jth anatom-
ical direction (for example in radial, and then in tan-
gential).

Then the following relationship is valid for linear 
orthotropic material such as radial board (and also for 
cylindrical orthotropic material such as wood):

  (11)

Where L1, L2 and L3 are half of the total dimen-
sions of the wood specimen in longitudinal, radial and 
tangential directions. The determinant (i≠j):

  (12)

is positive and extremes will occur. If sorption occurs 
as diffusion, the fi rst term is negative; then the condi-
tions (11) are suffi cient to characterize the local mini-
mum of the moisture content change in time during 
bound water diffusion in wood. If desorption occurs as 
diffusion, then the gradient is opposite to the outside 
normal of the surface and its absolute value must be 
involved in determinant (12) instead of the actual val-
ue. Also, the local minimum occurs. Once the wood 
volume is set and diffusion coeffi cients for wood are 
determined, the dimensions are determined for the 
slowest fi nite change of bound water moisture content. 
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Figure 1  Graphs of bound water moisture content as function of square root of time for different beech wood cross sections, the 
experimental data are marked as crosses (thicknesses: A – 5 mm, B – 10 mm, C – 15 mm, D – 20 mm, E – 25 mm, F – 30 mm)
Slika 1. Prikaz funkcije sadržaja vezane vode u ovisnosti o drugom korijenu vremena za različite poprečne presjeke bukova 
drva (debljine: A – 5 mm, B – 10 mm, C – 15 mm, D – 20 mm, E – 25 mm, F – 30 mm)

Table 2 Values of residual standard deviations for different volumes (thicknesses: A – 5 mm, B – 10 mm, C – 15 mm, D – 20 
mm, E – 25 mm, F – 30 mm)
Tablica 2. Vrijednosti rezidualne standardne devijacije za različite volumene (A – 5 mm, B – 10 mm, C – 15 mm, D – 20 
mm, E – 25 mm, F – 30 mm)

Volume / Volumen A B C D E F Average
Prosjek

Res. stand. deviation, %
Rezidualna standardna devijacija, % 0.456 0.195 0.199 0.097 0.104 0.117 0.194
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The extreme values of dimensions can be computed as 
follows:
  (13)

  (14)

  (15)

Where V is a given wood volume.
The optimal beech wood dimensions of unit vol-

ume for the fi nite change of bound water moisture con-
tent fulfi l the ratio (longitudinal : radial : tangential):

 8.7 : 1.5 : 1.0
Then, due to the fi nite change of bound water 

equilibrium moisture content at a given Biot number of 
20.9 and temperature of 20 °C, the diffusion exhibits 
the slowest process in beech wood.

4 CONCLUSIONS
4. ZAKLJUČAK

There were a lot of ways to equilibrate the fi nite 
change in the wood equilibrium moisture content of a 
given volume. The extreme rate of fi nite change of 
bound water moisture content in a given volume of 
wood was found and the hypothesis of this research 
was confi rmed. Such extreme does not depend on the 
duration of the process. The extreme is unique and 
minimal. The minimum for a given volume depends 
solely on diffusion coeffi cient eigenvalues in the prin-
cipal anatomical directions. The diffusion coeffi cient is 
a random variable and, therefore, the whole procedure 
can be repeated and the results are reproducible.

Acknowledgement - Zahvala
The research was supported by VEGA 1/0893/13.

5  REFERENCES
5.  LITERATURA

1.  Alpatkina, R. P., 1968: Metod issledovanija kojeffi cijentov 
vlagoprovodnosti drevesiny. Lesnoj žurnal, 2: 106-111.

2.  Babiak, M.; Pavlíková, M.; Jokel, J., 1989: Kinetika a 
termodynamika vlhkého dreva. [Správa pre priebežnú 
oponentúru.] ŠDVU, Bratislava.

3.  Babiak, M., 1996: Vplyv hraničných podmienok na 
riešenie rovnice difúzie vody v dreve. In.: interakcia 
dreva s rôznymi formami energie, 1.sympózium, Zvolen, 
55-60.

4.  Baronas, R.; Ivanauskas, F.; Sapagovas, M., 2001: The 
infl uence of wood specimen geometry on moisture 
movement during drying. Wood and fi ber Science, 33: 
166-172.

5.  Brunauer, S.; Emmett, P. H.; Teller, E., 1938: Adsorption 
of Gases in Multimolecular Layers. J. Amer. Chem. Soc. 
60: 309-319 http://dx.doi.org/10.1021/ja01269a023.

6.  Chen, Y.; Choong, E. T.; Wetzel, D. M., 1994: Optimum 
average diffusion coeffi cient: an objective index in de-
scription of wood drying data. Wood and Fiber Science, 
26: 412-420.

7.  Choong, E. T., 1965: Diffusion coeffi cients of softwoods 
by steady-state and theoretical methods. Forest Products 
Journal, 15: 21-27.

8.  Choong, E. T.; Skaar, C., 1969: Separating internal and 
external resistance to moisture removal in wood drying. 
Wood Science, 1: 200-203.

9.  Choong, E. T.; Skaar, C., 1972: Diffusivity and surface 
emissivity in wood drying. Wood Science, 4: 80-86.

10.  Comstock, G. L., 1963: Moisture diffusion coeffi cients in 
wood as calculated from adsorption, desorption and 
steady state. Forest Products Journal, 3: 97-103.

11.  Cunningham, M. J.; Keey, R. B.; Kerdemelidis, C., 1989: 
Isothermal moisture transfer coeffi cients in Pinus radiata 
above the fi ber-saturation point, using the moment meth-
od. Wood and Fiber Science, 21: 112-122.

12.  Da Silva, W. P.; Da Silva e Silva C. M. D. P.; Rodrigues, 
A. F., 2014: Comparison between two- and three-dimen-
sional diffusion models to describe wood drying at low 
temperature. Eur. J. Wood Prod. 72: 527-533 

 http://dx.doi.org/10.1007/s00107-014-0812-x.
13.  Dekrét, A.; Kurjatko, S., 1986: O povrchových podmien-

kach pri difúzii vodných pár v dreve. Drevársky výskum, 
109: 69-80.

14.  Dekrét, A.; Trebula, P., 1999: O jednom odhade závislosti 
difúzneho koefi cienta na vlhkosti a teplote. Acta 
Facultatis Xylologiae Zvolen – Res Publica Slovaca, 41: 
59-65.

15.  Dent, R. W., 1977: A Multilayer Theory for Gas Sorption. 
Part I: Sorption of a Single Gas. Textile Research Jour-
nal, 145-152.

16.  Dincer, I.; Dost, S., 1996: Determination of moisture dif-
fusivities and moisture transfer coeffi cients for wooden 
slabs subject to drying. Wood Science and Technology, 
30: 245-251 http://dx.doi.org/10.1007/BF00229347.

17.  Droin-Josserand, A.; Taverdet, J. L.; Vergnaud, J. M., 
1989: Modelling the process of moisture absorption in 
three dimensions by wood samples of various shapes: cu-
bic, parallelepipedic. Wood Science and Technology, 23: 
259-271 http://dx.doi.org/10.1007/BF00367739.

18.  Hrčka, R.; Babiak, M. 1999: Charakteristiky difúzie vody 
v dreve agáta bieleho zisťované optimálnymi metódami. 
In. Drevo štruktúra a vlastnosti. TU Zvolen, 47-52.

19.  Hrčka, R., 2008: Difúzia vody v dreve vybraných roz-
trúsenopórovitých drevín v pozdĺžnom smere. Acta Fac-
ultatis Xylologiae Zvolen – Res Publica Slovaca, 50: 57-
63.

20.  Langmuir, I., 1918: The Adsorption of Gases on Plane 
Surfaces of Glass, Mica and Platinum. J. Amer. Chem. 
Soc. 40: 1361-1403

 http://dx.doi.org/10.1021/ja02242a004.
21.  Liu, J. Y., 1989: A new method for separating diffusion 

coeffi cient and surface emission coeffi cient. Wood and 
Fiber Science, 21: 133-141.

22.  Luikov, A. V., 1968: Analytical heat diffusion theory. 
Academic Press, New York and London.

23.  Kang, H. Y.; Hart, C. A., 1996: Temperature effect on dif-
fusion coeffi cient in drying wood. Wood and Fiber Sci-
ence, 29 (4): 325-332.

24.  Olek, W.; Perré, P.; Weres, J., 2005: Inverse analysis of 
the transient bound water diffusion in wood. Holzforsc-
hung, 59: 38-45 http://dx.doi.org/10.1515/HF.2005.007.

25.  Olek, W.; Perré, P.; Weres, J., 2011: Implementation of a 
relaxation equilibrium term in the convective boundary 
condition for a better representation of the transient 
bound water diffusion in wood. Wood Science and Tech-
nology, 45: 677-691 

 http://dx.doi.org/10.1007/s00226-010-0399-2.



Hrčka: Finite Changes of Bound Water Moisture Content in a Given Volume of Beech...  .....

320  DRVNA INDUSTRIJA  66 (4) 315-320 (2015)

26.  Rosenkilde, A.; Arfvidsson, J., 1997: Measurement and 
evaluation of moisture transport coeffi cients during dry-
ing of wood. Holzforschung, 51: 372-380 http://dx.doi.
org/10.1515/hfsg.1997.51.4.372.

27.  Siau, J. F., 1984: Transport Processes in Wood. Springer, 
Berlin, Heidelberg, New York 

 http://dx.doi.org/10.1007/978-3-642-69213-0. 
28.  Siau, J. F., 1995: Wood: Infl uence of moisture on physi-

cal properties. Department of Wood Science and Forest 
Products, Virginia Polytechnic Institute and State Uni-
versity.

29.  Skaar, C. 1954: Analysis of methods for determining the 
coeffi cient of moisture diffusion in wood. Forest Product 
Journal, 4: 403-410.

30.  Söderström, O.; Salin, J. G., 1993: On determination of 
surface emission factors in wood drying. Holzforschung, 
47: 391-397

 http://dx.doi.org/10.1515/hfsg.1993.47.5.391.
31.  Sonderegger, W.; Vecellio, M.; Zwicker, P.; Niemz, P., 

2011: Combined bound water and water vapour diffusion 
of Norway spruce and European beech in and between 

the principal anatomical directions. Holzforschung, 65: 
819-828 http://dx.doi.org/10.1515/HF.2011.091.

32.  Stamm, A. J., 1964: Wood and Celullose Science. Ron-
ald, New York.

33.  Yeo, H.; Smith, W. B.; Hanna, R. B., 2002: Determina-
tion of surface moisture content of wood utilizing a colo-
rimetric technique. Wood and Fiber Science, 34: 419-
424.

34.  ***2014: “Green report 2014” (on-line), Ministry of Ag-
ricultural and Rural Development of the Slovak Repub-
lic. http://mpsr.sk/index.php?navID=123&id=8915. Ac-
cessed 19 January 2015.

Corresponding address:

Ing. RICHARD HRČKA, Ph.D.

Technical university in Zvolen
SK 960 53 Zvolen, SLOVAK REPUBLIC
e-mail: hrcka@tuzvo.sk



........ Taghiyari, Samadarpour: Effects of Nanosilver-Impregnation and Heat Treatment...

DRVNA INDUSTRIJA  66 (4) 321-327 (2015) 321

Hamid Reza Taghiyari, Amir Samadarpour1 

Effects of Nanosilver-
Impregnation and Heat 
Treatment on Coating Pull-
off Adhesion Strength on 
Solid Wood
Učinci impregnacije nanočesticama srebra 
i toplinske obrade na čvrstoću prianjanja 
premaza na drvo

Preliminary paper • Prethodno priopćenje
Received – prispjelo: 11. 6. 2014.
Accepted – prihvaćeno: 6. 11. 2015.
UDK: 630*812.14; 630*829.21;630*841.63 
doi:10.5552/drind.2015.1419

ABSTRACT • Effects of impregnation with a silver nano-suspension, as well as of heat-treatment, on pull-off 
adhesion strengths of the coating system on three commercial solid wood species were studied. The wood spe-
cies included beech, poplar, and fi r. The size range of silver nanoparticles was 30 – 80 nm. The specimens were 
coated with an un-pigmented sealer and a clear fi nish on the basis of an organic solvent. The results showed that 
the highest and the lowest pull-off strengths were found in beech specimens heat-treated at 145 °C (5.7 MPa) and 
in nanosilver-impregnated poplar specimens heat-treated at 185 °C (2.5 MPa), respectively. Impregnation with 
nanosilver decreased pull-off strength in the case of all species as a result of formation of micro checks in the cell 
walls caused by the impregnation under high pressure in vessel. Heat-treatment at the temperature lower than 145 
°C increased pull-off strength as to the irreversible hydrogen bonding in the course of water movements within the 
pore system of the cell walls, resulting in extra bonds among cell wall components and higher mechanical proper-
ties. However, heat-treatment at the temperature higher than 185 °C signifi cantly decreased the strength as the 
degradation of hemicellulose and cell wall wood components caused signifi cant decrease in mechanical strength 
and cell wall thinning. High thermal conductivity coeffi cient of silver intensifi ed the impact of heat-treatment by 
rapid absorption of heat on the surface of the specimens. 

Keywords: coating, nanotechnology, heat treatment, permeability, porous structure, solid wood.

SAŽETAK • U radu su istraživani učinci impregnacije drva srebrnom nanosuspenzijom, kao i učinci toplinske ob-
rade na čvrstoću prianjanja (adhezije) sustava premaza na tri komercijalne vrste masivnog drva. U istraživanjima 
je analiziran sustav premaza na drvu bukve, topole i jele. Raspon veličine srebrnih nanočestica bio je 30 – 80 nm. 
Uzorci su obrađeni nepigmentiranim punilom i završnim premazom na osnovi organskog otapala. Rezultati su 
pokazali da je najveća  čvrstoća prianjanja izmjerena na uzorcima od toplinski obrađene bukovine pri 145 °C (5,7 
MPa), a najmanja na uzorcima od drva topole impregniranima srebrnim nanočesticama i toplinski obrađenima 

1 Authors are professor and BSc student at Wood Science and Technology Department, Faculty of Civil Engineering, Shahid Rajaee Teacher 
Training University (SRTTU), Tehran, Iran.
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1  INTRODUCTION
1.  UVOD

The porous structure in different wood species is 
one of the root causes of difference in physical and me-
chanical properties of the wood produced by each spe-
cies. The size of the pores, the way they are inter-con-
nected or isolated from the neighboring pores, and 
even the quality of the surface of the pores would all 
infl uence the properties. Many factors infl uence the 
formation of wood and thereof its structure and porous 
system; factors such as initial spacing, intercropping 
with different plants, drying procedures (Oltean et al., 
2007), growing season, extractive content, and mois-
ture content and hygroscopicity of wood (Borrega and 
Karenlampi, 2010; Hering et al., 2012). Wood is fre-
quently modifi ed by engineering processes to get stiff-
ness or homogeneous mechanical properties because 
only few species exhibit radial and axial uniformity. 
Moreover, some surface preparation techniques were 
used for better adhesion of wood surface (Militz and 
Viöl, 2008; Militz et al., 2013).  

Thermal modifi cation is by far the most commer-
cially-advanced wood modifi cation method. The ther-
mal modifi cation of wood has long been recognized as 
a potentially useful method to improve the dimensional 
stabilization of wood and increase its decay resistance 
(Hill, 2006). Although it has negative effects on the 
strength properties of wood, there are some techniques 
for mitigating these effects (Awoyemi, 2007). Thermal 
modifi cation is invariably performed between the tem-
peratures of 180 °C and 260 °C. The temperatures low-
er than 140 °C result only in slight changes of material 
properties and higher temperatures result in unaccepta-
ble degradation of the substrate (Hill, 2006). Studies of 
the thermal treatment of wood above 300 °C are of a 
limited value, due to severe degradation of the materi-
al. Modern thermal modifi cation processes are limited 
to temperatures not higher than 260 °C; in practice, the 
temperature ranges from 150 °C to 230 °C are gener-
ally used, because hydrolysis is very slow at lower 
temperatures, whereas cellulose degradation begins to 
occur in the region 210-220 °C (Hill, 2006). Cellulose 
degradation becomes predominant at 270 °C. A sharp 
increase in the free-radical content of wood was also 
found when it was heated to temperatures above 200 
°C (Hill, 2006). The reduction of wood swelling with 
increasing temperature and duration of thermal treat-
ment was often attributed to hemicelluloses destruction 
(Hill, 2006; Taghiyari et al., 2013). However, structur-

al modifi cations and chemical changes of lignin were 
suggested to be also involved in the process (Repellin 
and Guyonnet, 2005). Furthermore, Borrega and Ka-
renlampi (2010) indicated that reduction in hygrosco-
picity was not only due to mass loss, but another mech-
anism also existed. They suggested that this mechanism 
might be related to irreversible hydrogen bonding in 
the course of water movements within the pore system 
of the cell walls. 

High thermal conductivity coeffi cients of metal 
nanoparticles (Pati, 2012) were used to improve some 
of the properties of solid woods and wood-composite 
materials (Taghiyari et al., 2013). Both impregnation 
with nanosilver suspension and heat-treatment were 
also reported to alter the porous structure of solid 
woods, signifi cantly changing the gas and liquid per-
meability (Taghiyari, 2013), and possibly the penetra-
tion of coatings and paints into the porous structure, 
altering their adhesion strength. The effects of different 
thermal modifi cations on pull-off adhesion strength of 
paints were investigated in some studies (Meijer, 2004; 
De Moura et al., 2013; Nejad et al., 2013); however, in 
the literature, the authors could not fi nd any reports on 
the effects of nanosilver-impregnation and heat-treat-
ment on adhesion strength of paints and fi nishes on 
solid woods. The present study was, therefore, aimed at 
fi nding the effects of heat-treatment on pull-off adhe-
sion strength in solid woods. In the meantime, consid-
ering the previous experience in which changes in 
physical and mechanical properties of solid wood spe-
cies were reported by their increased thermal conduc-
tivity due to the impregnation with metal nano-suspen-
sion (Taghiyari, 2011; Taghiyari et al., 2013; Taghiyari, 
2013), a separate set of specimens were impregnated 
with nanosilver suspension to increase the thermal 
conductivity of the specimens and fi nd out its effects 
on pull-off adhesion.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE
2.1  Specimen preparation
2.1.  Priprema uzoraka     

Two hardwoods and one softwood were chosen 
based on their commercial importance in various in-
dustrial and musical applications in Iran - beech (Fa-
gus orientalis Lipsky), poplar (Populus nigra L.), and 
fi r (Abies alba Mill.). From each species, 30 tangential 
specimens were prepared; the size of each specimen 
was 250 mm × 150 mm × 10 mm; the specimens were 

pri 185 °C (2,5 MPa). Impregnacija srebrnim nanočesticama smanjila je čvrstoću adhezije na svim vrstama drva, 
što je posljedica stvaranja mikropukotina na staničnim stijenkama uzrokovanima impregnacijom pod visokim tla-
kom u posudi. Toplinska obrada na temperaturi nižoj od 145 °C povećala je čvrstoću adhezije s obzirom na irever-
zibilne vodikove veze u toku kretanja vode u sustavu pora staničnih stijenki, što rezultira dodatnim vezama između 
komponenti stanične stijenke i boljim mehaničkim svojstvima. Međutim, toplinska obrada na temperaturi višoj od 
185 °C bitno smanjuje čvrstoću adhezije jer propadanje hemiceluloze i komponenti stanične stijenke drva uzrokuje 
znatno smanjenje mehaničke čvrstoće i stanjivanje stanične stijenke. Visoki koefi cijent toplinske vodljivosti srebra 
pojačava učinak toplinske obrade brzom apsorpcijom topline na površini uzorka.

Ključne riječi: premazivanje, nanotehnologija, toplinska obrada, propusnost, porozna struktura, masivno drvo
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surfactants was three times the nano-silver particles. 
Empty-cell impregnation process (Rueping method) 
was carried out in pressure vessel under 3 bars of pres-
sure by Mehrabadi Machinery Mfg. Co. (Tehran, Iran). 
Before and after the impregnation process, all speci-
mens were weighted with a digital scale with 0.01 g 
precision, and their dimensions were measured by a 
digital caliper with 0.01 mm precision, to measure the 
density and the amount of nano-suspension absorption. 
After the impregnation, all specimens (including the 
control, heat-treated, nanosilver-impregnated, and 
heat-treated + nanosilver-impregnated specimens) 
were kept at room temperature for three months. Once 
the NS-impregnated specimens were dried under the 
conditions mentioned in the Specimens Preparation 
section, they were heat treated. 

2.3  Heat-treatment process
2.3.  Proces toplinske obrade 

All specimens for heat-treatment were randomly 
arranged in an oven. They were heated at 145 C for 12 
hours. Heat-treated specimens were marked with HT; 
and specimens impregnated with nanosilver were cod-
ed by NS. Then, all HT-145 and NS-HT-145 specimens 
were taken out of the oven. HT-185 and NS-HT-185 
specimens were heated at 185 C for another four hours 
for comparison purposes of two temperature levels 
(145 and 185 C). Explanation on the abbreviations 
and the specimen coding are in Table 2. 

2.4  Pull-off adhesion strength testing
2.4.  Određivanje čvrstoće adhezije

Adhesion strength testing provides the force re-
quired to pull a specifi ed test diameter of a coating 
away from its substrate, using hydraulic pressure. Ad-
hesion tests were carried out in accordance with the 
ASTM D4541-02. In the present study, an automatic 
PosiTest® pull-off adhesion tester was used; it is a self-

free from any knots, fi ssures, and checks; they were 
kept in conditioning room (252) °C, and (403) % 
relative humidity for four weeks. The surface of the 
specimens was sanded with 100-grit sandpaper; they 
were then wind-blown to remove the dust and wood 
fl oor. All specimens (including the control, the heat-
treated, nanosilver-impregnated, and heat-treated + 
nanosilver-impregnated specimens) were equally coat-
ed with an un-pigmented sealer-clear resin with an or-
ganic solvent and produced by Pars-Eshen Co., as to its 
great popularity in the local market; technical specifi -
cations of the resins are in Table 1. Nitrocellulose was 
used as the binder of the clear fi nish. The coating was 
applied by spraying in two separate runs by a profes-
sional workman. The thickness of the coating was mea-
sured to be 150 μm. Four dollies of 20 mm in diameter 
were fi xed to each specimen for testing the coating-
adhesion strength. The moisture content of specimens 
was (8±0.5) % in all treatments, where the pull-off tests 
were carried out because wood has a thermo-hygrome-
chanical behavior and its deformation properties de-
pend on the combined action of temperature, relative 
humidity, and mechanical local variations (ASTM 
D4541-02; Figueroa et al., 2012). 

2.2  Nanosilver impregnation
2.2.  Impregnacija nanočesticama srebra

A 400 ppm aqueous dispersion of silver nanopar-
ticles was produced and applied to the specimens using 
electrochemical technique (Khaydarov et al., 2009; 
Taghiyari and Norton, 2014). The size range of silver 
nanoparticles was 30-80 nm. The formation and size of 
the silver nanoparticles was monitored by transmission 
electron microscopy, for which samples were prepared 
by drop-coating on to carbon-coated copper grids. The 
pH of the suspension was measured to be 6-7; two 
kinds of surfactants (anionic and cationic) were used in 
the suspension as stabilizer; the concentration of the 

Table 1 Specifi cations of the sealer and clear coating used in the present study
Tablica 1. Specifi kacija punila i premaza upotrijebljenih u istraživanju 

Coating / Premaz Solids, %
Čvrsta tvar, %

Viscosity (25 °C)
Viskoznost pri 25 °C

cP

Density, g/cm3

Gustoća, g/cm3
Appearance

Izgled

Sealer / punilo 38±1 120±10 0.97 Clear liquid
Clear fi nish (un-pigmented coating) 
završni premaz (nepigmentirani premaz) 39±1 80±10 0.97 Clear liquid

Table 2 Defi nition of the abbreviations and coding of the specimens
Tablica 2. Defi niranje i skraćeno označivanje uzoraka

Code of the treatment
Oznaka obrade Description of the treatment / Opis obrade

Control Specimens without any treatment / uzorak bez obrade

Control-NSI Specimens impregnated with silver nano-suspension 
uzorak impregniran suspenzijom srebrnih nanočestica

HT145 Heat-treated specimens at 145 °C / uzorci toplinski obrađeni pri 145 °C

NSI-HT145 Nanosilver-impregnated specimens heat-treated at 145°C
uzorci impregnirani srebrnim česticama i toplinski obrađeni pri 145 °C

HT185 Heat-treated specimens at 185°C / uzorci toplinski obrađeni pri 185 °C

NSI-HT185 Nanosilver-impregnated specimens heat-treated at 185°C
uzorci impregnirani srebrnim česticama i toplinski obrađeni pri 185 °C
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aligning spherical dolly-head tester (Type V according 
to the ASTM standard). 

Diameter of the dolly used was 20 mm. The 
greatest tensile pull-off strength X that the coating 
could adhere to the substrate was evaluated in MPa 
(Equation 1). The breaking points, demonstrated by 
fractured surfaces, occurred along the weakest plane 
within the system consisting of the dolly, adhesive, 
coating layers and substrate. 

 X =  (1)  

Where F is the rupture force (N), and d is the di-
ameter of the experiment cylinder (mm) (ASTM 
D4541-02). 

The moisture content of the specimens at the time 
of the pull-off adhesion tests was (8±0.5) %, and the 
temperature was (25±3) °C.

2.5  SEM Imaging
2.5.  SEM fotografi je

Scanning Electron Microscope (SEM) imaging 
was carried out in the thin-fi lm laboratory, FE-SEM lab 
(Field Emission), School of Electrical & Computer Engi-
neering, University of Tehran; a fi eld-emission cathode 
in the electron gun of a scanning electron microscope 
provides narrower probing beams at low as well as high 
electron energy, resulting in both improved spatial reso-
lution and minimized sample charging and damage.

2.6  Statistical analysis
2.6.  Statističke analize

One-way analysis of variance (ANOVA) was 
conducted to discern signifi cant difference at 95 % 

level of confi dence, using SAS software program (ver-
sion 9.2) (2010). Grouping was then made between 
treatments using the Duncan test. Regression and hier-
archical cluster analyses, including dendrogram and 
using Ward methods with squared Euclidean distance 
intervals, were carried out by SPSS/20 (2011). Cluster 
analysis was performed to fi nd similarities and dissim-
ilarities between treatments based on more than one 
property simultaneously (Ada 2013).   

3  RESULTS
3.  REZULTATI

Results f  rom weighing and measuring the speci-
mens before and after the impregnation process showed 
that the highest nano-suspension absorption was in 
beech specimens (0.37 g/cm3), and the lowest in fi r 
(0.08 g/cm3) (Table 3). 

Visual observation showed that, in nearly all cas-
es, the failure occurred in the damaged woody sub-
strate, not in the coating or the adhesive layers. In fact, 
the pulled-off dollies showed a great deal of fi bril and 
woody substrate stuck to it. Similar results were report-
ed for eucalyptus and pine woods (De Moura et al., 
2013). This indicated that the coating and adhesion 
procedures were carried out correctly; that is, the sur-
face of the substrate provided suitable anchoring for 
the fi nish to be stuck to. The maximum pull-off adhe-
sion strength was observed in beech specimens heat-
treated at 145 °C (5.68 MPa); the minimum adhesion 
strength was seen in nanosilver-impregnated poplar 
specimens heat-treated at 185 °C (2.46 MPa) (Fig. 1). 
Impregnation with nanosilver suspension decreased 

Table 3 Density of wood species before the impregnation process and the amount of nano-silver absorption in each species
Tablica 3. Gustoća drvnih uzoraka prije procesa impregnacije i količina nanočestica srebra u uzorcima svake vrste drva

Species / Vrsta drva Fagus orientalis / Bukva Populus nigra / Topola Abies alba / Jela
Nano-silver absorption, g/cm3

Apsorbcija nanočestica srebra, g/cm3 0.37 0.28 0.08 

Density, g/cm3 / Gustoća, g/cm3 0.56 0.34 0.43

0

1

2

3

4

5

6

7

Co
nt

ro
l

Co
nt

ro
l-N

SI

H
T1

45

N
SI

-H
T1

45

H
T1

85

N
S-

H
T1

85

Co
nt

ro
l

Co
nt

ro
l-N

SI

H
T1

45

N
SI

-H
T1

45

H
T1

85

N
S-

H
T1

85

Co
nt

ro
l

Co
nt

ro
l-N

SI

H
T1

45

N
SI

-H
T1

45

H
T1

85

N
S-

H
T1

85

Beech / bukva Poplar / topola Fir / jela

A
dh

es
io

n 
st

re
ng

th
, M

Pa
, M

Pa

Figure 1. Pull-off adhesion strength (MPa) of three species coated with sealer-clearer 
Slika 1. Čvrstoća prianjanja premaza (MPa) izmjerena na uzorcima triju vrsta drva obrađenima sustavom punilo – završni premaz
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the pull-off adhesion strength in the case of all treat-
ments of beech specimens; in poplar and fi r specimens, 
however, decrease or increase of the adhesion strength 
depended on the treatments and species. 

Heat-treatment at 145 °C resulted in an increase 
of the adhesion strength in all three species; in beech 
and poplar, the increase was signifi cant. Effect of heat-
treatment at 185 °C was different according to the spe-
cies; in beech specimens, it signifi cantly increased the 
adhesion strength; in fi r specimens, it decreased the 
strength, although not signifi cantly. As to the poplar 
specimens, the amount of decrease in the adhesion 
strength was signifi cant. 

4  DISCUSSION
4.  RASPRAVA  

The highest nano-suspension absorption was 
found in the species with the highest density and per-
meability (Taghiyari, 2011; 2013). As to the fact that 
empty-cell process was used for nanosilver impregna-
tion of the specimens, the suspension was absorbed by 
the cell wall; that is, the cell cavities were ultimately 
empty at the end of the impregnation process. There-
fore, the highest NS-absorption occurred in the case of 
species that had the highest portion of woody material. 

The pull-off adhesion strength of the coating was 
signifi cantly higher in all treatments of beech speci-
mens. Having signifi cantly higher density in compari-
son to the other two species, it is shown that the me-
chanical properties of the substrate signifi cantly 
affected the pull-off adhesion strength. 

Impregnating solid wood species with liquids in 
pressure vessels was reported to break the cell walls 
and cause the formation of micro cracks in the cell 
walls (Taghiyari, 2013; Taghiyari et al., 2014), ulti-
mately decreasing the mechanical strength (Taghiyari, 
2011). The broken cell parts and distorted perforation 
plates are shown in Figure 2. The decrease in the pull-
off adhesion strengths (statistically signifi cant P < 
0.021) was related to these micro checks that were 
formed in the cell walls. On the other hand, the forma-
tion of micro checks results in a signifi cant increase in 
permeability of solid woods (Taghiyari et al., 2013); 
coating pull-off strength was, therefore, expected to in-
crease because coating can more easily penetrate into 
the texture of the substrate with more permeability, 
providing mechanical anchoring (Ekstedt, 2002). In 
fact, two mechanisms were involved in this case. First-
ly, the micro checks decreased the mechanical strength 
of the substrate; secondly, more permeability resulted 
in possibly better penetration of the coating into the 
substrate, increasing pull-off strength (Meijer et al., 
2001a,b). However, in the present case, the decrease in 
the mechanical properties put the increase in permea-
bility in perspective, eventually decreasing the overall 
pull-off strength. However, in order to come to a fi nal 
conclusion, further studies on the depth of penetration 
of coating into the wood texture of nanosilver-impreg-
nated specimens should be carried out. 

Heat-treatment at 145 °C increased the pull-off 
adhesion strengths in all treatments. This increase was 

related to the decrease in moisture content (Sönmez et 
al., 2011; Hering et al., 2012; Goli et al., 2014) as well 
as the irreversible hydrogen bonding in the course of 
water movements within the pore system of the cell 
walls (Borrega and Karenlampi, 2010; Taghiyari et al., 
2013). To be specifi c, when water molecules are with-
drawn from the cell walls, irreversible bonds are 
formed among the molecules in the cell wall; these 
bonds resulted in higher mechanical properties (Taghi-
yari, 2011). The increase in the mechanical strength of 
the substrate eventually increased the pull-off adhesion 
strength due to the fact that all failures actually oc-
curred in the substrate. However, heat-treatment at 
higher temperatures (higher than 170 °C) was repeat-
edly reported to decrease the mechanical properties as 
a result of degradation of hemicelluloses and cell wall 
components; cell walls are also thinned due to high 
temperatures (Hill, 2006; Taghiyari, 2011; Taghiyari et 
al., 2013; Taghiyari and Moradi, 2014). The signifi cant 
decrease of the pull-off adhesion strength of the coat-
ing in all three species was related to the degradation of 
hemicelluloses and the consequent decrease in the me-
chanical properties of the substrate (Fig. 1). 

The lowest pull-off adhesion strength was found 
in the NS-impregnated specimens heated at 185 °C; 
this showed the impact of high thermal conductivity 
coeffi cient of silver nanoparticles (Saber et al., 2013); 
that is, silver nanoparticles intensifi ed the effects of 
heat-treatment by rapid absorption of heat. Therefore, 
the substrate was highly affected by heat-treatment 
process, especially its surface layer of the specimens to 
which the pull-off adhesion strength of the coating was 
most related. 

Cluster analysis of the three species based on the 
six treatments studied in the present study (control, 
NS-impregnated, HT-145, NS-HT-145, HT-185, and 
NS-HT-185) showed that beech was clustered differ-
ently; poplar and fi r species were clustered similarly 
(Fig. 3). Considering the signifi cantly higher density of 
beech in comparison to the other two species (poplar 
and fi r), it can be concluded that pull-off adhesion 
strength was signifi cantly infl uenced by the density of 
the species; in fact, the high impact of density on other 
mechanical properties was also repeatedly reported in 

Figure 2 SEM image showing cell parts and perforation 
plates (↓) distorted along the vessel element 
Slika 2. SEM fotografi ja prikazuje stanične dijelove i 
perforacije ploče (↓) iskrivljene duž traheje
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many research projects (Taghiyari, 2011; Taghiyari et 
al., 2013). 

5  CONCLUSIONS
5.  ZAKLJUČAK

1. The pull-off adhesion strength of the coating 
is closely correlated to the density and mechanical 
properties of the solid wood substrate. 

2. Heat-treatment of solid woods at 145 °C gen-
erally tends to increase the pull-off adhesion strength 
as a result of lower moisture content and irreversible 
hydrogen bonding in the cell wall. However, heat-
treatment at 185 °C signifi cantly decreases the adhe-
sion strength due to degradation of hemi-cellulose in 
the cell-wall structure of wood. 

3. Impregnation with nanosilver suspension sig-
nifi cantly decreases pull-off adhesion strength of control 
and heat-treated solid woods. This decrease is related to 
the formation of micro checks in cell wall as a result of 
high pressure in the impregnation vessel, signifi cantly 
decreasing the mechanical properties of solid woods.  
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ABSTRACT • Quality is not only a technical category and the system of quality management is not only focused 
on product quality. Quality and costs are closely interlinked. The paper deals with the quality cost monitoring in 
small and medium wood-processing enterprises (SMEs) in Slovakia, and also presents the results of the question-
naire survey. An empirical study is aimed to determine the level of understanding and level of implementation of 
quality cost monitoring in wood-processing SMEs in Slovakia. The research is based on PAF model. A suitable 
model for quality cost monitoring is also proposed in the paper based on the research results with guidelines for 
using the methods of Activity Basic Costing. The empirical study is focused on SMEs, which make 99.8 % of all 
companies in the branch, and where the quality cost monitoring often works as a latent management subsystem. 
SMEs managers use indicators for monitoring the processe performance and production quality, but they usually 
do not develop a separate framework for measuring and evaluating quality costs. 

Key words: quality, quality costs, small and medium wood-processing enterprises, process

SAŽETAK • Kvaliteta nije samo tehnička kategorija i sustav upravljanja kvalitetom nije fokusiran samo na kvalite-
tu proizvoda. Kvaliteta i troškovi međusobno su usko povezani. Ovaj se članak bavi praćenjem troškova kvalitete 
proizvodnje u malim i srednjim drvoprerađivačkim poduzećima u Slovačkoj. U njemu se ujedno prezentiraju rezul-
tati provođenja istraživanja anketnim upitnikom. Iskustvene se studije temelje na određivanju razine razumijevanja 
i razine uvođenja praćenja troškova kvalitete u proizvodnji u malim i srednjim drvoprerađivačkim poduzećima u 
Slovačkoj. Istraživanje je utemeljeno na PAF modelu. U radu se predlaže najprihvatljiviji model praćenja troškova 
kvalitete s obzirom na dobivene rezultate istraživanja i daju se naputci za primjenu metoda Activity Basic Costing. 
Istraživanje se temelji na malim i srednjim poduzećima, koja čine 99,8 % svih poduzeća u drvoprerađivačkoj djelat-
nosti i u kojima se praćenje troškova kvalitete provodi u sklopu podsustava upravljanja. Menadžmenti u malim i sred-
njim poduzećima najčešće se koriste različitim indikatorima za praćenje proizvodnog sustava i kvalitete proizvodnje, 
no najčešće ne razvijaju zasebne odrednice za mjerenje i vrednovanje troškova kvalitete.

Ključne riječi: kvaliteta, troškovi kvalitete, mala i srednja drvoprerađivačka poduzeća, proces
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1  INTRODUCTION
1.  UVOD

The quality costs are very closely linked to a com-
pany’s productivity and its performance (Bekhta et al., 
2012). Al-Dujaili (2013) presents a research aimed at 
discovering a relationship between the quality improve-
ments, quality costs, and productivity. By defying the 
concept of quality control, referring to the types of qual-
ity costs – prevention costs, appraisal costs, internal and 
external failure costs; and seeking to measure the im-
pact of the quality improvement on productivity and 
costs, creates an opportunity for the company to im-
prove. J. M. Juran (1987) was one of the fi rst authors to 
write about quality costs. He describes the Quality Cost 
Optimum Model, which is a baseline for other models. 
Same quality costs categories were classifi ed in the 
study of Su et al., (2009) in terms of trade-off relation-
ship (increase of control costs resulting in the decrease 
of failure costs and vice versa). Integrated time delays 
in the statistical analysis were used to compute a bal-
anced point of quality costs, which can provide a useful 
guidance on quality cost savings. Srivastava (2008) 
used these categories through the DMAIC (Defi ne-
Measure-Analyse-Improve-Check) methodology for 
quality cost analysis, to identify signifi cant quality cost 
drivers and then to suggest measurements and direc-
tions for the next research. Branca and Catalão-Lopes 
(2011) contributed to the academic research through 
updating the traditional prevention-appraisal-failure ap-
proach by the strategic reaction of other companies, 
which affects market shares and profi ts.

The economic effects of quality improvement 
were reviewed by Eben-Chaime (2013), who demon-
strated that the decrease of production costs in order to 
achieve a lower quality level is not an economic advan-
tage (Freiesleben, 2005; Stasiak-Betlejewska, 2012), 
but vice versa – production costs could increase ex-
tremely due to low quality level. Kajdan (2007) com-
bined the stream performance indicators with quality 
indicators to optimize the process on the bases of cost 
minimization. Trade-off relationship between the qual-
ity costs was defi ned in the study by Lin et al., (2012) 
related to a new product development, showing the im-
pact of innovation speed on a project’s success is medi-
ated by development cost and product quality (Novak-
ova and Kusy, 2010; Novakova, 2003). Traditionally, 
design quality and conformance quality are considered 
separately in the literature. In the paper by Wu (2010), 
both quality dimensions were integrated into stylized 
quality decision models for synthesizing quality cost 
design, conformance to quality cost, and product reve-
nue components. Chiadamrong (2003) presented in his 
paper an empirical model of quality as a function of 
traditional cost model (prevention-appraisal-failure ex-
penses) and hidden-opportunities in quality loss costs. 
This approach provides a view on tracking costs not 
only associated with production, but additionally with 
costs associated with quality. A study performed by 
Lari and Asllani (2013) shows the relationship of qual-
ity costs and operational processes and introduces a 

management support system in order to help the com-
panies to continuously measure, check, and minimize 
quality costs. Fassoula (2005) addresses processes 
with a direct or indirect impact on quality costs, with 
the of implementing the process oriented diagnostic 
tool followed by assessment procedures for goal set-
ting and action planning. 

The main aim of the paper is to present the idea 
of quality cost monitoring as a framework design based 
on particular manufacturing conditions of small and 
medium enterprises in Slovakia. The research was car-
ried out with a selected sample of small and medium 
manufacturing enterprises focusing on the current state 
of awareness and potential of quality cost control. The 
aim of the activity was to answer the basic question: 
„To what extent and on what level is monitoring of 
quality costs used in manufacturing in small and me-
dium enterprises in Slovakia?”

2  MATERIAL AND METHODOLOGY 
2.  MATERIJAL I METODE

Small and medium wood-processing enterprises 
were the target and objective of the research. There are 
approximately 23 million SMEs in the European Un-
ion that offer approx. 75 million work places that rep-
resent 99.8 % of all enterprises. Within Slovakia, SMEs 
represent about 99.1 % of all registered enterprises. 
SMEs show fl exibility in using progressive technolo-
gies and are a driving force for the economy develop-
ment in creating job opportunities and are the main ini-
tiators of the growth of living standards within each 
country. According to the recent data of the Agency for 
Small and Medium Enterprise Development, in 2011 
there were 153,283 small and medium enterprises (ex-
cluding sole traders) registered in Slovakia (Potkány, 
2011).

For the purpose of collecting fi nancial data for 
the research addressing the enterprises, a random sam-
pling of 300 manufacturing wood-processing SMEs 
was selected from various areas of the national econo-
my of the Slovak Republic. The empirical research was 
specifi cally targeted to fi nding the current level of use 
of tools for monitoring specifi c groups of quality costs, 
its evaluation, and organisational security from the 
viewpoint of a responsible controller by using process 
management. The basis for quality cost monitoring in 
wood-processing SMEs can be found in the implemen-
tation of the models and conditions that were created 
previously. This model should help enterprises create a 
compact reporting system for monitoring the quality 
costs and their evaluation.

The research methodology consists of four phas-
es. In the fi rst phase, methods of summary, synthesis, 
and analogy of the knowledge were used and a short 
review was prepared. In the second phase, a question-
naire was used to perform an empirical study, which 
represents the analysis of the situation of the solved 
practical issues within wood-processing SMEs in Slo-
vakia. When working on the basic part of the question-
naire, the model of quality cost monitoring was based 
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on PAF principles (prevention, appraisal, costs of fail-
ure). This questionnaire was evaluated according to 
graphic and description methods. In the third phase, a 
model of quality cost monitoring for small and medium 
manufacturing enterprises was designed. 

The aim of the empirical research was to discover 
the level of understanding and the level of implement-
ing the quality cost control in Slovak small and medi-
um manufacturing enterprises, as well as to identify the 
potential possibilities and interest of implementing this 
system into an enterprise practice in future. Partial 
aims of the research were to fi nd out if an enterprise 
practice in the given area corresponds with modern 
knowledge of theory, to process data gathered and con-
sequently to formulate the fi ndings and recommenda-
tions, which would enrich theory and contribute to a 
higher quality practice in an enterprise. The basic set of 
research was represented by small and medium-sized 
businesses located in Slovakia. According to the Statis-
tical Offi ce of the Slovak Republic, 153,284 small and 
medium sized enterprises were registered in 2011. Due 
to the large size of the basic set, it was not possible to 
include all small and medium enterprises into this re-
search and therefore sampling was made through sur-
vey data. To choose the units from the basic set of the 
sample, one must make a deliberate choice based on the 
criteria defi ned by the directive EK No 2003/361/EC. 
The intended scope of the sample covered 300 enter-
prises. Determination of the scope of the sample set was 
the result of the following relation (Scheer, 2007): 

  (1)

where n is scope of sample set, z/2 are values of 
standard random quantity at 95 % reliability, (i.e. the 
value α = 0.05 corresponds to z = 1.96), Δ p requires 
exactness, resp. an error of estimation (determined at 
5.65 %) and p is ratio (relative frequency) quality sign 
in the basic set (determined at 50 %). The actual scope 
of the sample set was at the level of 186 businesses due 
to the fact that 62 % of the questionnaires were re-
turned. Despite the reduced scope of the sample set, the 
actual scope of the sample set may be considered as 
representative. Due to the facts presented by Kozelová 
et al. (2014), it can be stated that with respect to the 
research of institutions at the national level, the mini-
mum scope of the sample set should be equal to 150 
companies. The reduced number of sample set infl u-
enced the error of estimation, which rose to 7.18 %. 

The ratio of questionnaire return was 62 %, 
which meant 186 completed questionnaires. When de-

signing the methodology for evaluating the question-
naire, it was important to take into account that the se-
lected surveyed enterprises stood for a relatively small 
sample to apply statistical methods of the questionnaire 
survey evaluation. The questionnaire survey was eval-
uated by a description method, numerically and in per-
cents in tables and graphs. Within the questionnaire 
evaluation, the correlations between the quality cost 
control and quality management were established and 
so the questions were evaluated either individually or 
in groups of narrowly coherent/related questions. Us-
ing the statistical testing method, the level of represen-
tation of the sample fi le of companies was confi rmed 
by the application of Pearson´s chi-squared test (χ2 - 
test), which is also known as the ‘goodness-of-fi t’ test. 
The calculation of the level of representation was done 
at the level of a statistical signifi cance α = 0.05. The 
expected values of theoretical distribution were pro-
vided from the Statistical Offi ce of the Slovak Repub-
lic. The frequencies observed, and the expected (theo-
retical) frequencies are shown in Table 1. The degree of 
freedom (k-1) is equal to two, since three categories of 
business organisation were defi ned.

The achieved χ2 value was higher than the critical 
χ2 value at the level of statistical signifi cance of α = 
0.05 for 2 degrees of freedom (3 - 1), which in particu-
lar presents the value of 5.991 (value in statistical ta-
bles). Since 40.59>5.991, the null hypothesis cannot be 
accepted and cannot be stated that the sample fi le of 
companies represents their theoretical distribution. Al-
though according to the statistical yearbooks, the ratio 
of small enterprises in Slovakia is bigger than the ratio 
of medium size enterprises, in our research there was a 
dominance of middle size enterprises. It is a given fact 
that the scope of the research was to fi nd out the level 
of implementation of quality cost control in enterprises 
by following the indicators of quality costs. Based on 
logical judgement, these levels will be higher in the 
case of medium size enterprises and that is why this 
research is focused on this area. 

Based on the conducted research, 74 % of the 
questioned enterprises do not consider management of 
quality and quality cost control as identical areas, while 
48 % of those asked think that these two areas still have 
something in common. These two answers can be con-
sidered as correct, which means that most of the re-
spondents have the proper knowledge of the subject 
matter (Figure 1).

Figure 2 represents the percentage of the answers 
of enterprises to question Q2 – Do you deal with mon-
itoring individual groups of costs in terms of PAF mod-
el methodology? and question Q3 – Do you have your 

Table 1 χ2-test by enterprise size
Tablica 1. χ2-test vezan za veličinu poduzeća

npi (%) ni (%) (ni - npi)2 χ2

Micro enterprises / Mikro tvrtke 10 9.56 0.19 0.02
Small enterprises / Male tvrtke 50 29.41 423.95 8.48
Medium enterprises / Srednje velike tvrtke 30 61.03 962.86 32.09
Σ 40.59
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own methodology for determining costs for quality ap-
praisal? 

The present results show that, from the viewpoint 
of monitoring of individual groups of costs according 
to the PAF model, enterprises pay bigger attention to 
monitoring cost entries for external failures (67 %). 
Our own methodology for cost monitoring has only a 
small group of respondents (26 %) and it only concerns 
scoring reclamations/claims. Figure 3 presents the an-
swer structure of the enterprises that, within question 
Q2, presented a positive viewpoint of monitoring any 
group of quality costs according to PAF model. It can 
be stated that companies mostly deal with costs of ex-
ternal and internal failures - the losses caused by poor 
quality (in total 65 % of answers). 

Question Q4 deals with personnel representation 
from the viewpoint of a quality controller. Figure 4 pre-
sents the results among the surveyed enterprises that deal 
with quality cost control; these have mostly multifunc-
tional jobs (74 % of respondents) and these represent 
posts of quality managers, agents for quality and manu-
facturing managers. Therefore, only 4 % of the surveyed 
enterprises have a job position of quality controller.

No, but we have something similar  
 48 % 

No / Ne, 26 %

Do not know / Ne znam, 13 %
I think it is the same / Mislim da je to isto, 13 % 

2a) prevention costs / preventivni troškovi

2b) appraisal costs / procijenjeni troškovi

2c) internal failure costs / interni troškovi greške

2d) external failure costs / vanjski troškovi greške

3) own methodology / vlastita metodologija

30 %

26 %

39 %

67 %

26 %

57 %

61 %

52 %

24 %

61 %

13 %

13 %

9 %

9 %

13 %

Yes / da No / ne I don' t know / ne znam

 

2a) prevention costs / preventni troškovi 

2b) appraisal costs / procijenjeni troškovi 

2c) internal failure costs / interni troškovi greške 

2d) external failure costs / vanjski troškovi greške

41 %

24 %

16 %

19 % 65 % of 
losses due to poor quality  
in manufacturing 
65 % gubitka zbog loše 
kvalitete u proizvodnji 

Figure 1 Question 1 – Do you think that quality cost control 
is the same as the quality management?
Slika 1. Analiza odgovora na pitanje 1.: Mislite li da je 
kontrola troškova kvalitete isto što i upravljanje kvalitetom?

Figure 2 Questions Q2 and Q3
Slika 2. Analiza odgovora na pitanja Q2 (Pratite li pojedine skupine troškova kvalitete prema PAF 
modelu?) i Q3 (Imate li vlastitu metodologiju za praćenje troškova loše kvalitete?)

Figure 3 Percentage of individual groups of quality costs 
Slika 3. Postotni udio pojedinih promatranih skupina troškova kvalitete
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74 %

21 %

4 %

Do not have a quality controller or a person who deals with this 
Nemamo kontrolora kvalitete niti to itko vodi, 74 % 

We do not deal with this problem
 Ne bavimo se tim problemom, 21 % 

Yes, we have a quality manager 
4 % 

1) Yes, we have ISO standards / Da, imamo ISO standard

2) We are in the certification process at present 
U procesu certifikacije smo 

3) No, but we would be interested in future 

4) No, we do not have ISO standards 
Ne, nemamo ISO standard

5) Yes, we have process mapping  
Da, imamo mapiranje procesa

6) We will prepare it in the near future 

7) No, we do not have process mapping
Ne, nemamo mapiranje procesa

8) I do not know what it means / Ne znam što je to

52 %

5 %

37 %

6 %

47 %

10 %

31 %

13 %

ISO standards are mostly focused on the eco-
nomic aspect of quality; there is a presumption that en-
terprises, which have implemented the quality man-
agement system according to ISO standards and at the 
same time also the process map, could also deal in 
more detail with the economics of quality. These re-
sults are presented in Figure 5.

Figure 5 results in the following:
- The majority of respondents are certifi ed or are in 

the certifi cation process according to ISO stand-
ards (57 %) and another 37 % are interested in 
certifi cation in future;

- Also the majority of respondents have set up a 
process map or will prepare it in a near future (57 
% in total); 

- Referring to presented data, 65 % of respondents 
deal with losses due to faulty manufacturing.
In the case of the question that focused on the 

potential of using quality cost control, it can be stated 
that 29 % of respondents are interested in implement-
ing quality cost control system into their enterprises, 

Figure 4 Question 4
Slika 4. Analiza odgovora na pitanje Q4 (Imate li uposlenika koji je zadužen za kontrolu kvalitete u poduzeću?)

34 % stated that „yes, but we are not sure“, and the rest, 
37 % did not show interest in implementing quality 
cost control within the enterprise at all.

The summary of the presented fi ndings can be 
formulated as the results of the conducted survey: Slo-
vak small and medium manufacturing enterprises 
mostly deal with costs of quality, more precisely with 
costs for external and internal failures (losses caused 
by poor quality), which means that from the viewpoint 
of the level of development of quality cost control, 
these enterprises are just in their initial phase of such 
development.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

The fi ndings of the empirical research show that 
wood-processing small and medium enterprises in Slo-
vakia do not actually use a single monitoring methodol-
ogy and appraisal of quality costs, and in general they do 
not use further possibilities that can be applied in the 

Figure 5 Questions Q5 and Q6
Slika 5. Analiza odgovora na pitanje Q5 (Imate li certifi kat prema ISO standardima?) i pitanje Q6 
(Obavljate li mapiranje procesa?)
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present area. The present process model of quality cost 
for wood-processing SMEs (steps 1-9 and Figure 7) 
consists of components that take into consideration the 
aspects of both process quality and bookkeeping.
1a) Aspect of quality and processes – identifi cation 
of enterprise quality objectives 

To develop a target model of total costs of quality 
for wood-processing SMEs, the fi rst step is to set ob-
jectives in the area of quality that an enterprise wants to 
reach. These objectives must be a part of strategic aims 
and future direction of an enterprise. For this purpose, 
the majority of objectives should be measurable values 
within the enterprise, as this is a basic feature of the 
quality cost monitoring.
2a) Aspect of quality and processes – identifi cation 
of enterprise processes 

One of the basic objectives of quality is to iden-
tify all company processes listed in an enterprise pro-
cesses map. For the purpose of monitoring the costs of 
quality, it is necessary to identify its individual parts of 
the processes and indicators of their quality measure-
ment. 
3a) Aspect of quality and processes – classifi cation 
of costs for quality 

On the bases of the stated measurable quality ob-
jectives, identifi cation of enterprise processes, activi-
ties and indicators of their quality measurement is an-
other step in the classifi cation of quality costs (model 
PAF) in individual processes, which will be suitable 
and possible from the viewpoint of information acces-
sibility in the enterprise in question. Identifi cation of 
the above listed indicators enables to consider the as-
pect of quality and processes in the model to be devel-
oped. 
1b) Aspect of book-keeping – analysis of the nomi-
nal ledger, and account content, analysis of depart-
ments 

For the complex understanding of monitoring the 
costs of quality, it is necessary to interconnect both ar-
eas (book-keeping and quality) and redefi ne the basic 
input economic information. This means re-evaluation 
of content of individual analytic accounts of the nomi-
nal ledger, their targeted selection and analysis of de-
partments in relation to quality costs. Data from the 
nominal ledger will, via the accounting crosswalk, en-
ter the management profi t and loss account, which will 
be in vertical division starting from the structure of 
ABC calculation.
2b) Aspect of book-keeping – division of costs 
through Activity Basic Costing

Since management profi t and loss account comes 
from the methodology of the process calculation – 
ABC, the enterprise costs have to be divided into ac-
tivities. 
3b) Aspect of book-keeping – defi nition of transfer 
crosswalk and management profi t and loss account

Defi ning the suitable transfer crosswalk between 
analytic accounts of nominal ledger and management 
profi t and loss account is considered to be an important 
and essential part of the given model. The essentials of 
transfer crosswalk are illustrated in Figure 1 in relation 

to the defi nition of work fl ow. The management of 
profi t and loss account will be the basis for monthly 
appraisal of enterprise results. We propose the process-
ing of management profi t and loss account in gradual 
classifi cation from the gross revenues via gradual ad-
justments of individual costs/revenues to overall man-
agement result before taxation (EBT). In the following 
components (step 4-9) there is cross connection of the 
point of quality and book-keeping. 
4) Identifi cation of cost of quality according to ana-
lytical accounts and information sources 

In order to identify quality costs, it is necessary to 
determine the information sources that can be used in 
the enterprise, and also to defi ne particular analytical 
accounts and corresponding account documents. In 
case some account documents are not suffi cient, con-
sidering data from other enterprise record-keeping (re-
ports, statistical indicators, trend analysis) is also rec-
ommended.
5) Collection of data about costs of quality i.e. defi -
nition of „workfl ow“

This step is considered to be the most important 
when designing the model, since it is necessary to set 
which approach will be the most effective for data col-
lection. Therefore, it is necessary to re-evaluate the 
content of each chosen item of quality costs from the 
point of view of secondary division (material, wages, 
energy, services, etc.) and to fi nd the way how a con-
troller can obtain these data i.e. how, who from, where 
and when. In this phase, it is also necessary to defi ne a 
codebook of individual costs of quality. Information 
about costs of quality can be obtained from bookkeep-
ing and directly from delivered invoices with the iden-
tifi cation of the department of the costs of quality (cost 
of quality = CQ) according to PAF model or the com-
plex enterprise information system.
6) Software support in creating a manager report

Thus obtained information is further evaluated 
via extension of enterprise information system, which 
is represented by information system or a dynamic 
model in the MS Excel environment in the proposed 
model. This extension of enterprise information system 
is essential for the formation and use of information 
database of our designed model in form of a reporting 
message. In the proposed process model of costs, qual-
ity costs will be monitored not only as absolute indices 
but also as ratio NQ indices, ratio indices to revenues 
or to overall costs. At the same time, it will be possible 
to monitor deviations from minimally acceptable phas-
es, and their cumulative sum within the accounting 
phase also in interim comparison. 
7) Suggestion for reporting and communication 
with users 

This phase deals with design of management 
profi t and loss account in its horizontal division to – 
yearly budget plan, fl exible budget (FB – calculation of 
planned prices and costs for the real capacity of sales), 
reality, variances, estimates and proposal for correction 
measures for future. In vertical division, the manager 
report should be structured from the point of the view 
of the ABC calculation, meaning that costs should be 
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allocated on activities. Figure 6 presents the proposed 
management profi t and loss account in its vertical and 
horizontal division. 
8) Analysis, management variance and effects of 
quality cost monitoring

For the analysis of costs of quality, quality indi-
cators should be amended so as to show the effects of 
monitoring the costs of quality and these should per-
suade enterprise managers to focus on the designed 
subject matter. The detection of savings in costs of 
quality (in the area of internal errors – non-productive 
costs of material, energy, work, in the area of external 
failures – elimination/minimising of claims and other 
related costs – e.g. costs of transportation and such 
like) can be an important effect of the quality cost mon-
itoring. External effects of monitoring the costs of 
quality will also become evident in terms of customers 
satisfaction and loyalty, in positive references and 
spreading of enterprise good reputation, which can 
strengthen its competitiveness in the market. 
9) Communication with TOP management in form 
of monthly manager reports

Detected variances from the planned conditions 
(positive, negative) are necessary to be discussed on 
the level of TOP management in form of monthly man-
ager reports and remedial measures should be prepared 
to eliminate negative variances and to establish how to 
use the effects of the positive ones. 

The proposed process model of quality cost mon-
itoring for wood-processing SMEs interconnects the 

aspect of processes and the aspect of book-keeping 
(identifi cation of individual analytic accounts). The 
proposed model can also partly use the ABC costing 
methodology, via which it is possible to assign costs of 
quality (sources) through activities (processes) towards 
individual cost objects (orders, cost pool, processes) 
(Vetráková et al., 2013). This approach, however, re-
quires the use of ABC costing methodology in enter-
prise management i.e. in designing calculations and 
division in enterprise management i.e. in creating cal-
culations and division of overall costs for orders as 
well as in approving the present state of mind and plan-
ning orders. The following fi gure presents a transpar-
ent process model of the quality cost monitoring, which 
is generally suitable for small and medium manufac-
turing enterprises from the point of view of versatility 
of its use. 

4  CONCLUSION
4.  ZAKLJUČAK

Slovakian small and medium wood-processing 
companies make 99.8 % of all companies in the branch. 
As shown in the research, these companies use the 
methodology for monitoring quality costs that is not 
suffi cient and they do not defi ne their internal guide-
lines. In this research, the model for monitoring these 
costs is recommended. Big companies have the meth-
odology for monitoring quality costs, which is also 
used in their daughter companies. To make small and 

Budget
 

Flexible 
Budget

 

Real /  Variance
 

Forecast / Estimate

€  %  €  %  €  %  €  %  €  % 

Sales revenues /  

Reduction /  

Net turnover /  
COSTS ON ACTIVITIES I.  

. 
Contribution margin I.  

 
COSTS ON ACTIVITIES II.

 
Contribution margin II.

 
COSTS ON ACTIVITIES III. 

 
Contribution margin III.

 
COSTS ON ACTIVITIES x

 
Contribution margin x

 
COSTS ON ACTIVITIES N.

 
Contribution margin N. = EBIT

 
 

 
HORIZONTAL STRUCTURE

STRUCTURE   

AND  

CONTENT OF MANAGEMENT PROFIT 

AND LOSS ACCOUNT / 

 

Figure 6 Proposed management profi t and loss account based on ABC calculation
Slika 6. Prijedlog za upravljanje računom dobiti i gubitka utemeljen na ABC metodi
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PROCESS CALCULATION 
KALKULACIJA PROCESA 

(ABC) 

 Item / Pozicija 

  Revenues / Prihodi 

- Reduction / Odbici 

= Netto revenues / Neto dobit 
- Costs of production activities 
I. / Trošak proizvodnih 
aktivnosti I. 
= Contribution margin I. 
Kontibucijska mar a I.  
- Costs of internal services  II. 
Trošak unutarnjih  
aktivnosti II. 
= Contribution margin II.
Kontibucijska mar a II.  
- Costs of operation support 
activities III.
Trošak aktivnosti  podrške 
operacijama III.. 
= Contribution margin III. 
Kontibucijska mar a III.  
- Costs of activities x  
Trošak aktivnosti x 
= Contribution margin x
Kontibucijska mar a x

- Costs of activities N   
Trošak aktivnosti N 

= Contribution margin N 
Kontibucijska mar a N = EBIT 

 

b) Aspect of book-keeping / Sa stajališta 
knjigovodstva 

a) Aspect of quality and processes / Sa 
stajališta kvalitete i procesa 

1a) Identification of quality objectives  and 
definition of indicators / Identifikacija 

ciljeva kvalitete i indikatora 

2a) Identification of process activities and 
quality measurement indicators
Identifikacija aktivnosti i indikatora 

mjerenja kvalitete 

1b) Analysis of nominal ledger and 
content of accounts, analysis of 

departments / Analiza glavne knjige i 
ra una te odjela  

2b) Cost allocation on activities
Dodjeljivanje troškova prema aktivnostima

4) Identification of costs of quality in management profit 
and loss account  / Identifikacija troškova kvalitete u 
ra unu dobiti i gubitka 

5) Workflow, definition of information sources, appraisal 
frequency, responsibility / Radni proces, definiranje 
izvora informacija, predvi anja termina i odgovornosti 

6) Software support in  reporting / Ra unalna podrška 
izvještavanju 

7) Proposal for reporting and communication with user
Prijedlog izvještavanja i komunikacije s korisnikom 

8) Analysis, deviation management, effects of quality 
monitoring / Analiza, upravljanje odstupanjima, pra enje 
u inka kvalitete 

9) Communication with TOP management in form  of 
monthly manager reports / Komunikacija vrhovnog 

 putem mjes   

Process model of quality cost monitoring in wood-
processing SMEs / Model procesa pra enja troškova 

kvalitete u drvoprera iva kim SME-ima 

3a) Classification of quality costs 
considering all available information 

sources / Klasifikacija troškova kvalitete 
prema svim dostupnim informacijama 

3b) Definition of transfer crosswalk and 
management profit and loss account

Definicija transfera i ra una dobiti i gubitka

Figure 7 Process model of quality cost monitoring in wood-processing SMEs
Slika 7. Model procesa praćenja troškova kvalitete proizvodnje u malim i srednjim drvoprerađivačkim poduzećima
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medium companies able to use the methods of Activity 
Basic Costing, it is necessary to do as follows:
1. According to standard ISO 9001/2008. Quality 

management system. Requirements, companies 
have to create a process map, which is the basis 
for company process management;

2. Processes have to be divided to management, 
main and additional (and based on this division 
activities have to be defi ned);

3. For particular activities, the size should be de-
fi ned (Activity Cost Drivers);

4. For particular process, it is necessary to establish 
measurement criteria NQ, i.e. particular costs di-
vided to fi x and variable in groups NP, NH, NI 
and NE;

5. At this point, it is necessary to create horizontal 
and vertical structure of reporting.
The aim of each enterprise should be to eliminate 

the losses, detect weaknesses, and provide preventive 
measures, i.e. create an effective feedback system, 
which would signal weaknesses on time and offer the 
responsible staff valuable information for solving the 
present problems. The above problems force compa-
nies to use modern management tools, one of which is 
controlling in the area of quality management. Its task 
is to secure the quality of management by equally rel-
evant information concerning quality with the aim to 
fulfi l the set objectives, detect weaknesses, and identi-
fy process defects. 

This paper analyses the current state of the sub-
ject matter based on the reviewed literature with a fo-
cus on quality cost control. Via the questionnaire sur-
vey, the level of understanding, implementation, and 
establishment of quality cost monitoring was deter-
mined in Slovak wood-processing SMEs and the com-
plex model for quality cost monitoring was proposed. 
The essence of the introduced model is to present the 
sequence of steps necessary for applying a quality con-
trol concept in wood-processing SMEs, which is based 
on the identifi cation of quality aims, processes, costs of 
quality, collection of data, and defi nition of informa-
tion sources aimed at developing the pattern of a man-
ager report. Such reports have their own horizontal and 
vertical structure. The vertical structure of the manager 
report is created by individual items of managing the 
profi t and loss account, beginning with revenues 
through gradual deduction of costs of quality until the 
economic profi t before taxation (EBT). This structure 
is mainly used for identifying individual costs of qual-
ity groups and appraising them through simple relative 
ratio indicators. The horizontal structure of a manager 
report creates two basic parameters - time and variant, 
which create the basis for the so called management 
system through variances. Time is given by the period 
of monitoring (month, quarter, and year). This version 
is based on comparison of a yearly plan, fl exible budg-
et, and a real situation in the given month, with com-
parison of the estimate till the end of year (E - estimate) 
and plan (B - budget).The proposed model of quality 
cost monitoring can be helpful for enterprises to create 
a compact reporting system for monitoring costs of 

quality and their further evaluation on the basis of con-
trolling principles, which will show the transparent 
fl ow of costs and detect hidden reserves and enable 
their elimination. As small and medium enterprises 
have proven highly adaptable to receive and use pro-
gressive tools in the area of management, it can be 
stated that our proposal could be used in manufacturing 
SMEs regardless of the branch of economics.

Controlling is an effective basis of active man-
agement of companies and it can be used in different 
functions such as fi nancial controlling, investment 
controlling, cost controlling, personnel controlling, 
and fi nally also quality controlling. These particular 
controlling subsystems are not to be used partially, 
since they make a system with mutual interactions and 
they support and fulfi l each other.
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ABSTRACT • This paper presents a numerical procedure for the analysis of complex laminate structures. The 
procedure is based on the application of reduced stiffness of complex laminate. Introduction of reduced stiffness of 
composite facilitates both linear and nonlinear numerical integration, i.e. the tangential stiffness matrix is trans-
lated in the classical plate theory problem. The formulated numerical procedure was implemented in the program 
system KOMIPS. Special subroutine REDKRUT that calculates reduced stiffness of the laminate was written, and 
its application in numerical verifi cation of experiments conducted on chairs was presented in (Nestorovic, 2010). 
At the end of this work, for 3D stress and strain analysis of veneer composites, recommendations were given for 
experimental determination of all nine independent material constants Ex, Ey, Ez, vxy, vxz, Gxy, Gxz, Gyz, fi ve of which 
were determined in the previous paper of the author (Nestorović, 2010).

Key words: reduced stiffness, fi nite elements, composite, material constants, shell, chair 

SAŽETAK • Rad prikazuje numeričku proceduru za analizu struktura izrađenih od kompleksnih laminata. Postu-
pak se temelji na primjeni reducirane krutosti komplesnog laminata. Uvođenjem reducirane krutosti kompozita 
numerička se integracija, kako linearne, tako i nelinearne, odnosno tangencijalne matrice krutosti, prevodi u 
problem klasične teorije ploča. Formulirana numerička procedura implementirana je u sklopu programskog pa-
keta KOMIPS. Napisana je posebna subrutina REDKRUT, kojom se proračunavaju reducirane krutosti laminata, 
a njegova primjena u provjeri numeričkih eksperimenata provedenih na stolcima prikazana je u radu (Nestorovic, 
2010.). Za 3-D analizu naprezanja i deformacija furnirskih kompozita na kraju ovog rada dane su preporuke za 
eksperimentalno određivanje svih devet neovisnih materijalnih konstanti: Ex, Ey, Ez, vxy, vxz, Gxy, Gxz, Gyz, od kojih je 
pet određeno u prethodnom autoričinu radu (Nestorović, 2010.).

Ključne riječi: reducirana krutost, konačni elementi, kompozit, materijalne konstante, ljuska, stolac
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1  INTRODUCTION
1.  UVOD

Theoretical basis of linear elastic anisotropic 
and orthotropic material is the concept that implies 
defi nition of stress-strain as well as reciprocal strain-
stress dependencies. From the general 3D state of 
stress, 2D case that represents conditions of plane state 
of stress was derived, and for these conditions classical 
thin plate and shell theory were applied, with the focus 
on wood composite structures. By introducing reduced 
stiffness of composites, both linear and nonlinear nu-
merical integrations of respective tangential stiffness 
matrixes were translated into the problem of classical 
plate theory.

The aim of this paper was to specify a mathe-
matical model for the calculation of complex laminate, 
and develop the procedure that applies reduced plate, 
which can reliably replace the use of complex lami-
nate. We presented a formulation of composite fi nite 
plate element in the case of geometrical and material 
linear and nonlinear treatments by application of re-
duced stiffness of the composite, concluding with the 
recommendations and guidelines for further research-
es. The paper represents an integral part of the research 
presented in (Nestorović, 2010), certain parts of which, 
referring to the results of FEM calculations and experi-
mental measurements, were previously published in 
(Nestorovic et al., 2011, 2012, 2013; Nestorović and 
Grbac, 2011).

1.1  Laminae as arbitrary layer of laminate
1.1.  Lamela kao proizvoljni sloj laminata

The structure of the laminate represents the 
compound of a number of laminae, whose principal 
material directions are oriented to enable the laminate 
structural capability to resist loads in different direc-
tions. Application of Classical Lamination Theory 

(CLT) facilitates the explanation of laminate structure 
starting from its base building layer - laminae.

CLT in the conditions of bending is based on 
Kirchhoff-Lowe hypothesis of fl at sections before and 
after deformation. Namely, the linear element orthogo-
nal to the mid-plane of the laminate after deformation 
remains fl at, unchanged in length and perpendicular to 
the deformed mid-surface of the laminate. This condi-
tion will be fulfi lled only if all compatibility conditions 
of overlapping of displacements in all points of the 
laminae with the adjacent layers are satisfi ed. Hence, it 
can be concluded that laminae behaves as a layer with 
special properties. With this in mind, it is possible to 
determine the change of dilatation and stress through 
the thickness of the laminate.

The technical hypothesis of length changeless-
ness and linear element orthogonallity on the mid-
plane of the laminate before and after deformation (di-
rection ABCD under deformation, Figure 1), means 
that dilatations in z direction, as well as shear deforma-
tions in plans orthogonal to the mid-plane of the lami-
nate, equal zero ( ).

If displacement is denoted in the x-direction of 
the point B, which is not the mid-plane of the laminate, 
with, than the displacement of the arbitrary point C, on 
equidistance  from the middle plane in the same direc-
tion, is
  (1)

where  is rotation of the cross section of laminate 
around y-axis

  (2)

Let  and  be displacements of the points on the 
middle plane in the directions of x, y, and z-axis. Based 
on the expressions (1) and (2), it can be concluded that 
displacement in any point through the thickness of the 
cross section of the laimate is

Figure 1 Laminate plate under bending
Slika 1. Laminatna ploča u uvjetima savijanja
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  (3) 

Consequently, displacement in the y direction is

  (4)

where βx is rotation of the cross section of the laminate 
around x-axis.

Having in mind geometrical relations that estab-
lished dependence between strains and displacements 

  (5)

Using matrix notation, the following equation 
can be expressed:

  (6)

whereis the mid-plane strain and κ is the vector of sec-
ond derivatives of the displacement, i.e. curvature

  (7)

The component κxy is a twisting curvature, stating 
how the x-direction mid-plane slope changes with y (or 
equivalently, how the y-direction slope changes with x).

Having in mind that the geometrical relation (5) 
belongs to the plate theory, Jones (1975) stressed that 
the more correct designation for the classical lamina-
tion theory (CLT) would be the classical theory of lam-
inated plates. 

Stress and strain relations in the case of ortho-
tropic laminae, in which the calculated and main mate-
rial directions do not coincide, in accordance with 
equation (5), will be expressed as follows

  (8)

where  denotes transformed stiffness matrix in the 
state of stress. 

  (9)

Assumed forms of dilatation and stress change 
across the thickness of the laminate are given as an ex-
ample in Figure 2. 

1.2  Forces and moments in laminate sections
1.2.  Sile i momenti u presjecima laminata

Figure 3 shows laminate of the thickness h com-
posed of Nlaminae. Z-axis is directed downward from 
the laminate midd-plane.

Components of membrane forces and bending 
moments will be determined as 

 

  

(10)

while index “k” represents k-th laminae (layer) in the 
laminate.

Integrating the expression (10), it follows that

  (11)

or,

  (12)

where matrixes

 (13)

represent laminate stiffness on elongation, banding as 
well as coupled stiffness.

Based on the (12) and (13), it can be concluded 
that in general case of anisotropic laminate, membrane 
forces are not just a function of membrane deforma-
tion, but of the change of the curvature as well. On the 
other hand, it can be easily noted that bending mo-
ments and torsion moments in arbitrary laminate sec-
tion do not only depend on a change of curvature of its 
mid-plan, but also on membrane deformations. The 
infl uence of the curvature change in the membrane sec-
tion forces as well as the infl uence of membrane defor-
mations on section bending forces is expressed by cou-
pling stiffness of laminate Dmb.

2   STIFNESSES OF THE LAMINATE AND 
LAMINAE

2.  KRUTOSTI LAMINATA I LAMELE

Coupling stiffness Dmbij is the consequence of 
both material characteristics of the laminate and geo-

Figure 2 Change in dilatations and stresses across the 
laminate thickness 
Slika 2. Promjena dilatacija i naprezanja po debljini 
laminata

Figure 3 Coordinates and ordinal numbers of laminas in 
laminate
Slika 3. Koordinate i redni brojevi lamela u laminatu



Nestorović, Grbac, Nestorović, Milošević: Application of Reduced Stiffness of Complex...  ....

342  DRVNA INDUSTRIJA  66 (4) 339-346 (2015)

metrical arrangement of laminas in the laminate. Ne-
glecting the infl uence of coupling stiffness, in the cases 
when they are present in the composite structures, 
could mischief the accuracy of stability calculations of 
these composite structures. Therefore, attention should 
be paid to the review of the following groups of com-
posites, in specifi c laminates.

2.1 Single-layer isotropic “laminate” 
2.1.  Jednoslojni izotropni laminat

Though the notion laminate implies multilayer 
structure, Jones (1975) used this name with the inten-
tion to demonstrate that laminate stiffness, given by the 
relations (13), could be reduced to the level of isotropic 
plate stiffness.

On that basis, from the expression (13), it can be 
concluded that in the case of isotropic plate there is no 
coupling between banding and stretching, i.e. expres-
sions for the forces and moments are

  (14)

whereby stiffness matrixes Dm and Db have the follow-
ing values

  (15)

where  (16)

2.2 Special orthotropic laminae
2.2.  Posebna ortotropna lamela

In the case of special orthotropic laminae of 
thickness h and stiffness Qij, given the equation (14), 
material stiffness matrixes have the following form 

  (17)

with the components

(18)

where it can be seen that in the case of laminae, in which 
geometrical (calculated) main directions coincide with 
main directions of material characteristics, there is no 
coupling between bending and membrane stress.

3   EQUILIBRIUM EQUATIONS OF LAMINATED 
PLATES

3.   JEDNADŽBE RAVNOTEŽE LAMELIRANIH 
PLOČA

In the study of laminated plate theory, inputs are 
based on the following constraints and assumptions: 
each laminae in the laminate is orthotropic, linear elas-
tic, of constant thickness, so that laminate (plate) has 
also constant thickness, which is small compared to the 
other dimensions; further, there are no internal friction 
forces, Kirchhoff hypothesis of non-deformable nor-
mal on the mid-plan is applicable, displacements u, v, 
and w are small compared to the plate thickness and 
dilatations ex , ey and gxy are infi nitesimal values.

Differential equations of equilibrium of laminate 
plates under load perpendicular to the mid-plane of 
laminate p, expressed via resultant forces Nx, Ny and Nxy 
and moments Mx, My and Mxy, have the following form

  (19)

Differential equations of equilibrium are very 
simplifi ed when it comes to special orthotropic lami-
nates. This leads to differential equations of equilibri-
um for special orthotropic laminate (plate) 

 (20)

4   APPLICATION OF FEM FOR STRUCTURAL 
ELEMENTS OF CHAIRS

4.   PRIMJENA METODE KONAČNIH 
ELEMENATA NA ELEMENTIMA 
KONSTRUKCIJE STOLACA

Finite element of laminate will be obtainted by 
integration of fi nite elements per thickness of the lami-
nate. This integration is not a mathematical problem, 
and in the fi nite element methodology, it is known as 
layered approach. It could be concluded that the lami-
nate element represents a layered fi nite element. For 
this reason, in order to formulate the fi nite element of 
laminate, it is fi rst necessary to formulate fi nite lami-
nae element of unit thickness. 

4.1  Finite laminate element
4.1.  Konačni element laminata

The fi nite laminate element represents a compos-
ite of fi nite elements of laminaes. Since each laminae 
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in the laminate represents a layer of constant thickness, 
it follows that the formulation of the fi nite element of 
the laminae is subjected to so call layered approach of 
fi nite element. Compatibility conditions for displace-
ments and deformations of layers are satisfi ed not only 
at nodal points, but in any point within laminae (layer) 
element. Integration of stiffness matrix per surface of 
the laminate remains the same as in the case of the sin-
gle laminae, while thickness integration requires inte-
gration of each layer individually in relation to the lo-
cal coordinate system of the laminate positioned in its 
middle plane (Figure 4). 

Accordingly to this statement, it could be con-
cluded that

 (21)

Where A denotes integration across the surface of 
the mid-plane of plate, and z integration over its cross 
section. 

Having in mind that surface integrals of laminate 
represent stiffness matrixes of laminae multiplied by 
specifi ed multipliers, the fi nal form of the above ex-
pression will be as follows:

 

(22)

where Kmk and Kbk are membrane and stiffness matrix-
ses of banding of k-th laminae.

If the laminate has asymmetry property with re-
spect to the z-axis (Figure 4), its stiffness matrix, like 
in the case of laminae, could be decomposed on the 
membrane and stiffness matrix of laminate bending. If 
the membrane stress is coupled with bending proce-
dure of integration of laminate, stiffness matrix stays 
the same, with the difference that in the matrix of di-
agonal blocks, Qk also appear out-of-diagonal blocks 
in accordance with the expressions (13) so that 

 (23)

4.2 Reduced stiffness of laminate
4.2.  Reducirana krutost laminata

In the case when all layers of the laminate are of 
equal thickness, equal orientation and equal mechani-
cal characteristics, laminate stiffness matrix (22) be-
comes 

 (24)

where

  (25)

In accordance with the expression (24), in this 
case the entire laminate could be viewed as a single 
layer, whereby multipliers N and αN are attached to the 
material stiffnesses, with the aim to encompass inte-
gration through the thickness of the laminate, i.e.

  (26)

Thus, reduced membrane Dr
m and banding stiff-

ness Dr
b are defi ned. As a result, sub-matrixes of the 

laminate stiffness matrix were found by integration 
only per surface of element, i.e. 

  (27)

If laminas do not possess the same mechanical 
properties, laminate stiffness matrix could also be giv-
en by the specifi ed expression, where reduced stiff-
nesses are defi ned in the following way, based on the 
expressions (22):

 (28)

In the case when different thickness, different 
orientation and different mechanical properties of the 
laminas are assumed, expression (28) becomes

  (29)

where  represents constitutive layer matrixes with 
respect to the computational Cartesian coordinates.  

For the general case defi ned by the expression 
(23), stiffness matrix of the composite will be ex-
pressed as  

  (30)

where

  (31)

is coupling laminate stiffness matrix, while

  (32)

represents reduced coupling laminate stiffness. 
The stiffness matrix of the composite plate (29) 

includes the effects of coupling of membrane stress 
and bending of laminate. This kind of coupling occurs 
in anisotropic and in orthotropic composite plates only 
if laminas are not symmetrically arranged both per ge-

Figure 4. Finite laminae element - thickness cross section 
Slika 4. Konačni element laminata - presjek po debljini
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ometry and material in relation to the mid-plane of the 
plate. Formally, this kind of stiffness matrix form is the 
same as in the case of isotropic plates, which is the 
consequence of geometrical or material or both geo-
metric and material nonlinear treatment.

5   SOFTWARE PACKAGE FOR THE ANALYSIS 
OF LAMINATED STRUCTURES 

5.   PROGRAMSKI PAKET ZA ANALIZU 
LAMELIRANIH STRUKTURA

Stress and strain analysis of chair structures was 
conducted by application of software package KOMIPS 
for computer modeling and computation of structures, 
developed by Maneski (1998). This software system is 
based on the fi nite element method. It possesses a wide 
library of elements starting from one-dimensional to 
general three-dimensional elements that enable mode-
ling of geometry and physical discretization of very 
complex structures. 

For this paper, fi nite laminate element is of par-
ticular importance, since it represents the basis of all 
our numerical analyses. Finding of stiffness matrix of 
fi nite laminate element requires the integration per its 
volume (23). As mentioned above, the volume integra-
tion problem could be translated to the integration per 
surface of fi nite element by introduction of the so-
called reduced stiffness (26) and (28), which makes 
stiffness matrix procedure formulation more effi cient 
and identical to the classical plate theory. For this rea-
son, subroutine REDKRUT for KOMIPS, that calcu-
lates reduced stiffness of the laminate, was applied.

6  CONCLUSIONS AND RECOMMENDATIONS
6.  ZAKLJUČCI I PREPORUKE

On the basis of the above presented teorethical con-
siderations, here are several conclusions and guidelines 
that were applied in further research (Nestorović, 2010).

1. For the determination of material constants as 
rheological material model for the conditions of planar 
stress, three separate uni-axial tension tests were con-
ducted, for complex and uniform composition of lami-
nate. In the tests, four independent elastic orthotropic 
constants of the modulus of electricity Ex, Ey, Poisson 

ration νxy and shear modulus Gxy were determined. In 
these tests, Poisson coeffi cient νyx was also determined, 
but in the case when νxy is known, it does not represent 
independent elastic constant. Also, bending tests were 
conducted, the results of which were elasticity bending 
modules Efx, Efx and stresses σx, σy.

2. Laminates with uniform composition of veneer 
sheets and complex composition of veneer sheets rep-
resent two composites, and in terms of rheology, two 
different material models. However, they are not inde-
pendent, because material constants of complex com-
position could be unambiguously determined from the 
material constants of uniform composite, as shown by 
experimental results (Nestorovic, 2010).

3. In section 4 the composite plate/shell fi nite ele-
ment was formulated. Such fi nite element is applicable 
to the problems of membrane stress and bending of 
composite structures. Volume integration of stiffness 
matrix was translated in the integration per mid-plane 
of the plate by introducing of the so-called reduced 
stiffness of the composite both for membrane stress 
and bending. Kirchhoff-Love hypothesis of the fl at 
sections of the plate after deformation, implies a linear 
change of componential deformation through the lami-
nate thickness. Since the mechanical properties of lay-
ers are generally disparate, linear change of deforma-
tions leads to abrupt changes of componential stresses 
across the thickness of the composite. This is shown 
above in Figure 5 for the case of laminate composed of 
eight 1.5-mm-thick layers.

Having in mind that the cross section of the plate 
represents the section defi ned by the unit width and 
plate thickness, it is clear that the composite section 
forces are resultants of the componental stresses, i.e. 
their integrals across the laminate thickness. Provided 
that the integrals across the thickness are the same at 
each abrupt change of the stress and fi ctitious linear 
change, reduced membrane and reduced bending stiff-
ness of the composite were defi ned.

4. Theoretical, experimental and numerical re-
searches, and introduction of the reduced stiffness of 
complex laminate in the fi nite elements, together with 
the experiments on chairs (Nestorović, 2010) that were 
done in order to determine the stiffness of such systems 
by measurement of real displacements on the selected 

Figure 5 Reduced stiffness
Slika 5. Reducirane krutosti



.... Nestorović, Grbac, Nestorović, Milošević: Application of Reduced Stiffness of Complex...

DRVNA INDUSTRIJA  66 (4) 339-346 (2015) 345

models, confi rmed numerical calculations, enabling 
design, redesign, construction and dimensioning of not 
only chairs but of any beam or surface system based on 
the laminate, by varying material type, combination of 
diverse materials, layer thickness and fi ber orientation. 

5. Using the acquired knowledge with the aim of 
determining material constants of orthotropic compos-
ites, the following experimental tests were proposed:

5.1 Production of specimens of massive structure 
(all fi bers oriented in the same direction) in the form of 
the cube (Figure 6). By uni-axial tensioning in x-direc-
tion, it was possible to determine elasticity modulus Ex 
and Poisson coeffi cient νxy, νxz. Tensioning in the y-di-
rection will result in modulus of elasticity Ey and coef-
fi cients νyx, νyz. The same test in the z-direction will 
give Ez and νzx, νzy. From here it is clear that, in the case 
of orthotropic composite, only six out of nine constants 
are mutually independent Ex, Ey, Ez, νxy, νxz, νyz.

5.2 For the determination of three independent 
material constants that contain shear modulus in xy-, 
xz-, and yz- planes, the following experiment was pro-
posed: to make a specimen of the massive structure in 
the form of the cube with the fi bers oriented in the 
same direction as presented in Figure 6.

Local plan of the lamina is defi ned by the unit 
vectors

  (33)

which implies that its normal equals

  (34)

In this case, the relation between local x, y and z 
and global X, Y and Z coordinates is given by the rela-
tion

  (35)

Using the property of stress and strain tensor, com-
ponents of shear stresses and shear deformations in the 
local xy-, xz- and yz-planes, due to the tension in all 
three global directions, are determined by expressions

 (36)

In accordance with the expressions (36), assum-
ing the uni-axial tension in Y-direction, i.e.
 
the equation for the shear stress is

 

where the resulting shear moduli Gxy, Gxz and Gyz are in 
the form of 

 (37)

In analogue test that assumes tension in the glob-
al Z-direction, i.e.

 

components of the shear stress are

  (38)

Figure 6 Test cube for determination of shear elasticity 
constants 
Slika 6. Probna kocka za određivanje smičnih konstanti 
elastičnosti

Figure 7 Test cube for determination of shear elasticity constants – scheme of cutting test specimens
Slika 7. Probna kocka za određivanje smičnih konstanti elastičnosti – shema izrezivanja testnih uzoraka
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while shear moduli are expressed as

 (39)

Since expressions (37) and (39) give the same 
values, it is clear that only one test is necessary, while 
the other test can be used as control.

6. Based on the results obtained in experiments 
5.1 and 5.2, material fl exibility matrix S can be defi ned 
as well as constitutive matrix C, i.e.

  (40)

and dependencies between components of stress and 
strain tensors can be established in the form of 
 σ = Cɛ (41)
where σ and ɛ represent the above defi ned vectors of 
stress and strain.

Relation (41) enables stress and strain analysis of 
the orthotropic and anisotropic composite structures 
that have a 3D character. In the static terms, they repre-
sent thick plates and shells, in which shear deformation 
in planes (x-z, y-z) perpendicular to the middle plane of 
plate/shell (x-y) could not be neglected.

Further to the above, Figure 8 presents models of 
chairs that illustrate the possibilities of application of 

developed apparatuses in the process of design and re-
design, regardless of shape, type of material, thickness 
of layers, or fi ber orientation.
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1  INTRODUCTION
1.  UVOD

Heat treatment is a wood modifi cation method 
used to improve some properties of the wood. Heat 
treatment also helps to diminish equilibrium moisture 
content of wood samples (Mazela et al., 2004). The 
temperature level and duration of heat treatment most-
ly change from 180 to 280 °C and from 15 min to 24 h 
depending on the heat treatment process, sample size, 
wood species, moisture content of the sample and the 
properties of the fi nal product (Kandem et al., 2002; 
Militz et al., 2002). 

The values of hardness and strength of wood de-
crease with the increase of heat treatment parameters 
(temperature and duration).  These effects are achieved 
especially when heat treatment is carried out for a long 
time. The strength values of wood most affected by 
heat treatment are impact and static bending strengths, 
while the least affected property is the modulus of elas-
ticity (Korkut et al., 2008).

Artifi cial neural network (ANN) is a computa-
tional model based on the information processing sys-
tem of the human brain. ANN model is composed of 
three layers, which are called input layer, hidden layer 
and output layer. This network structure is also called 
MLP (Işeri and Karlık, 2009).

While the input layer receives the initial values of 
the variables, the output layer shows the results from the 
network for the input. The hidden layer carries out the 
operation design to achieve the output. The number of 
neurons in the input layer must correspond to the number 
of entry variables, and the output layer must have as many 
neurons as the number of outputs manufactured by the 
network.  However, there is no rule to allow prior deci-
sions to indicate the number of neurons contained in the 
hidden layer or sublayer. The only way to obtain the hid-
den layer is by a process of trial and error (Sha, 2007).

Artifi cial neural network has been widely used in 
many wood industries, such as  in the wood identifi cation 
system (Tou et al., 2007; Khalid et al., 2008; Estaben et 
al., 2009a; Juni  or et al., 2006) in the suggestion on the 
application of geodesy (Arslan et al., 2007), in the pre-
diction of wood dielectric loss factor (Avramidis et al., 
2006), in the calculation of wood thermal conductivi-
ty (Xu et al., 2007), in predicting fracture toughness of 
wood  (Samarasinghe et al., 2007), in the evaluation of 
strength of wood timbers (Tanaka et al., 1996), in the pre-
diction of bending strength and stiffness in western hem-
lock (Shawn et al., 2007), in the prediction of particle-

board mechanical properties (Fernández et al., 2008), in 
the optimization of process parameter in a particleboard 
manufacturing process (Cook et al., 2000), in the detec-
tion of structural damage in medium density fi berboard 
panels (Long et al., 2008), in the prediction of modulus 
of rupture and modulus of elasticity of fl ake board (Yapıcı 
et al., 2009). It has also been applied to obtain the hy-
groscopic equilibrium points (Avramidis and Iliadis, 
2005), to classify wood defects (Drake and Packianat-
her, 1998), to determine the internal bond values of 
particleboard (Cook and Chiu, 1997; Fernandez et al., 
2008), and in statistical process control in the manufac-
ture of particleboard (Estaben et al., 2009b).

In this study, compression strength parallel to grain 
of heat treated Scotch pine wood samples was examined 
experimentally, and then artifi cial neural network (ANN) 
system was designed for predicting this value. 

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

Scotch pine wood (Pinus sylvestris L.) was cho-
sen randomly from timber merchants of Karabuk, Tur-
key. In the selection of wood material, special empha-
sis was on the properties of non-defi cient, proper, 
knotless, normally grown wood (without zone line, re-
action wood, decay, insect and mushroom damages). 
The selected specimens were cut to sizes of 20×20×300 
mm and they were exposed to heat treatment at 130, 
145, 160, 175, 190 and 205 ºC for 3, 6, 9, and 12 hours. 
Then, they were resized to 20×20×30 mm. The com-
pressive strength values were determined from test 
samples according to TS 2595 standard (TS 2595). 

2.1  Statistical analyses
2.1.  Statističke analize

Data for each test were statistically analyzed. 
Analysis of variance was used to test the signifi cance 
between factors and levels. When the analysis of vari-
ance pointed a signifi cant difference among the factors 
and levels, a comparison of the means was conducted 
employing a Tukey test.

2.2  Design of artifi cial neural network for CS value
2.2.  Dizajn umjetne neuronske mreže za tlačnu 

čvrstoću

In this study, the effects of heat treatment condi-
tions on compressive strength parallel to grain of 
scotch pine wood were determined experimentally. 
Secondly, artifi cial neural network model was applied 

Figure 1 Design of ANN model
Slika 1. Dizajn modela umjetne neuronske mreže (ANN)
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by using input values of heat treatment conditions and 
output values determined from the experimental re-
sults. Designed model is shown in Figure 1.

The aim of the network is to predict CS of test 
samples. The network is trained by using MATLAB 
neural network module (nftool). A total of 70 % of 
these data is used for training, 15 % is used for valida-
tion, 15 % is used for testing. The data for each class 
are chosen randomlly from the total data set. 

In this study, the number of neurons in the hidden 
layer is 25. This number is obtained by trial and error. 
In the nftool nature hyperbolic tansig function f (x) =1/
(1+exp(-x)) is applied. Input data is applied after nor-
malization process between -1 and +1.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

The air dry density of Scots pine is 0.62 g/cm3. 
The CS values of Scotch pine woods, obtained from 
experimental results, were compared with ANN model 
to determine the accuracy of the developed model. Our 
network was trained with designed data set to obtain 
the predicted result. Regression analysis of the training 
phase is given in Figure 2.

It is seen that regression coeffi cients obtained 
from training, validation and test phase of network are 
calculated close to 1. This result showed that the de-
signed model is reliable.

Based on this comparison, the developed model 
agreed with average test results at the accuracy level of 
97.02 % of CS value. Both experimental values and 
prediction values are given in Table 1.

The variance analysis of CS based on heat treat-
ment circumstances was done by using variance analy-
sis (Table 2.). The difference between the groups re-
garding the effect of variance sources on CS was 
signifi cant ( =5 %). 

It can be seen that the conditions of heat treatment 
has no effects on the CS values of Scotch pine wood ac-
cording to variance analysis. So, the results of the Tukey 
test conducted to determine the importance of the differ-
ences between the groups are given in Table 3.

It can be seen that the CS values ranged between 
45.46 N/mm2 and 52.29 N/mm2 according to Tukey’s 
test (Table 3). It can be stated that when the temperature 
and time of the heat treatment increase, the value of CS 
increases. However, the ratio of increase is not statically 
signifi cant. Thus, they are put into the same homogene-
ous group. The change of CS values, both experimental 
and prediction values, are given in Figure 3.

Table 1 The average values of CS
Tablica 1. Prosječne vrijednosti tlačne čvrstoće (CS)

Heat temperature conditions
Uvjeti toplinske obrade

Experimental value of CS
Eksperimentalne vrijednosti 

tlačne čvrstoće
N/mm2

Prediction value of CS by using ANN
Predviđene vrijednosti tlačne čvrstoće 

primjenom ANN 
N/mm2

Time, hour
Vrijeme, sati

Temperature, °C
Temperatura, °C

Mean
Prosječno

Mean
Prosječno

Correct level, %
Razina točnosti, %

0 0 45.46 44.80 98.54
3 130 50.40 48.40 96.03

145 47.95 50.00 95.63
160 49.20 50.80 96.75
175 50.17 50.80 98.75
190 50.80 51.20 99.21
205 50.00 51.21 98.00

6 130 52.79 48.00 90.92
145 51.14 50.00 97.77
160 49.39 51.20 99.23
175 50.96 51.20 99.52
190 54.01 49.20 91.11
205 51.08 51.21 99.98

9 130 54.53 51.60 95.97
145 53.55 51.60 96.35
160 51.14 52.00 98.42
175 49.99 52.81 94.38
190 50.70 52.60 97.26
205 52.40 52.00 99.23

12 130 52.82 51.60 98.89
145 49.77 52.40 97.66
160 52.71 52.80 96.91
175 53.52 50.80 98.45
190 52.32 48.40 92.50
205 49.60 48.40 97.58

Current level of the average value of CS, %
Trenutačna razina prosječne vrijednosti tlačne čvrstoće, %

97.02
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Figure 2 Network regression analyses of training
Slika 2. Regresijska analiza treniranja mreže

Figure 3 The change of experimental and prediction values of compressive strength 
Slika 3. Promjena eksperimentalnih i predviđenih vrijednosti tlačne čvrstoće
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4  CONCLUSIONS
4.  ZAKLJUČAK

Based on the results of tests, it can be said that the 
properties of compression strength parallel to grain 
were slightly affected by applying the heat treatment. It 
can be seen that the CS values decrease with the in-
crease of the time and temperature of heat treatment.  
The values obtained from experimental work are used 
for artifi cial neural network system. CS values of test 
samples have been predicted by the designed model at 
97.33 % accuracy level. So, ANN model can be used to 
predict many mechanical and physical properties of 
wood and wood composite materials.
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NAZIVI

Ricinodendron africanum Muell. Arg. naziv je 
drva botaničke vrste iz porodice Euphorbiaceae. 

Trgovački je naziv te vrste essessang (Francuska, 
Gabon); erimado (Angola, Belgija, Njemačka, Velika 
Britanija); musuku, mulela, sanga (Angola); ehi, itani, 
katotou, popossi (Obala Bjelokosti); issanguila (Ga-
bon); wama, epuwi, sosali (Gana); esango, njansang, 
timboa (Kamerun); mulela, sanga sanga; koor (Liberi-
ja); ekku, okwen (Nigerija); gbolei, ekok (Sierra Leo-
ne); Kisongo (Uganda).

NALAZIŠTE

Stabla Ricinodendron africanum Muell. Arg. na-
lazimo u zapadnoj, južnoj i istočnoj Africi. Areal im se 
proteže od Sierra Leonea gvinejskom obalom sve do 
Angole i dalje preko Rodezije i Botswane do Istočne 
obale. Raste na područjima do 1300 metara nadmorske 
visine.

STABLO

U svojoj domovini drvo naraste 30 – 40 metara 
visoko, duljina debla mu je 20 – 25 metara, a prsni pro-
mjer 0,5 – 1,0 metar. Kora drva je glatka i svjetlosiva, 
često gotovo bijela, ili je pak hrapava i smećkasta. U 
starijih stabala kora se ljušti u debelim ljuskama. De-
bljina kore iznosi 1,0 – 2,0 centimetra. Stablo je brzo-
rastuće.

DRVO

Makroskopska obilježja

Bjeljika i srževina ne mogu se međusobno razli-
kovati. Drvo je rastresito porozno, bljedožute do sla-
mnato žute boje. Godovi se teško raspoznaju. Drvni su 
traci vidljivi samo povećalom, na radijalnoj površini 
sjaje. Tekstura drva je jednolična, prugasta, nije deko-
rativna. 

Mikroskopska obilježja 

Traheje su raspoređene pojedinačno, u parovima 
i kratkim radijalnim nizovima (do pet pora). Promjer 

RICINODENDRON 
AFRICANUM MUELL. ARG.

UDK: 674.031.757.291.2

traheja iznosi 100...210...280 mikrometara, gustoća im 
je 1...3...6 na 1 mm2 poprečnog presjeka. Volumni je 
udio traheja 4,4...5,0...5,4 %. Pore su često ispunjene 
tilama.

Aksijalni je parenhim apotrahealno marginalan, 
paratrahealno vazicentričan. Volumni udio aksijalnog 
parenhima beznačajno je malen. 

Drvni su traci heterogeni, katnog rasporeda, visi-
ne 240...560...950 mikrometara, a širine 14...25...37 
mikrometara, odnosno jednu stanicu. Gustoća drvnih 
trakova je 7...10...12 na 1 mm poprečnog presjeka. Vo-
lumni udio drvnih trakova iznosi 17,2...17,6...18,1 %. 
U drvnim tracima i aksijalnom parenhimu ima kristala. 

Drvna su vlakanca libriformska. Dugačka su 
1450...1650...1850 mikrometara. Debljina staničnih 
stijenki vlakanaca iznosi 1,65...2,95...3,75 mikrometa-
ra, a promjer lumena 13,2...32,8...48,2 mikrometara. 
Volumni je udio vlakanaca 76,5...77,4...78,3 %. 

Fizička svojstva

Gustoća standardno suhog drva, ρo oko 250 kg/m3

Gustoća prosušenog drva, ρ12-15  oko 300 kg/m3

Gustoća sirovog drva, ρs  700...800 kg/m3

Poroznost  oko 83 %
Radijalno utezanje, βr  oko 4,8 %
Tangentno utezanje, βt  oko 5,0 %
Volumno utezanje, βv  oko 9,6 %

Mehanička svojstva

Čvrstoća na tlak  oko 21,0 MPa
Čvrstoća na savijanje  oko 44,0 MPa
Modul elastičnosti  5200 MPa

TEHNOLOŠKA SVOJSTVA

Obradivost 

Drvo se dobro i bez poteškoća ručno i strojno 
obrađuje. Čavla se i dobro drži vijke. Pri blanjanju se 
zbog čupanja vlakanaca teško postižu glatke površine. 
Teško se lijepi i politira.

Sušenje 
Drvo se vrlo brzo suši, no sklono je vitoperenju.
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Trajnost i zaštita 

Prema normi HRN 350-2, 2005, srž drva srednje 
je slabo otporna na gljive uzročnice truleži (razred ot-
pornosti 5) i slabo otporna na termite (razred otpornosti 
S). Srž je permeabilna (razred 1). 

Uporaba

Drvo Ricinodendron africanum Muell. upotre-
bljava se za izradu dijelova namještaja, furnira i drve-
nih plovila, a služi i kao drvo za rezbarenje i tokarenje. 

Sirovina

Drvo Ricinodendron africanum Muell. Arg. na 
tržištu se pojavljuje u obliku trupaca promjera 60 – 90 
cm i duljine od 5 metara naviše.

Napomena

Drvo nije na popisu ugroženih vrsta međunarod-
ne organizacije CITES ni na popisu međunarodne or-
ganizacije IUCN Red list. Može se rabiti kao zamjena 
za balzu.

Slične vrste

Ricinodendron rautaneii Schinz
Alstonia congensis Engl.
Hura crepitans L.
Triplochiton scleroxylon K. Schum.
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Upute autorima 
Opće odredbe
Časopis Drvna industrija objavljuje znanstvene radove (izvorne 
znanstvene radove, pregledne radove, prethodna priopćenja), stručne 
radove, izlaganja sa savjetovanja, stručne obavijesti, bibliografske 
radove, preglede te ostale priloge s područja biologije, kemije, fi zike 
i tehnologije drva, pulpe i papira te drvnih proizvoda, uključujući i 
proizvodnu, upravljačku i tržišnu problematiku u drvnoj industriji.
Predaja rukopisa podrazumijeva uvjet da rad nije već predan negdje 
drugdje radi objavljivanja ili da nije već objavljen (osim sažetka, 
dijelova objavljenih predavanja ili magistarskih radova odnosno di-
sertacija, što mora biti navedeno u napomeni) te da su objavljiva-
nje odobrili svi suautori (ako rad ima više autora) i ovlaštene osobe 
ustanove u kojoj je istraživanje provedeno. Kad je rad prihvaćen za 
objav ljivanje, autori pristaju na automatsko prenošenje izdavačkih 
prava na izdavača te na zabranu da rad bude objavljen bilo gdje drug-
dje ili na drugom jeziku bez odobrenja nositelja izdavačkih prava. 
Znanstveni i stručni radovi objavljuju se na hrvatskome, uz sažetak 
na engleskome, ili se pak rad objavljuje na engleskome, sa sažetkom 
na hrvatskom jeziku. Naslov, podnaslovi i svi važni rezultati treba-
ju biti napisani dvojezično. Ostali se članci uglavnom objavljuju na 
hrvatskome. Uredništvo osigurava inozemnim autorima prijevod na 
hrvatski. Znanstveni i stručni radovi podliježu temeljitoj recenziji 
najmanje dvaju recenzenata. Izbor recenzenata i odluku o klasifi ka-
ciji i prihvaćanju članka (prema preporukama recenzenata) donosi 
Urednički odbor.
Svi prilozi podvrgavaju se jezičnoj obradi. Urednici će od autora zah-
tijevati da tekst prilagode preporukama recenzenata i lektora, te zadr-
žavaju i pravo da predlože skraćivanje ili poboljšanje teksta. Autori 
su potpuno odgovorni za svoje priloge. Podrazumijeva se da je autor 
pribavio dozvolu za objavljivanje dijelova teksta što su već negdje 
objavljeni te da objavljivanje članka ne ugrožava prava pojedinca ili 
pravne osobe. Radovi moraju izvještavati o istinitim znanstvenim ili 
tehničkim postignućima. Autori su odgovorni za terminološku i me-
trološku usklađenost svojih priloga. Radovi se šalju elektroničkom 
poštom na adresu:
drind@sumfak.hr ili techdi@sumfak.hr

Upute
Predani radovi smiju sadržavati najviše 15 jednostrano pisanih A4 
listova s dvostrukim proredom (30 redaka na stranici), uključujući 
i tablice, slike te popis literature, dodatke i ostale priloge. Dulje je 
članke preporučljivo podijeliti na dva ili više nastavaka. Tekst treba 
biti u doc formatu, u potpunosti napisan fontom Times New Roman 
(tekst, grafi koni i slike), normalnim stilom, bez dodatnog uređenja 
teksta.
Prva stranica poslanog rada treba sadržavati puni naslov, ime(na) 
i prezime(na) autora, podatke o zaposlenju autora (ustanova, grad i 
država) te sažetak s ključnim riječima (duljina sažetka približno 1/2 
stranice A4).
Posljednja stranica treba sadržavati titule, zanimanje, zvanje i adre-
su (svakog) autora, s naznakom osobe s kojom će Uredništvo biti u 
vezi.
Znanstveni i stručni radovi moraju biti sažeti i precizni. Osnovna 
poglavlja trebaju biti označena odgovarajućim podnaslovima. Na-
pomene se ispisuju na dnu pripadajuće stranice, a obrojčavaju se 
susljedno. One koje se odnose na naslov označuju se zvjezdicom, 
a ostale uzdignutim arapskim brojkama. Napomene koje se odnose 
na tablice pišu se ispod tablica, a označavaju se uzdignutim malim 
pisanim slovima, abecednim redom.
Latinska imena trebaju biti pisana kosim slovima (italicom), a ako 
je cijeli tekst pisan kosim slovima, latinska imena trebaju biti pod-
crtana.
U uvodu treba defi nirati problem i, koliko je moguće, predočiti gra-
nice postojećih spoznaja, tako da se čitateljima koji se ne bave po-
dručjem o kojemu je riječ omogući razumijevanje ciljeva rada.
Materijal i metode trebaju biti što preciznije opisane da omoguće 
drugim znanstvenicima ponavljanje pokusa. Glavni eksperimentalni 
podaci trebaju biti dvojezično navedeni.
Rezultati trebaju obuhvatiti samo materijal koji se izravno odnosi na 
predmet. Obvezatna je primjena metričkog sustava. Preporučuje se 
upotreba SI jedinica. Rjeđe rabljene fi zikalne vrijednosti, simboli i 
jedinice trebaju biti objašnjeni pri njihovu prvom spominjanju u tek-
stu. Za pisanje formula valja se koristiti Equation Editorom (progra-
mom za pisanje formula u MS Wordu). Jedinice se pišu normalnim 
(uspravnim) slovima, a fi zikalni simboli i faktori kosima (italicom). 

Formule se susljedno obrojčavaju arapskim brojkama u zagradama, 
npr. (1) na kraju retka.
Broj slika mora biti ograničen samo na one koje su prijeko potrebne 
za objašnjenje teksta. Isti podaci ne smiju biti navedeni i u tablici i 
na slici. Slike i tablice trebaju biti zasebno obrojčane, arapskim broj-
kama, a u tekstu se na njih upućuje jasnim naznakama (“tablica 1” 
ili “slika 1”). Naslovi, zaglavlja, legende i sav ostali tekst u slikama i 
tablicama treba biti napisan hrvatskim i engleskim jezikom. 
Slike je potrebno rasporediti na odgovarajuća mjesta u tekstu, trebaju 
biti izrađene u rezoluciji 600 dpi, crno-bijele (objavljivanje slika u ko-
loru moguće je na zahtjev autora i uz posebno plaćanje), formata jpg ili 
tiff, potpune i jasno razumljive bez pozivanja na tekst priloga.
Svi grafi koni i tablice izrađuju se kao crno-bijeli prilozi (osim na 
zahtjev, uz plaćanje). Tablice i grafi koni trebaju biti na svojim mje-
stima u tekstu te originalnog formata u kojemu su izrađeni radi nak-
nadnog ubacivanja hrvatskog prijevoda. Ako ne postoji mogućnost 
za to, potrebno je poslati originalne dokumente u formatu u kojemu 
su napravljeni (excel ili statistica format).
Naslovi slika i crteža ne pišu se velikim tiskanim slovima. Crteži 
i grafi koni trebaju odgovarati stilu časopisa (fontovima i izgledu). 
Slova i brojke moraju biti dovoljno veliki da budu lako čitljivi na-
kon smanjenja širine slike ili tablice. Fotomikrografi je moraju imati 
naznaku uvećanja, poželjno u mikrometrima. Uvećanje može biti do-
datno naznačeno na kraju naslova slike, npr. “uvećanje 7500 : l”.
Diskusija i zaključak mogu, ako autori žele, biti spojeni u jedan odje-
ljak. U tom tekstu treba objasniti rezultate s obzirom na problem 
postavljen u uvodu i u odnosu prema odgovarajućim zapažanjima 
autora ili drugih istraživača. Valja izbjegavati ponavljanje podataka 
već iznesenih u odjeljku Rezultati. Mogu se razmotriti naznake za 
daljnja istraživanja ili primjenu. Ako su rezultati i diskusija spojeni u 
isti odjeljak, zaključke je nužno napisati izdvojeno. Zahvale se navo-
de na kraju rukopisa. Odgovarajuću literaturu treba citirati u tekstu, 
i to prema harvardskom sustavu (ime – godina), npr. (Bađun, 1965). 
Nadalje, bibliografi ja mora biti navedena na kraju teksta, i to abe-
cednim redom prezimena autora, s naslovima i potpunim navodima 
bibliografskih referenci. Popis literature mora biti selektivan, a svaka 
referenca na kraju mora imati naveden DOI broj, ako ga posjeduje 
(http://www.doi.org) (provjeriti na http://www.crossref.org). 

Primjeri navođenja literature 
Članci u časopisima: Prezime autora, inicijal(i) osobnog imena, go-
dina: Naslov. Naziv časopisa, godište (ev. broj): stranice (od – do). 
Doi broj.
Primjer
Kärki, T., 2001: Variation of wood density and shrinkage in Europe-
an aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84. 
http://dx.doi.org/10.1007/s001070050479.
Knjige: Prezime autora, inicijal(i) osobnog imena, godina: Naslov. 
(ev. izdavač/editor): izdanje (ev. svezak). Mjesto izdanja, izdavač 
(ev. stranice od – do).
Primjeri
Krpan, J., 1970: Tehnologija furnira i ploča. Drugo izdanje. Zagreb, 
Tehnička knjiga.
Wilson, J. W.; Wellwood, R. W., 1965: Intra-increment chemical pro-
perties of certain western Canadian coniferous species. U: W. A.
Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse, 
N.Y., Syracuse Univ. Press, pp. 551- 559.
Ostale publikacije (brošure, studije itd.)
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