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Evgeny Y. Razumov1, Ruslan R.1 Safi n,  Štefan Barcík2, Monika Kvietková2, Khasanshin R. Romelevich1

Studies on Mechanical 
Properties of Composite 
Materials Based on Thermo 
Modified Timber
Analiza mehaničkih svojstava kompozitnih 
materijala proizvedenih od toplinski 
obrađenog drva

Original scientifi c paper • Izvorni znanstveni rad
Received – prispjelo: 20. 2. 2012.
Accepted – prihvaćeno: 15. 11. 2012.
UDK: 630*812.7; 630*862; 674.04
doi:10.5552/drind.2013.1206

ABSTRACT • The paper presents the studies of the possibility of using thermo modifi ed wood during the produc-
tion process of composite materials. According to the studies, the infl uence of high-temperature processing of raw 
wood, without access of air oxygen, shows the feasibility of using this type of processing in the production of wood-
cement composites to improve their performance properties. It is established that high-temperature pre-treatment 
signifi cantly reduces the “cement poisons”, such as water-soluble sugars in wood, reduces water absorption and 
swelling pressure development and, consequently, creates a composite material resistant to use under conditions 
of high humidity. A mathematical model was formulated that allows the determination of the ultimate strength of 
wood-concrete composite made from thermo modifi ed wood particles according to the treatment temperature of 
the wood chips and the mixture ratio.

Key words: thermo modifi cation, wood-fi lled composite, wood-concrete

SAŽETAK • U radu se iznose rezultati istraživanja mogućnosti uporabe toplinski obrađenog drva za proizvodnju 
kompozitnih materijala. Istraživanja su pokazala da utjecaj visoke temperature toplinske obrade na drvo, bez 
prisutnosti kisika, omogućuje primjenu tako obrađenog drva u proizvodnji drvo-cementnih kompozita kako bi 
se poboljšala njihova svojstva.  Utvrđeno je da prethodna obrada drva visokim temperaturama znatno smanjuje 
“cementne otrove” kao što su vodotopljivi šećeri u drvu, smanjuje upijanje vode i pojavu tlaka bubrenja, što 
omogućuje proizvodnju kompozitnog materijala koji je otporan pri uporabi u uvjetima visoke vlažnosti. Izrađen 
je matematički model koji omogućuje određivanje čvrstoće kompozita drvo-beton proizvedenoga od topliski modi-
fi ciranih drvnih čestica u ovisnosti o temperaturi obrade iverja i omjeru mješavine drva i betona.

Ključne riječi: toplinska modifi kacija, kompoziti od drva, kompozitni materijal drvo-beton

1 Authors are professors at Department of Architecture and Design of Forest Products, FSBEI HPE Kazan National Research Technological 
University, Kazan, Russian Federation. 2Authors are professor and assistant at Department of Wood Processing, Faculty of Forestry and Wood 
Sciences, Czech University of Life Sciences in Prague, Czech Republic.

1 Autori su profesori Odsjeka za arhitekturu i dizajn  proizvoda od drva, FSBEI HPE Kazansko nacionalno znanstveno tehnološko sveučilište, 
Kazan, Ruska Federacija. 2Autori su profesor i asistentica Odjela za obradu drva Fakulteta šumarstva i drvne tehnologije, Sveučilište bioloških 
znanosti u Pragu, Češka Republika.
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1  INTRODUCTION
1. UVOD

In recent years, there has been an increasing inter-
est in timber and related products for use in construction, 
because of the possibility of obtaining foundamentally 
new materials with improved properties - composites. 
However, besides good properties (low average density, 
ease of processing, in particular, with fragmentation, 
etc.), wood chips also have negative qualities that make 
it diffi cult to obtain a material of high strength (Nanaza-
shvily, 1974, 1981, 1984, 1990): high chemical aggres-
siveness, signifi cant volumetric humidity of deformation 
and development of swelling pressure, a signifi cant ani-
sotropy, high permeability, low adhesion relative to the 
cement stone; considerable resilience during compac-
tion of the mixture.

Traditional methods of wood modifi cation (me-
chanical, chemical) have practically exhausted its pos-
sibilities. So it is urgent to fi nd and develop new tech-
nologies based mostly on physical impacts, for example 
high temperature without air access, which would im-
prove the quality and competitiveness of wood prod-
ucts. At the same time, the well known technology of 
thermal wood modifi cation (Pat. EP-0759137, 1998), 
which increases longevity (Jamsa and Viitaniemi, 
2001), reduces water absorption and swelling of the 
wood (Calonego et al., 2010). However, in the manu-
facture of composite materials, this technology is still 
unexplored.

Therefore, the present study had the following 
objectives: to assess experimentally the effect of high 
temperature on physical properties, chemical composi-
tion and structure of the wood fi ller, and to develop 
recommendations for improving the manufacturing 
processes of wood-composite materials that enhance 
their mechanical properties.

2  MATERIAL AND METHODS
2. MATERIJAL I METODE

This paper presents the results of the properties 
of composite material, in which heat-treated wood par-
ticles are used as a fi ller, and cement is used as a binder 
(Razumov et al., 2009, 2010). Sheets of birch veneer 
were used to get wood particles of specifi c sizes. These 
sheets were cut and split into three fractions of wood 
chips with an average length of 20, 40 and 60 mm and 
a width ranging between 3 and 5 mm. For the manufac-
ture of modifi ed wood, concrete chips were used: not 
subjected to special types of processing; heat treated at 
various temperatures prior to the termination of mass 
loss.

Thus-obtained wood chips were subjected to heat 
treatment in the temperature range 160 – 220 °C prior 
to the termination of mass loss in the experimental 
vacuum-contact apparatus, consisting of a sealed 
chamber for heat treatment connected with the vacuum 
pump (Khasanshin et al., 2010). Heat supply to the 
treated material was carried out by contact method 
with the help of thermo joining surfaces, normally a 

perforated metal plate heated by fi laments and ther-
mally insulated on the side opposite to the processed 
material with porous and moisture-breathable material 
(Safi n et al., 2009, 2010). While conducting thermo 
modifi cation, the wood particles were heated to a cer-
tain temperature (between 160 and 220 °C) and weighed 
every half an hour. The end of treatment was deter-
mined when the decrease of the sample mass (wood 
chips), weighted at an interval of 30 minutes, was less 
than 3 %.

Treated in this way, wood chips were used for 
studying the properties of thermo modifi ed wood as a 
fi ller in composite materials, as well as for the manu-
facture of wood-fi lled composite – wood concrete - in 
order to further study its mechanical properties.

Studies of thermo modifi ed wood as a fi ller in 
composite materials were carried out based on the fol-
lowing main factors: wetting property – in composite 
compositions such as “wood - mineral binding sub-
stance” determines adhesive interaction between tim-
ber and binder; the content of water-soluble reduced 
substances - affects the cementation of mineral bind-
ers, water-absorption and swelling pressure - deter-
mines the development of internal-strain during opera-
tion of the composite and, hence, its longevity.

Studies on wetting property of thermo modifi ed 
wood were conducted by determining the contact angle 
at rest drops using a microscope equipped with an opti-
cal graphometer. The study on the content of soluble 
reducing substances and the development of swelling 
pressure were carried out by Russian State standards 
19222-84, and 21312-75 with the help of titrimetric 
analysis.  

Samples of wood concrete were made by mixing 
wood chips (wood : cement in accordance with the 
weight 1:3, 1:2.5, 2:3) and cement mark 400 and water 
(water to cement ratio varied between 1:4 to 1:1 at in-
tervals of 0.05) in certain proportions according to the 
experiment plan. These samples were molded in metal 
containers with the dimensions 100x100x100 mm and 
the mixture was sealed with the help of using the vi-
brating table for a previously defi ned time suffi cient to 
complete the mixture shrinkage - 7 min. The molded 
mixture was kept in containers for a day and then it was 
removed and conditioned in the premises for 30 days to 
reach full cementation.

After that, samples were subjected to cyclical 
wetting and drying in order to study the negative im-
pact of the swelling pressure of wood fi ller. At the same 
time, the samples were immersed in water at room tem-
perature for 5 days, and dried in an oven at 105 °C to 
constant weight. There were 20 “wetting-drying” cy-
cles, after which changes occurred in maximum com-
pression strength.

In order to study composite materials based on 
the strength of compression, the Sz-5-1 testing ma-
chine was used. The purpose of these pilot studies was 
to investigate the variation of the strength characteris-
tics of the composite material due to changes in the 
physical-chemical and physical-mechanical properties 
of wood fi ller in high-temperature heat treatment.
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3  RESULTS AND DISCUSSION
3. REZULTATI I RASPRAVA

Results of experimental studies of thermo modi-
fi ed wood as a fi ller for composite materials are shown 
in Figures 1-3. Graphic analysis of the dependences in 
Figure 1 shows the reduction of the wetting property of 
wood with the increase of the treatment temperature, 
which may have a negative effect on the adhesive in-
teraction between the wood and binder, meaning that 
creating a mixture requires a more thorough mixing of 
the components. However, the result of research of the 
content of water-soluble substances showed that ther-

mo modifi cation causes reduction of these substances, 
by more than 40 %, which in turn is benefi cial to the 
strength of composite materials.

The results of experimental studies of thermo 
modifi ed wood in the development of swelling pressure 
are shown in Figure 2. The graphs show that with the 
increase of the treatment temperature, swelling pressure 
of wood is signifi cantly reduced, which applied to the 
wood-fi ller is a positive factor, and can lead to the im-
provement of performance properties of wood concrete.

As a result of studies for determining the crush 
strength of wood concrete made from heat-treated 
wood particles that were subjected to 20 wetting and 
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Figure 1 The dependence of the contact angle on the processing temperature 
Slika 1. Ovisnost kontaktnog kuta o temperaturi obrade

Figure 2 The development of swelling pressure of modifi ed wood treated at different temperatures
Slika 2. Razvoj tlaka bubrenja u modifi ciranom drvu pri različitim temperaturama obrade
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drying cycles, and 20 freezing and thawing cycles, 
graphical dependence was obtained as presented in 
Figure 3. The graph shows that the preliminary thermo 
modifi cation of wood particles during the production 
process of wood concrete can signifi cantly improve the 
performance properties of this material by heat impacts 
in the range 455 - 475 K and, consequently, expand the 
range of its use. To be specifi c, wood concrete may be 
used under conditions of high humidity.

During experimental studies, the infl uence was 
also determined of mixing ratio on the mechanical 
properties of wood concrete. Thus, as a result of 
processing the experimental data, it has been found 
that the thermal treatment of the chip reduces water-
cement ratio (Figure 4), which can be explained by a 
signifi cant reduction in water absorption of thermo 
modifi ed wood particles as compared to the untreated 
ones. As a result of reconnaissance experiments, it was 
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Figure 3 Maximum compression strength of wood concrete samples made from heat-treated wood particles 
Slika 3. Maksimalna tlačna čvrstoća uzoraka kompozita drvo-beton izrađenih od toplinski obrađenih drvnih čestica

determined that the optimum water-cement ratio for 
heat-treated fi llers was 0.45.

Figure 5 shows the dependence of ultimate strength 
in compression of wood concrete on the length of the 
chip. The analysis of the obtained dependence shows 
that the increase of compression strength occurs with the 
decrease of the size of wood fi ller, as a result of the in-
creased contact area between wood particles and of in-
creased thickness of the binder (cement) layer.

Processing the experimental results, the depend-
ence of ultimate strength of the composite material in 
compression on the ratio of the mass of wood chips to 
the mass of the mineral-binder was obtained. The re-
sulting dependence presented in Figure 6 shows a de-
crease in strength with the increase of wood content in 
relation to the binder.

As planned, based on the results of the experiment 
a mathematical model was formulated for wood-com-

Figure 4 Changes in maximum compression strength of wood concrete depending on the “water-cement” ratio: 1 – fi ller, 
heat-treated at T = 473 K; 2 – fi ller, no specifi c treatment done
Slika 4. Promjene maksimalne tlačne čvrstoće kompozita drvo-beton u ovisnosti o omjeru vode i cementa: 1 – punilo 
toplinski obrađeno pri T = 473 K; 2 – punilo toplinski neobrađeno
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posite material, which allows predicting the ultimate 
strength of the composite in compression, depending on 
the amont and treatment regime of wood fi ller. The ob-
tained empirical equations show that the compression 
strength of wood concrete depends on use conditions, 
processing time and the amount of cement per surface 
unit of wood chips (thickness of cement rock).

The average value of the binder layer is deter-
mined by the relation of the initial components in the 
composition, density of packing, the nature and prop-
erties of the chip and binder, as well as the size and 
magnitude of the specifi c surface area of the fi ller. 
Hence, the thickness of interlayer cement in the contact 
zone in the structure of wood concrete can be approxi-
mately determined by using the empirical expression:

 
cspSH

KC
⋅⋅

⋅⋅
= ,  (1)

Where C and H – consumption of cement and 
hogged chips per 1 m3 of wood concrete, kg; α - coef-
fi cient taking into account the technological properties 
of wood-cement composites; ρc - the average density 
of cement, kg/m3; Ssp - specifi c surface of hogged chips, 
m2/kg; K - the output of cement slurry of normal thick-
ness, part of the whole. In our studies, the coeffi cients 
have the following values: α = 1.25, K = 0.5.

The specifi c surface area of wood particles Ssp of 
the fi ller can be determined by a formula that takes into 
account the surface edges and ends:

 S 





 ++⋅=

ab
1112

sp �
, (2)

Where ρ - the average wood density in g/cm3; l, 
b, a - the length, width, thickness, respectively, of a 
single particle of the chip in cm.

As a result of analytical and experimental stud-
ies, the expressions were obtained for the ultimate 
strength of wood concrete made from thermally modi-
fi ed wood particles depending on the conditions of ex-
ploitation:
-  When operating in dry conditions (without wetting):

σw/owetting =  1.3453+0.0859 · T – 0.0012 · T 2 + 
+6.8085 · 10–6 · T 4 +675 · δ+50000 · δ2  (3)

-  When operating in conditions of variable humidity 
(after 20 cycles of “wetting-drying”)

 +⋅−
−⋅+⋅−

=
0122.01
0002.00498.0452.3 2

wwetting

⋅+⋅⋅+
⋅+⋅+⋅⋅−

−

−

3762.30105372.3
544.302907851.5106664.2

25

237
 (4)

Thus, the resulting mathematical model allows 
predicting the ultimate strength for wood concrete in 
compression depending on the amount and treatment 
regime of wood fi ller.
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Figure 5 Maximum compression strength of wood concrete depending on the length of the chip
Slika 5. Maksimalna tlačna čvrstoća kompozita drvo-beton u ovisnosti o duljini iverja

Figure 6 Maximum compression strength of wood concrete samples depending on “wood - cement” ratio 
Slika 6. Maksimalna tlačna čvrstoća kompozita drvo-beton u ovisnosti o omjeru drva i cementa
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4 CONCLUSION
4. ZAKLJUČAK

As a result of experimental studies, based on the 
basic properties of composite materials made from 
thermo modifi ed wood and mineral binders, it was de-
termined that this type of processing of wood chips 
could be used to improve the performance properties of 
the composite material. Thermal effects, in the tem-
perature range 180-210 ºC, signifi cantly improve the 
performance properties of wood concrete, increasing 
its resistance to moisture. Wood concrete made from 
wood particles, heat-treated without oxygen, is recom-
mended to use when operating in wet conditions.
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ABSTRACT • An ergonomic seat or mattress has to provide optimal and uniform support for the body of a man or 
a woman with similar or slightly differing size centiles. It is a common opinion that spring systems in upholstered 
furniture are much more durable and more user-friendly than foam systems. The aim of this study was to develop 
a new construction of an upholstery spring of bilinear stiffness. On the basis of the conducted studies and analysis 
of their results, it was shown that traditional bonnell and barrel springs exhibit linear stiffness within the range of 
defl ections of up to 70 % of their initial pitch. New spring designs change stiffness already at defl ections of 34% 
of their pitch. Thanks to this fact they may be used in designs of seats and mattresses for individual users, patients 
or disabled individuals.  

Keywords: ergonomics, hybrid spring, mattress, numerical analysis, seat, stiffness

SAŽETAK • Ergonomsko sjedište ili madrac mora osigurati optimalnu i ujednačenu potporu za tijelo muškarca ili 
žene sličnih ili neznatno različitih veličina. Uobičajeno je mišljenje da su opružni sustavi ojastučenog namještaja 
mnogo izdržljiviji i prilagodljiviji korisniku nego sustavi od pjene. Cilj je ovog rada bio razviti novu konstrukciju 
ojastučenog namještaja s oprugama bilinearne krutosti. Na temelju provedenih istraživanja i analiza dobivenih 
rezultata zabilježeno je da tradicionalne bonnell i barrel opruge pokazuju linearnu krutost u rasponu progiba do 
70 % od početnog stanja. Opruge nove izvedbe mijenjaju krutost već pri progibu od 34 % od početnog stanja. 
Zahvaljujući toj činjenici, mogu se upotrebljavati u dizajniranju sjedala i madraca za pojedinačne korisnike, 
pacijente ili invalidne osobe.

Ključne riječi: ergonomija, hibridne opruge, madrac, numerička analiza, sjedalo, krutost
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1  INTRODUCTION
1. UVOD

Functional cushions and mattresses of upholstered 
furniture should provide the highest comfort of use, 
since they belong to the group of furniture, with which 
users have direct contact 14 to 18 hours a day. Thus an 
ergonomic seat or mattress has to provide optimal and 
uniform support for the body of a man or a woman with 
similar or slightly differing size centiles. Among the 

comfort-quantifying parameters of seats (and analo-
gously also those of mattresses), the ones most frequent-
ly cited are: the average human/seat contact pressure, 
the maximum human/seat contact pressure, the human/
seat contact-area size and the extent of symmetry of the 
human/seat contact-area (Ebe and Griffi n, 2001; Gru-
jicic et al., 2009; Kamijo et al., 1982; Lee et al., 1995; 
Milvojevich et al., 2000; Park and Kim, 1997; Park et 
al., 1998; Potter et al., 1998; Reed et al., 1991; Tewari 
and Prasad, 2000; Thakurta et al., 1995; Uenishi et al., 
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2000; Yun et al., 1992; Zhao et al., 1994). This comfort 
depends on the type of material used in the manufacture 
of seats. It is commonly and justly believed that spring 
systems in upholstered furniture are much more durable 
and more user-friendly in use than foam systems. How-
ever, a majority of literature items are research studies 
discussing mainly problems of selection, modeling and 
analyses of stiffness of foam systems in seats of uphol-
stered furniture (Chow and Odell, 1994; Ebe and Grif-
fi n, 2001; Ferrarin et al., 2000; Gonga and Kyriakidesa, 
2005; Grujicic et al., 2009; Linder-Ganz et al., 2005; 
Lusiak and Smardzewski, 2010; Silber et al., 2010; 
Schrodt et al., 2005; Smardzewski et al., 2008, 2010a,b; 
Smardzewski and Wiaderek, 2007; Vlaovic et al., 2008; 
Wiaderek and Smardzewski, 2010a,b) or modeling of 
new foam materials exhibiting auxetic properties (Al-
derson and Alderson, 2007; Bezazi and Scarpa, 2007, 
2009; Brandel and Lakes, 2001; Choi and  Lakes, 1992; 
Lakes, 1987, 1992; Prtre et al., 2006; Scarpa et al., 2004; 
Webber, 2008). It was repeatedly stressed in those stud-
ies that high comfort of use in case of seats and mat-
tresses is ensured thanks to the application of materials 
with non-linear, progressive stiffness characteristics. 
Such characteristics result in a situation when, at slight 
loads, seats are very soft, they are subjected to consider-
able defl ections and, when in contact with the body of 
the user, generate slight contact stresses. At increasing 
loads, the same seats increase their stiffness due to un-
proportional reduction of defl ections. At the same time 
they equalize mean contact stress at the contact zone 
with the user’s body (Chu, 2000; Smardzewski, 2009; 
Smardzewski et al., 2005, 2006; Smardzewski and 
Grbac, 1998; Smardzewski and Matwiej, 2007; Verver 
et al., 2004; Wang and Lakes, 2004; Wiaderek and 
Smardzewski, 2008). However, there is a lack of a wider 
discussion on the necessity of changes in shapes and 
stiffness characteristics of springs or spring panels. Sev-
eral papers were devoted to this problem, indicating the 
need to replace springs of linear stiffness characteristics 
with progressive springs (Dzięgielewski and Smardze-
wski, 1995; Kapica and Smardzewski, 1994; Smardze-
wski, 1993a,b,c, 2006, 2008a,b, 2009; Smardzewski and 
Matwiej, 2006). These changes are required due to an-
thropotechnical aspects, imposing the necessity to take 
into consideration individual needs of healthy and disa-
bled persons (Ambrose, 2004; Smardzewski, 2009; 
Smardzewski et al., 2005, 2010a; Vlaovic et al., 2008; 
Winkler, 2005).

The aim of this study was to develop virtual (nu-
merical) models of new construction of an upholstery 
spring of bilinear stiffness to be used in seats and mat-
tresses for users of different weight, height and physique. 
Such springs should be characterized by slight stiffness 
at small loads and high stiffness at large loads.  

2  METHODS AND MATERIALS
2.  METODE I MATERIJALI

In traditional mattresses, sofas or armchairs, pan-
els composed of bonnell biconical springs or barrel 
springs placed in autonomic pockets are commonly 

used. They differ in pitch, diameters of inner and outer 
coils, the number and pitch of coils as well as the diam-
eter of wire from which they were manufactured (Fig.1). 
Prior to the design process of new spring designs, it was 
decided to determine stiffness characteristics of springs 
presented in Figure 1. Springs were manufactured by a 
Polish mattress producer. A batch of 10 springs was se-
lected from each type of springs for the uniaxial com-
pression test. Testing was performed on a Zwick 1445 
testing machine at 100 mm/min. load velocity. During 
the tests load forces were recorded accurate to 0.01 N 
and defl ections were recorded accurate to 0.01 mm. 
Loading was interrupted at the defl ection of 80 mm in 
case of bonnell springs and 150 mm for barrel springs. 
On the basis of evaluation of the recorded compression 
characteristics, bonnell springs were selected for further 
tests. It was also decided to verify how contact stress 
distribution changes at the contact of a child’s body and 
the body of an adult with a mattress made from the above 
mentioned bonnell springs. 

Using bonnell springs with the geometry present-
ed in Figure 1a, a mattress of 150 x 900 x 2000 mm was 
manufactured in a Polish mattress factory. The mattress 
contained a spring core of 10 x 24 springs. The spring 
core was covered on both sides with felt of 5 mm in 
thickness and polyurethane foam T2535 of 20 mm in 
thickness, density of 25 kg/m3 and stiffness of 3.5 kPa. 
The upholstery summer-winter layer on the summer 
side was made from an upholstery fabric (38 % polyes-
ter, 25 % cotton, 37 % polypropylene) quilted with cot-
ton at 200 g/m2, while on the winter side it was made 
from an upholstery fabric (46 % polyester, 54 % poly-
propylene) quilted with natural sheep wool at 250 g/m2. 
An FSA Bed sensor mat by Vista Medical, Ltd. was 
placed on the surface of the summer side of the mattress 
(sensing area 762 x 1920 mm, poly thickness 4 mm, 
sensor dimensions 20.5 x 57.2 mm, sensor gap 3.4 x 
3.1 mm, sensor arrangement 32 x 32, standard calibra-
tion range 13.3 kPa). It was calibrated prior to measure-
ments and then the mat was coupled with a computer 

 a) b)
Figure 1 Geometry of traditional upholstery springs: a) bon-
nell, b) barrel
Slika 1. Geometrija tradicionalnih opruga ojastučenog 
namještaja: a) bonnell, b) barrel
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(Intel® Core™ i5 CPU, 2.53 GHz, RAM 4 GB, Win-
dows 7). Load on the mattress was generated by a 3-year 
old boy of 14.5 kg and 985 mm and a 32-year old man 
of 76 kg and 1680 mm, both in a lateral recumbent posi-
tion. Stresses were recorded for each user three times 
for 5 minutes with a frequency of 10 Hz and accurate to 
0.133 kPa. From each measurement a total of 3 000 re-
cordings were registered. For further analyses the re-
cordings were selected, in which values of maximum 
stresses changed by max. 10 % in fi ve hundred succes-
sive recordings. Taking into consideration the obtained 
distribution and maximum values of contact stresses on 
the basis of the discussion of results, new designs of 
biconical springs were developed.

First, it was decided to design a structure and next 
to numerically verify stiffness of hybrid springs for seats 
with non-linear compression characteristics. It was as-
sumed that the designed spring should be composed of 
two parallel linked elementary springs (Fig. 2). Then, 
compression characteristics of the whole system would 
also be composed of two segments, one presenting de-
fl ection of the element with stiffness k1 to the moment 
when coils of the spring with stiffness k2 settle on the 
foundation, and the other segment illustrating joint stiff-
ness of both springs with stiffness k3 = k1 + k2. 

Traditional parallel systems of cylindrical or bar-
rel springs are of little practical value both from the 
economic and practical point of view. In such a situa-
tion the weight of the box spring and the amount of 
labor required for its assembly increase. Thus an effec-
tive solution needs to be searched for by modeling the 
stiffness of one-piece hybrid conical springs. Progres-
sive stiffness of the designed springs should provide 
high softness of the system at mild surface loads and 
considerable stiffness at the action of concentrated 
forces or forces of high intensity. For the described op-
eration, conditions the minimum structural requirement 
is a spring composed of two outer cones with low stiff-
ness and an inner spring (cylindrical or conical) of 
higher stiffness. The analytical solution for stiffness 
of conical springs was given for the fi rst time by 
Timoshenko (Timoshenko and Young, 1962). Howev-
er, that model may be applied for springs with a small 
pitch, where the coil angle and distances between coils 
are slight. In case of bonnell springs, there are large 
pitches, considerable coil angles and large distances 
between coils. The calculation method for such springs 
was presented in studies by Smardzewski (1993,a,b,c, 
2006, 2008a,b), where stiffness of one spring cone is 
calculated from the equation:
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R1 –  the biggest coil radius / najveći polumjer namo-
taja,

R2 –  the smallest coil radius / najmanji polumjer 
namotaja,

α –  the angle of the coil spring / kut namotaja 
opruge,

n  – number of spring coils / broj namotaja opruge,
G – Kirchhoff modulus / Kirchhoffov modul,
r – spring wire radius / polumjer žice opruge,
m –  coeffi cient dependent on spring stiffness / koe-

fi cijent ovisan o krutosti opruge.

The above mentioned studies also presented the 
consistency of analytical solutions with the results of 
numerical calculations. Despite the fact that the devel-
oped mathematical formulas adequately describe the 
stiffness of modeled structures, from the point of view 
of practice in design offi ces, it may be diffi cult to ap-
ply. Thus, it was decided to conduct virtual modeling 
of spring shape in the Autodesk® Inventor® Profes-
sional 2011 environment with the use of computer-in-
tegrated CAD/CAE applications, well-known and 
commonly available to engineers. It was assumed that 
the dimensions of outer spring cones would be close to 
the dimensions of spring cones from Figure 1a, at: 
2 ≤ n ≤ 4, R1 = 20 mm, R2 = 40 mm, G = 9⋅104 MPa,  
1.4 ≤ 2r ≤ 2.2 mm. On this basis, three models of hybrid 
springs to be used in a furniture seat were prepared with 
the dimensions as in Figure 3.

The models are characterized by an identical 
shape of the outer biconical spring. The difference con-
sists in the shape of the 4-coil inner spring. Model A 
has an inner spring with coils expanding downwards at 
a 3° angle. Model B contains a cylindrical spring with 
an identical diameter of inner coils, while model C 
comprises a conical spring, which coils narrow down-
wards at an angle of 5°. A constant distance of 34.4 mm 
was maintained between the base of the biconical 
spring and the base of each of the inner springs. This 
distance results from the adopted assumption that, in 
case of seat springs within this range of defl ections, the 
stiffness of spring k1 ≤ 0.3 N/mm. This means that de-
fl ections amounting to approx. 1/3 pitch of the spring 
should be caused by loads of max. 10 N. 

Each of the designs (a total of 9) was recorded in 
an STP fi le and as solids they were imported to the Au-
todesk® Algor® Professional 2011 system, performing 
calculations using the fi nite element method. Next, ap-
propriate meshes were generated, composed of 20-node 
solid elements with mesh size of max. 0.5 mm (Fig. 4). 
Nodes of coils constituting the base of the biconical 
spring were steadily supported and placed on the Impact 
Plane surface. This surface made it possible to provide a 
comprehensive analysis of contact with all surfaces of 
spring coils. Compression loads were exerted by a stiff 

Figure 2 Stiffness of a parallel spring system
Slika 2. Krutost paralelnog sustava opruga

λ, mm

F, N
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plate (E = 2⋅105 MPa) placed over the upper spring coils. 
Moreover, the master and slave surfaces were defi ned 
for all plate-spring coil pairs in contact during compres-
sion. The plate was steadily supported in the horizontal 
plane providing freedom of movement in the vertical 
axis. Surface loads with the total value of 57.04 N were 
applied onto the upper plate surface, corresponding to 
the value of compressive force of a bonnell spring dur-
ing the experimental tests. 

The next step in the design process was to de-
velop a spring structure with a non-linear compression 
characteristic, to be used in mattresses. Here the as-
sumed spring stiffness was k1 ≤ 0.2N/mm. This means 
that defl ection of approx. 1/2 pitch of a biconical spring 
should be caused by loads of max. 10 N. In view of the 
above recommendations, four successive spring de-
signs were prepared with geometry and dimensions as 
in Figure 5. Wire with a diameter of 1.4 and 1.6 mm 
was used in the models. Model D is characterized by an 
identical shape of the outer biconical spring as that in 
models A, B and C. The difference consisted in the 
shape of the inner spring. This spring was composed of 
three coils expanding downwards at an angle of 3°. In 
model E, the geometry of the outer biconical spring 
was changed. The coil angle was increased from 70° to 
75°, while the coil angle of the inner spring changed 
from 3° to 6°. Moreover, the distance between the base 
of the biconical spring and the base of each of the inner 
springs was increased to 50 mm. This distance was to 
provide greater free settlement of coils in the biconical 
spring than in the previous models. The method of 
preparation for numerical calculation in models D and 
E was identical as in case of models A, B and C. 

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

Uniaxial compression of conical and barrel 
springs indicates a completely different character of 

Figure 5 Geometry of hybrid biconical springs type: a) D, b) E, made from wire with a diameter of 1.4 or 1.6 mm
Slika 5. Geometrija hibridnih bikoničnih opruga tipa: a) D, b) E, napravljena od žice promjera 1,4 ili 1,6 mm

Figure 4 Mesh model of spring
Slika 4. Mrežasti model opruge

Figure 3 Geometry of hybrid springs type: a) A, b) B, c) C
Slika 3. Geometrija hibridnih opruga tipa: a) A, b) B, c) C

The wire material was spring steel with the modulus 
of elasticity E = 9⋅104 MPa. The task was defi ned as non-
linear taking into consideration considerable displace-
ments, realizing 100 iterations within 1 second. As a result 
of calculation, stiffness characteristics were obtained for 
individual hybrid springs, and they were presented in the 
form of the dependence force = f(dis placement). 
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work for each of these springs. Figure 6 presents forms 
of deformation for springs compressed to 50 % and 25 
% of their initial pitch. As it can be seen in Figure 6a, 
coils of bonnell springs defectively settle onto the base 
within the range of defl ections of approx. ¾ of spring 
pitch. Only when this boundary was exceeded, the fi rst 
active coil settled on the base and it was only in one 
point Q. In case of a barrel spring (Fig. 6b), the gradual 
settlement of coils occurs only at a defl ection exceed-
ing 75 % of spring pitch.  

Settlement of coils at such a considerable com-
pression of springs results in a situation when their 
range of progression is practically shifted outside the 
range of design work. Figure 7 presents mean stiffness 
characteristics of bonnell and barrel springs determined 
in the uniaxial compression test. It can be clearly seen 
from this fi gure that within the range of displacements 
of up to 70 mm, a bonnell spring exhibits a linear de-
pendence between force and defl ection. Only when this 
value is exceeded, spring stiffness increases markedly. 
It is caused by the above mentioned settlement of coils 
and its support on the base. In contrast, a barrel spring 
exhibits a much lower, but instead completely linear 
stiffness characteristic. 

Linearity of the design load section of compres-
sion characteristics in both springs results in a situation 
when the same mattress made from identical compo-
nents and with identical dimensions may be too hard 
for a child and too soft for an adult. This is indicated by 
the results of measurements shown in Figure 8. It can 
be seen that the greatest contact stresses at the contact 

surface of the boy’s body and the mattress concentrate 
at the head, the shoulder and the pelvis (Fig. 8a). At the 
site of support for the shoulder its maximum value was 
8.79 kPa, while at the support site for the pelvis it was 
9.86 kPa. At the body/mattress contact surface in case 
of the man, the greatest stresses were recorded at the 
height of the shoulder and head amounting to 12.13 
kPa, while at the support site for the pelvis, stresses 
amounted to 6.79 kPa. 

Guttmann (1946), Husain (1953) and Kosiak 
(1959, 1961) reported a relationship between the 
amount of pressure, duration of application and the de-
velopment of tissue damage in canine and rat experi-
ments. Kosiak (1959, 1961) stated that microscopic 
pathological changes were noted in tissues subjected to 
as little as 8 kPa for only one hour, although no chang-
es were recorded in the animals that were subjected to 
pressures of 4.7 kPa for periods up to four hours. Ac-
cording to Hostensa et al. (2001), Landis (1930), Taka-
hashi et al. (2010) pressures lower than 2.7 to 4 kPa are 
required to prevent capillary occlusion and pressure 
discomfort due to prolonged sitting. Reswick and Rog-
ers (1976) developed a relationship between the maxi-
mum pressure being experienced by the supporting tis-
sues and the time over which that maximum pressure 
was applied. If the pressure/time index fell above the 
curve, subjects exhibited pressure sore histories. If it 
fell in the acceptable zone, they did not show pressure 
problems. This classic study has served as the basis for 
clinical management practices until this day. 

Loads of 4 - 8 kPa, as a criterion for comfort, 
were applied in many studies on designs of seats and 
mattresses (Brienza et al., 1996; Butcher and Thomp-
son, 2009, 2010; Gross et al., 1994; Hamanami et al., 
2004; Sacks, 1989; Seigler and Ahmadian, 2003; 
Smardzewski, 2009; Smardzewski et al., 2010a,b; Te-
wari and Prasad, 2000; Wang et al., 2004). On the basis 
of the presented literature data and those from Figure 8, 
it can be seen that the selected mattress was too hard 
for the user of a small weight, having a small body/
mattress contact surface area. Also the man’s body was 
inadequately supported. A too high disproportion of 
stresses in the shoulder and pelvis areas indicates that 

Figure 6 Geometry of deformed upholstery springs: a) 
bonnell, b) barrel springs
Slika 6. Geometrija deformirane opruge za ojastučeni 
namještaj: a) bonnell opruge, b) barrel opruge
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Figure 7 Stiffness of springs in the uniaxial compression test
Slika 7. Krutost opruga pri jednoosnome tlačnom ispitivanju
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Figure 9 Stiffness of hybrid upholstery springs made from wire with a diameter of 1.6 mm
Slika 9. Krutost hibridnih opruga za ojastučeni namještaj napravljenih od žice promjera 1,6 mm

Figure 10 Stiffness of hybrid upholstery springs made from wire with a diameter of 1.8 mm
Slika 10. Krutost hibridnih opruga za ojastučeni namještaj napravljenih od žice promjera 1,8 mm
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springs of a linear stiffness, as those applied in the mat-
tress, press too intensively on the shoulder and moder-
ately on the pelvis. 

In view of the above, designs for new, nonlinear 
springs - type A, B and C were prepared, whose calcu-
lated stiffness characteristics are shown in Figures 9, 
10 and 11. 

When comparing stiffness of springs modeled 
from wire with a diameter of 1.6 mm (Fig. 9), it can be 
seen that within the range of displacements from 0 to 
34.4 mm only the biconical spring works. Its stiffness 
in this range of displacements overlaps with stiffness 
of the barrel spring. From the moment of contact of the 
fi rst coils of the inner spring with the base stiffness, the 
whole system increases markedly. Here, the smallest 

slope of the curve was observed for model A, while it 
was the greatest for model C. This means that above a 
load of 7 N, defl ections of the spring type A increase 
faster than those of spring type B, while defl ections of 
spring type B increment faster than defl ections of 
spring C. The two-rate nonlinear stiffness of springs 
results in a situation when, at a load of 20 N, a tradi-
tional bonnell spring defl ects by 37 mm, spring type A 
by 48 mm, spring B by 45 mm, while spring C by 41 
mm, respectively. An increase in load up to 40 N caus-
es the bonnell spring to continue to defl ect linearly to 
the value of 74 mm, while spring A to 69 mm, spring B 
to 60 mm and spring C to 52 mm. In order to better 
describe differences in stiffness of springs, two stiff-
ness coeffi cients were defi ned. Coeffi cient k1=(F7N-

Figure 8 Distribution of contact stresses on the contact surface of the user’s body with the mattress: a) a child, b) a man
Slika 8. Raspodjela kontaktnih naprezanja na dodirnoj površini korisnikova tijela i madraca: a) dijete, b) muškarac
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F0N)/(λ7N-λ0N) (N/mm) for the fi rst linear segment of 
the characteristic with a maximum load of 7 N and 
k3=(F40N-F10N)/(λ40N-λ10N) (N/mm) for the second seg-
ment, illustrating stiffness resultant from the outer bi-
conical spring and the inner spring, with the maximum 
load of 40 N. As it can be seen from Figure 9, stiffness 
of the barrel spring is constant, amounting to k1 = 0.11 
N/mm, while it is k1 = 0.55 N/mm for the bonnell 
spring. Still stiffness of all models of hybrid springs in 
the fi rst range is 0.19 < k1(A,B,C) < 0.20 N/mm. In the 
second range of defl ections, stiffness depends on the 
shape of the inner spring. For spring type A, the stiff-
ness index k3A is 0.99 N/mm, for spring B k3B=1.36 N/
mm, and for spring type C k3C=1.87 N/mm. 

Stiffness of springs modeled from wire with a di-
ameter of 1.8 mm and 2.2 mm is presented in Figures 
10 and 11. Also in these cases similar qualitative differ-
ences can be observed in stiffness of individual spring 
models. It is also of interest that their stiffness in the 
fi rst range of displacements increased slightly. For 
models made from wire with a diameter of 1.8 mm, this 
stiffness falls within the range of 0.22 <k1(A,B,C) < 0.23 N/
mm, while for models made from wire with a diameter 
of 2.2 mm, it is 0.23 < k1(A,B,C) <0.32 N/mm. Consider-
ably greater quantitative differences are found in the 
second range of displacements, during the simultane-

Figure 11 Stiffness of hybrid upholstery springs made from wire with a diameter of 2.2 mm
Slika 11. Krutost hibridnih opruga za ojastučeni namještaj napravljenih od žice promjera 2,2 mm

ous compression of coils in the biconical and inner 
springs. As it can be seen in Figure 10, the stiffness 
index for individual springs is as follows: k3A=2.01, 
k3B=3.04 and k3C=4.11 N/mm. In turn, for springs made 
from wire with a diameter of 2.2 mm (Fig.11), stiffness 
indexes for individual spring types are ordered as fol-
lows: k3A=2.63, k3B=4.57, k3C=6.26 N/mm. 

Taking into consideration the results of numerical 
calculations, it is obvious that the new models of uphol-
stery springs in terms of their performance characteris-
tics are much more attractive in comparison to bonnel or 
barrel (encased) springs used so far. A signifi cant advan-
tage of these springs is connected with their two-rate 
stiffness guaranteeing a greater potential for free mode-
ling of stiffness in seats of armchairs depending on the 
needs of their users. Considering their anthropometric 
properties, particularly weight and dimensions of the 
body, a seat optimally supporting the body in the sitting 
position should be designed. Among the nine analyzed 
variants of springs, model A made from wire with a di-
ameter of 1.6, 1.8 and 2.2 mm turned out to be the most 
practical structural solution. Advisability of this selec-
tion is confi rmed by Figure 12. It can be seen from this 
fi gure that, when applying different wire diameters, the 
stiffness of springs in the initial range of coil settlement 
may easily be changed from 0.19 N/mm to 0.32 N/mm. 
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Figure 12 Stiffness of hybrid upholstery springs type A 
Slika 12. Krutost hibridnih opruga za ojastučeni namještaj tipa A 
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In the second range of the experiment parameters, their 
stiffness increases from 0.99 N/mm to 2.63 N/mm. Thus, 
in terms of such a spectrum of spring stiffness, a struc-
tural solution may be selected, aimed at providing com-
fort and functionality to seating and resting furniture to a 
child, a woman or to a man. Due to their linear stiffness 
characteristics (Fig. 12), bonnell or barrel springs do not 
ensure such extensive possibilities. 

Moreover, new designs were also developed for 
spring type D and E to be used in mattresses. Their 
nonlinear stiffness characteristics are presented in Fig-
ure 13, including characteristics of spring type D made 
from wire with a diameter of 1.6 mm and two charac-
teristics of spring type E made from wire with a diam-
eter of 1.4 and 1.6 mm.

We can see from Fig. 13 that the settlement of 
coils in the inner spring starts after the spring is com-
pressed by approx. 50 mm. Here, depending on the 
spring model and wire diameter, the value of force 
causing this settlement varies. For spring type D this 
force was 10 N, while for spring type E 7 N or 8 N, 
depending on the diameter, it was made from i.e. 1.4 
mm vs. 1.6 mm. In the fi rst range of the spring opera-
tion, their stiffness was k1D=0.19 N/mm, 0.14<k1E<0.15 
N/mm. It is obviously markedly lower than the stiff-
ness of barrel springs, which is particularly signifi cant 
in modeling of mattresses to be used by children and 
women. In the second stage of coil settlement, stiffness 
resultant from individual springs increased markedly. 
For spring type E it was 1.85 N/mm, while for spring 
type D made from wire with a diameter of 1.6 mm 
k3E=1.28 N/mm. In case of spring type E made from 
wire with a diameter of 1.4 mm k3E=1.08 N/mm. More-
over, this spring has an additional advantage. As it can 
be seen from Figure 13, before complete compression, 
it exhibits a three-rate stiffness characteristic. In the 
third range of work its stiffness is 4.18 N/mm.

The presented models of hybrid springs for mat-
tresses differ from hybrid springs for seats in terms of 
the following characteristics: they exhibit a greater range 
of free coil settlement of outer springs, lower stiffness in 
the fi rst and second range of work during uniaxial com-
pression and in some cases three-stage stiffness charac-
teristics. These advantages perfectly match the modeling 

of ergonomic mattresses adapted to individual needs of 
users. It is crucial particularly when the bed should be 
designed for use in boarding houses, students’ hostels, 
hotels, hospitals, etc., where many individuals of differ-
ent physique use the same mattress.  

4  CONCLUSIONS
4.  ZAKLJUČCI

On the basis of conducted tests and analyses of 
their results, the following conclusions and observa-
tions may be made:

Traditional bonnell or barrel springs exhibit linear  -
stiffness over a considerable range of design dis-
placements of up to 70 mm,
Tested mattresses made from bonnell springs by  -
contact with the user’s body cause disadvantageous 
pressures exceeding 8 kPa,
Developed structures of hybrid springs are charac- -
terized by an advantageous nonlinear stiffness,
In the design of seats, we may recommend springs  -
model A made from wire with a diameter from 1.6 
mm to 2.2 mm, while for mattresses we recommend 
springs type E made from wire with a diameter 
from 1.4 to 1.6 mm.
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ABSTRACT • Studies were carried out on the infl uence of Prunus africana heartwood extractives on the growth 
of selected wood decay fungi. Also, wood chemical and mineral content, dimensional stability and anatomical 
features of P. africana were studied. Heartwood extractives were tested in 100 ppm and 500 ppm concentrations 
on white, brown rot, and blue stain fungi and growth inhibition was determined as a factor of time. Dimensional 
stability was determined by computing the swelling coeffi cient after the blocks were saturated with moisture. 
Klason lignin, Kürschner cellulose, extractive and ash contents were determined by standard procedures. Infrared 
analyses were performed using Perkin Elmer FTIR spectrometer. Microscopic examination was performed using an 
environmental scanning electron microscope. The results showed that the wood is dimensionally stable, and con-
tains 12.7 % extractives, 37.6 % cellulose and 30.4 % lignin. Extractives deposited in vessels are highly soluble in 
dichloromethane and mainly composed of terpenes. Extractives were able to inhibit the growth of white rot fungi 
Coriolus versicolor, brown rot fungi Poria placenta and blue stain fungi Aureobasidium pullulans at different con-
centrations tested and could explain the high durability of Prunus africana wood species.

Key words: Prunus africana, heartwood, extractives, fungi, inhibition

SAŽETAK • Cilj rada bio je istražiti utjecaj ekstraktivnih tvari u drvu Prunus africana na pojavu i razvoj 
određenih vrsta gljiva koje uzrokuju trulež. Također, analiziran je kemijski i mineralni sastav drva P. africana, 
njegova dimenzijska stabilnost i  anatomska obilježja. Ekstraktivi iz drva srži testirani su u koncentraciji 100 
ppm i 500 ppm na gljive bijele truleži, smeđe truleži i plavila, a inhibicija rasta određena je kao faktor vremena. 
Dimenzijska je stabilnost određena izračunavanjem koefi cijenta bubrenja nakon što su uzorci natopljeni vodom 
do zasićenja. Klason lignin, Kürschner celuloza, ekstraktivi i sastav pepela određeni su standardnim postupcima. 
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1  INTRODUCTION
1.  UVOD

Prunus africana (Hook) occurs widely in tropical 
Africa. In Kenya, the plant is widely found in natural 
indigenous forests of Central and Rift Valley provinc-
es. Wood of P. africana is widely used in Kenya for the 
construction of bridges and railway sleepers due to its 
high natural durability (Mburu, 2007). The heartwood 
is dark brown in color and described as resistant to ter-
mites and fungi (Mburu, 2007). Depletion of this wood 
species has raised concern in the Forestry Sector due to 
illegal exploitation evident in some parts of the country 
(Hitimana, 2000). In spite of the logging ban by the 
Kenyan government, farmers are encouraged to do-
mesticate P. africana, a high value tree species, to en-
sure its continued existence. Traditionally, water ex-
tractives of P. africana bark are used orally to treat 
benign enlargement of the prostate gland in man (Bom-
bardelli and Morazzoni, 1997; Stewart et al., 2003; 
Catalano et al., 1984; Breza at al., 1998). Pentacyclic 
triterpenes (oleanolic and ursolic acids) are believed to 
inhibit the activity of glucosyl-transferase, an enzyme 
involved in the infl ammation process (Dufour et al., 
1984; Bassi et al,. 1987; Barlet et al., 1990; Bom-
bardelli and Morazzoni, 1997). 

There is no reported data on the infl uence of P. 
africana extractives on specifi c wood destroying fungi 
by taking time of inhibition as a factor. Similarly, other 
factors that infl uence durability of wood such as chem-
ical composition and anatomical features have not been 
fully investigated. This study aimed at providing im-
portant technological information on P. africana wood 
and testing growth inhibition of aggressive white rot 
fungi, Coriolus versicolor, brown rot fungi Poria pla-
centa and coloration fungi Aureobasidium pullulans by 
heartwood extractives.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1.  Soxhlet extraction
2.1.  Ekstrakcija soxhleta

Mature P. africana trees growing in Kimondi, 
Kapsabet forest, Kenya were sampled, felled and wood 
sawn into blocks measuring 5 mm × 20 mm × 25 mm.   
Heartwood and sapwood blocks, air dried to approxi-
mately 18 % MC, were separately ground to fi ne pow-
der, passed through a 115-mesh sieve and dried at 60 °C 
to constant weight and 12 % MC before extraction. Dry-
ing at 60 °C instead of 103 °C has been shown to mini-
mize extractive degradation (Neya et al., 2004). 

Hexane, acetone, dichloromethane, water and a mixture 
of toluene/ethanol at the ratio of 2:1 (v/v) were used suc-
cessively for soxhlet extraction of 50 g sample each for 
15 hours at a rate of about 10-12 cycles per hour and 
replicated three times.

2.2  Fungal growth inhibition
2.2.  Sprečavanje rasta gljiva

Mycelium was grown in 9 cm diameter Petri 
dishes fi lled with 20 ml of malt-agar sterilized medium, 
prepared by mixing 20 g of malt and 40 g of agar in one 
liter of distilled water containing 100 ppm or 500 ppm 
of heartwood extract only. Plates were inoculated by 
placing a small portion of a malt- agar freshly grown 
fungal colony of C. versicolor, P. placenta or A. pullu-
lans at the centre of each petri dish and cultures were 
maintained at 22 °C and 70 % relative humidity. 
Growth was evaluated by measuring the mean of two 
perpendicular diameters of the colony every two days. 
Inhibition was computed using equation (1), when the 
diameter of control culture fi lled the petri-dish: 

Growth inhibition (%) = 100 × (1 – d2/d1) (1)

Where d2 is the diameter of the control culture 
and d1 the diameter of the extract culture. 

2.3  Determination of dimensional stability
2.3.  Određivanje dimenzijske stabilnosti

Twenty four specimens of P. africana were cut 
into regular blocks of 60 mm × 20 mm × 20 mm (l, r, t) 
with the surfaces smoothened using hand planer, dried 
to constant weight and their lineal dimensions mea-
sured to the nearest 0.01 mm using veneer callipers for 
the determination of initial volume (V1). The blocks 
were put in desiccators containing saturated copper 
sulphate solution and internal relative humidity greater 
than 80 %. The weights of the blocks were measured 
every two days until stabilization. The dimensions 
were measured along the initial axes and used to com-
pute the swollen volume (V2) and swelling coeffi cient 
(S) using the formula:

 100(%)
1

12 ×
−

=
V

VVS  (2)

2.4  Chemical analysis and composition
2.4.  Kemijska analiza i sastav

Heartwood powder was soxhlet extracted in se-
ries with ethanol and toluene/ethanol mixture at the 
ratio of 1:2 for 8 hours, then dried at 103 °C. Approxi-
mately 500 mg of extractive-free dry powder (m2) was 
introduced in 10 ml of 72 % concentrated sulphuric 
acid at room temperature, stirred for 4 hours then di-
luted with 240 ml of distilled water and heated at 100 

Infracrvena analiza provedena je upotrebom FTIR spektrometra Perkin Elmer. Mikroskopska istraživanja prove-
dena su uz primjenu elektronskog mikroskopa. Rezultati su pokazali da je drvo P. africana dimenzijski stabilno, da 
sadržava 12,7 % ekstraktivnih tvari, 37,6 % celuloze i 30,4 % lignina. Ekstraktivne tvari pohranjene u trahejama vrlo 
su topljive u diklormetanu i uglavnom su sastavljene od terpena. Ekstraktivi su bili sposobni spriječiti razvoj gljive 
bijele truleži Coriolus versicolor, gljive smeđe truleži Poria placenta  i gljive plave truleži Aureobasidium pullulans 
pri različitim koncentracijama, čime se može objasniti vrlo velika prirodna trajnost te vrste drva.

Ključne riječi: Prunus africana, drvo srži, ekstraktivne tvari, gljive, sprečavanje rasta gljiva
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Development of the mycelium on the malt-agar 
medium treated with toluene/ethanol, acetone or water 
extracts started after some inhibition period compared 
to that of the control. The period of mycelia growth 
inhibition increased with extract concentration for all 
the three test fungi. During this period, activity of the 
fungus was detected by formation of a colored area 
around the fungal inoculate with coloration increasing 
with the concentration of the extractive.  Dichlo-
romethane heartwood extracts showed higher growth 
inhibition to the three fungi than toluene/ethanol and 
acetone heartwood extractives even at low concentra-
tion. A. pullulans, which is a coloration fungi, showed 
the least resistance against all extractives, compared to 
C. versicolor and P. placenta white rot and brown rot 
fungi respectively. 

3.2  Chemical composition
3.2.  Kemijski sastav

The results of chemical analysis of wood showed 
that heartwood contains a relatively high lignin con-
tent, and low hemicelluloses and cellulose contents. 
Lignin has a complex, non-repetitive three-dimension-
al structure, which makes it resistant to attack by nu-
merous micro-organisms. The chemical composition of 
P. africana heart wood in percentage was lignin 30.4, 
cellulose 37.6, hemicelluloses 18.5, extractives 12.7 
and ash 0.8. 

FTIR spectrum for P. africana dichloromethane 
heartwood extractives is presented in Figure 2. Trans-
mittance (%T) Signals at 1690 cm-1 and 2600 cm-1 

(broad absorption) are characteristic of carbonyl and 
hydroxyl groups respectively of carboxylic acid func-
tion. Hydroxyl groups of sugar unit appear at 3400 cm-1, 
while strong absorption at 2860 cm-1 is characteristic of 
C-H vibrations present in aliphatic structure of terpenes 
(Catalano et al., 1984). 

3.3  Anatomical characteristics and dimensional 
stability

3.3.  Obilježja anatomske građe i dimenzijska 
stabilnost 

Heartwood features of P. africana are highlighted 
in Figure 3 manifesting a radial arrangement of soli-
tary, paired or clustered vessels of up to 5 elements and 

°C for 4 hours in an oil bath. The solution was left for 
25 minutes to cool, fi ltered through a Buchner funnel, 
rinsed with hot water at 70 °C and the residue dried at 
103 °C to constant weight (ml). Klason lignin (KL) 
content was calculated using the formula:

 100(%)
2

1 ×=
m
mKL  (3)

Another heartwood powder sample was prepared 
by grinding, passed through 115-mesh sieve, soxhlet 
extracted in series with ethanol and toluene/ethanol mix-
ture at the ratio of 1:2 for 8 hours, then dried at 103 °C. 
Ten grams of extractive free dry heartwood powder was 
refl uxed three times in a 1:4 volume mixture of concen-
trated nitric acid and ethyl alcohol for 1 hour, the resi-
due washed, dried and weighed as Kürschner cellulose. 
An additional one gram of dried heartwood powder (m0) 
was heated in a furnace at 500 °C for 4 hours and ash 
generated weighed (ma), and then percent ash content de-
termined from the ratio ma to m0.

2.5  Anatomical and infrared analysis
2.5.  Anatomska i infracrvena analiza

An environmental scanning electron microscope 
(ESEM Quanta 200) was used to examine microtomed 
transverse surface of heartwood test specimen and photo-
micrographs taken at different magnifi cations. The trans-
verse surface was clearly marked to enable observation 
of the same area before and after extraction. Nine mg of 
dichloromethane heartwood extract was mixed homoge-
neously with 300 mg KBr and pressed at 450 bars for 5 
minutes to form pellets and analyzed using Perkin Elmer 
FTIR spectrometer, SPECTRUM 2000 with spectra re-
corded on a wave range of 400 cm-1 to 4000 cm-1.

3  RESULTS
3.  REZULTATI

3.1.  Amount of wood extractives and their effect 
on fungal growth

3.1.  Količina ekstraktivnih tvari u drvu i njihov utjecaj 
na razvoj gljiva 

Table 1 shows the amount of extractives in the 
heartwood and sapwood of P. africana through series 
extraction on the same batch of wood powder with dif-
ferent solvents of increasing polarity in the listed order.

Heartwood hexane extraction recorded the lowest 
percentage of 0.3 % extract followed by dichlorometh-
ane 0.4 %. Extract content of acetone, toluene/ethanol 
and water was above 3 %. Water leads with the highest 
extract content of more than 5 %.  The naturally durable 
heartwood (Mburu, 2007) contained higher amount of 
extractives than the perishable sapwood, and it was 
therefore used for evaluation of durability. Figure 1 
shows that heartwood extractives inhibited fungal 
growth and that the effect depended on the type of ex-
tract used and the concentration levels. Total growth in-
hibition was observed for the three tested fungi at con-
centration levels of 500 ppm dichloromethane extract. 
Toluene/ethanol and acetone extracts showed partial in-
hibition for the three fungi. Water extracts presented 
high inhibition activities at 500 ppm, while lower con-
centrations of 100 ppm lead to partial inhibition. 

Table 1 Percent yield of wood extractives from P. africana 
heartwood and sapwood removed by different solvents
Tablica 1. Količina ekstraktivnih tvari u drvu srži i bjeljike 
izdvojena različitim otapalima

Solvent / Otapalo

Amount of extractive, %
Količina ekstraktivnih tvari, %
Heartwood
Drvo srži

Sapwood
Drvo bjeljike 

Hexane / heksan 0.3 0.3
Dichloromethane
diklormetan 0.4 0.4

Acetone / aceton 3.0 2.9
Toluene/Ethanol
toluen/etanol

3.4 3.0

Water / voda 5.6 5.1
Total / ukupno 12.7 11.7
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Most of the extractives deposited in the heart-
wood vessels were removed during extraction (Figure 
3 (c) and (d)) and those from dichloromethane showed 
higher inhibition rate against growth of fungi indicat-
ing that extractives deposited in the vessels and rays 
contribute to the reported natural durability of P. afri-

ranging in diameter between 50 µm and 150 µm. Abun-
dant extractive deposits, thick-walled fi bers measuring 
10 µm and 30 µm, multiseriate rays 3 to 6 cells wide 
and 15 cells high, and low proportion of parenchyma 
cells associated with vessels characterize the cellular 
structure of the wood.
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Figure 1 Inhibition of C. versicolor, P. placenta and A. pullulans growth by P. africana heartwood extractives from different 
solvents
Slika 1. Usporenje rasta gljiva C. versicolor, P. placenta i A. pullulans uz pomoć ekstraktivnih tvari dobivenih različitim 
otapalima iz srži drva P. africana

Figure 2 FTIR spectrum of P. africana dichloromethane heartwood extractives 
Slika 2. FTIR spektar ekstraktivnih tvari dobivenih iz srži drva P. africana primjenom diklormetana kao otapala
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a) Radial arrangement of vessels
a) Radijalni raspored traheja

b) Extract deposits in vessels
b) Naslage ekstraktivnih tvari u trahejama

c) Vessels after extraction
c) Traheje nakon ekstrakcije

d) Vessels with extract deposit removed
d) Traheje nakon izdvajanja naslaga ekstraktivnih tvari

Figure 3 ESEM analysis of a transverse section of P. africana before and after dichloromethane extraction
Slika 3. Analiza ESEM poprečnog presjeka drva P. africana prije i nakon ekstrakcije diklormetanom

cana wood. Additionally, the relatively low mean 
swelling coeffi cient of 4.5 % indicates that P.africana 
heartwood is dimensionally stable since it picks less 
moisture. This partially explains inhibition of fungal 
growth by heartwood extractives and contribution to 
the high natural durability of this species even in the 
outdoor use.

4  DISCUSSION
4.  RASPRAVA

4.1  Wood extractives and their effect on fungal 
growth

4.1.  Ekstraktivne tvari iz drva i njihov utjecaj na razvoj 
gljiva

The observed initial inhibition and subsequent 
fungal proliferation in the second and third week can 
be associated with detoxifi cation of the agar medium 
by fungal enzymes (Neya et al., 2004). This indicates 
that only toluene/ethanol, acetone and water heartwood 

extracts have inhibitory rather than toxicity properties. 
P. africana recorded high quantities of heartwood ex-
tracts at 12.7 % and as described in the literature of 
other tropical species, may be one of the reasons of 
high natural durability (Neya et al., 2004). 

Since dichloromethane extractives inhibited the 
growth of fungi more than acetone, toluene/ethanol 
and water extracts, it indicates that extractives depos-
ited in the vessels and rays also contribute to the re-
ported natural durability of P. africana wood. The ob-
served dimensional stability is linked to lower uptake 
of water, which can enhance natural durability of this 
species even in outdoor use.

4.2  Chemical composition and anatomical 
characteristics

4.2.  Kemijski sastav i anatomska obilježja

Heartwood contains a relatively high lignin con-
tent, and low hemicelluloses and cellulose contents. 
The only organisms capable of mineralizing lignin into 
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water and carbon dioxide are white-rot fungi (Anke et 
al., 2006) due to its complex, non-repetitive three-di-
mensional structure. The high lignin content partly ex-
plains high resistance to the tested fungi species and 
hence the high natural durability of P. Africana (Mbu-
ru, 2007). The presence of oleanolic and ursolic acid 
and associated antifungal activities is consistent with 
previous fi ndings on these extractives (Becker et al., 
2005; Deepak and Handa, 2000). Saponins derived 
from oleanolic acid are also described to possess anti-
fungal properties against phytopathogenic fungi ex-
plaining the durability of heartwood to fungal degrada-
tion (Escalente et al., 2002).

5  CONCLUSION
5.  ZAKLJUČAK

The results showed that the wood of P. africana is 
dimensionally stable, and contains a high amount of 
extractives and lignin, which may partly explain its high 
durability in outdoor use. Extractives deposited in wood 
vessels and rays are highly soluble in dichloromethane 
and also contain terpenes, as indicated by FTIR spectra 
measurements. Terpenes, which possess antifungal 
properties, may explain the high fungal growth inhibi-
tion of heartwood extractives against C. versicolor, P. 
placenta and A. pullulans in a sterile chamber. Different 
heartwood extractives were able to inhibit the growth of 
all test fungi at different concentrations tested. Inhibi-
tion period before mycelia growth increased with ex-
tract concentration while the rate of growth increased 
with time after detoxifi cation of malt-agar by fungi. 
The heartwood extracts could be at the origin of the 
reported heartwood durability of P.africana. 
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ABSTRACT • The structure of wound-associated wood has been relatively well studied in beech, but only a little 
information about the occurrence of extractives and particular classes of compounds in these tissues is available. 
We examined the content of total phenols and variability in their distribution in sapwood, wound-wood and the 
reaction zones walling-off typical red heart and xylem altered by wounding in two beech trees, using spectropho-
tometric method. Signifi cant differences in total phenols in different types of beech wood, as well as differences 
between trees, were confi rmed. Concentrations of total phenols were markedly lower in red heart than in reaction 
zones and sapwood extracts. The content of total phenols was highest in extracts of the reaction zones formed as a 
direct response of sapwood to wounding. Differences in the content of total phenols in reaction zones walling-off 
typical red heart and directly wounded xylem indicate differences in their formation process, in alterations to sur-
rounding tissues and in the characteristics of individual trees. 

Keywords: phenols, spectrophotometry, reaction zone, Folin-Ciocalteu reagent, beech

SAŽETAK • Za drvo bukve relativno je dobro istražena struktura ranjenog drva, ali je dostupno malo informacija o 
pojavi određenih ekstraktiva i pojedinih klasa spojeva u tim tkivima. Primjenom spektrofotometrijske metode na dva 
smo bukova stabla istražili sadržaj ukupnih fenola i varijabilnost njihove raspodjele u drvu bijeljike, ranjenom drvu 
i reakcijskim zonama koje ograđuju tipična crvena srca i ksileme promijenjene zbog ranjavanja drva. Potvrđene su 
značajne razlike u ukupnim fenolima u različitim tipovima bukova drva, kao i razlike među stablima. Koncentracije 
ukupnih fenola znatno su niže u crvenom srcu nego u reakcijskim zonama i ekstraktima bjeljike. Sadržaj ukupnih 
fenola bio je najviši u ekstraktima reakcijskih zona formiranih kao izravan odgovor bjeljike na ranjavanje. Razlike 
u sadržaju ukupnih fenola u reakcijskim zonama koje ograđuju tipična crvena srca i izravno ranjen ksilem pokazuju 
razlike u procesu formiranja, u promjenama na okolnim tkivima i u obilježjima pojedinih stabala.

Ključne riječi: fenoli, spektrofotometrija, reakcijska zona, Folin-Ciocalteauov reagens, bukva
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1  INTRODUCTION
1.  UVOD

European beech (Fagus sylvatica L.) is an eco-
nomically important tree species in Slovenian forests, 
where it represents approximately 31.8 % of wood 
stock (Anonymus, 2011). The economic importance of 
beech has increased in recent years because of the con-
tinuous demand for bright and evenly colored grades of 
logs and sawn timber (Pöhler et al., 2006). However, 
the occurrence of red heart amongst older trees and the 
consequences of mechanical wounding to the lower 
parts of stems, which occurs during forestry operations 
in unevenly managed forests, decrease wood quality 
and even increase timber loss. Discolored beech wood 
has a lower value on the market today than unaffected 
wood, due to its unfavorable technological properties, 
including hard impregnation, problems in drying proc-
esses and veneer production and, fi nally, its esthetic 
defi ciency (Koch et al., 2000; Pöhler et al., 2006).

Beech is therefore a tree species that develops 
discolored wood in the core of the stem, which is com-
monly referred to as red heart, red heartwood, faculta-
tively colored heartwood, false heartwood or red core 
(Bosshard, 1974; Torelli, 1984; Shigo, 1986; Sachsse, 
1991; Wernsdörfer et al., 2005). Typical red heart is 
located in the central part of the stem, it is reddish to 
brownish, rounded and uniform in color or of cloudy 
appearance in cross-section (Sachsse, 1991). The for-
mation and extent of red heart can be explained by the 
characteristics of an individual tree: age, diameter, live 
crown ratio, presence of broken branches and charac-
teristics of growth site (Torelli, 1984). 

The lower parts of the stems of trees in unevenly 
managed forests are regularly wounded, due to the use 
of heavy mechanization during forestry and logging 
operations. Such injuries are usually superfi cial to the 
stem, meaning that the bark is usually peeled off from 
the wood. The surface of the xylem cylinder is thus 
exposed to atmospheric conditions. This kind of 
wounding triggers changes in the wood that is already 
being formed at the time of wounding and the forma-
tion of wound-wood (Shigo, 1986). Both processes can 
be satisfactorily explained by the compartmentaliza-
tion concept (Shigo, 1986; Dujesiefken and Liese, 
2006). In directly wounded stems, discoloration can be 
compartmentalized on the surface of the stem (Grosser 
et al., 1991) or can merge with the red heart, if present 
in the tree (Torelli, 2001). Wound-associated defects, 
as well as red heart, are walled off from sound sap-
wood by darker demarcations zones, called reaction 
zones (Shain, 1979; Schwarze and Baum, 2000). 

The anatomy of discolored red heart, wound-as-
sociated discolored wood and reaction zones has been 
relatively well studied (Nečesany, 1958; Pearce, 1990; 
Schmitt and Liese, 1993; Torelli et al., 1994; Schwarze 
and Baum, 2000; Merela et al., 2005), but only a little 
information about the distribution and occurrence of 
extractives and particular classes of compounds in 
these tissues is available (Albert et al., 2003; Hofmann 
et al., 2008). 

The aim of this study was to determine the con-
tent of total phenols by means of spectrophotometric 
analysis in the reaction zone of typical red heart and in 
tissues that are formed as a response of the wood to 
direct wounding. 

2  MATERIAL AND METHODS
2.  MATERIJAL I METODE

2.1  Reagents
2.1.  Reagensi

Methanol of HPLC grade and Folin-Ciocalteu 
phenol reagent (2 N) were purchased from Sigma-
Aldrich, sodium carbonate (anhydrous) was provided 
by Riedel-de Haën and gallic acid monohydrate, ap-
plied for calibration, was from Fluka. 

2.2  Material
2.2.  Materijal

Two mechanically wounded beech trees (Fagus 
sylvatica L.) growing on a gentle southwest slope of 
the urban forest of Rožnik in the City of Ljubljana were 
felled in February 2009. A diameter at breast height of 
tree No. 1 was 48 cm and of tree No. 2 it was 52 cm. 
Both trees had an approximately 3 m long mechanical 
wound extending from the bottom of the tree. 

One set of discs was sampled from the lower 
wounded area and a second set of discs was taken from 
the upper part of the trees. From the wounded part of 
the stems, four disks of approximately 10 cm in thick-
ness were dissected at distances of 1.0 m, 2.0 m and 3.0 
m above the ground. Another four disks were removed 
at 5.0 m, 10 m, 20 m and 25 m above the ground, along 
the upper part of the stems. 

The discs were transferred to a woodworking fa-
cility for further mechanical processing. After visual 
inspection, discs from the fi rst group were dissected in 
a uniform way so that samples of sapwood, discolored 
wood, reaction zones and wound-wood were obtained. 
Radial samples, extending from bark to bark were cut 
from the discs of the second group. After removing the 
bark, these samples were dissected by chisel and ham-
mer to obtain up to 14 sample blocks of different cate-
gories of wood tissue, i.e., sapwood, reaction zones 
and discolored wood (red heart). Reaction zones were 
carefully separated from sapwood and discolored wood 
in all discs. A number of samples of wound-associated 
tissues were defi ned by extent of the wound and its 
consequences. In the case of reaction zones and wound-
wood, two samples were obtained per tissue. In each 
disk, 4-6 samples of sapwood and 2-4 samples of dis-
colored wood were dissected. Only one sample of red 
heart was obtained in tree No. 2 from the disk at 25 m 
of height. A total of 157 wood samples were obtained 
from the two trees. 

2.3  Extraction
2.3.  Ekstrakcija

Individual samples were homogenized by the 
mill Retsch ZM 200, using a sieve with a 35 mesh 
screen. Milled wood was stored at minus 18 °C until 
further chemical analysis to prevent unwanted chemi-
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cal reactions. Phenolic compounds were extracted from 
2.5 g of each sample by 80 % methanol (aq) using a 
multi-position magnetic stirrer (IKA, RO 15) accord-
ing to the protocol described by Albert et al. (2003). 
Wood extracts were fi ltered by Büchner funnel, What-
man GF-C fi lter paper and vacuum fl ask, and stored at 
minus 4 °C until further analysis.

2.4  Estimation of the content of total phenols
2.4.  Procjena sadržaja ukupnih fenola

Total phenol content was determined colorimetri-
cally by means of the Folin-Ciocalteu method follow-
ing the procedure proposed by Scalbert et al. (Single-
ton and Rossi, 1965; 1989). 

A volume of 2.5 ml of diluted Folin–Ciocalteu 
phenol reagent (1:9, v/v) was added to 0.5 ml of meth-
anolic extracts and gallic acid solutions (aq). Within a 
period of 0.5 to 8.0 minutes, 2 ml of aqueous sodium 
carbonate (75 g·l-1) was added as well. The thus prepared 
samples were well shaken and incubated for two hours 
at room temperature. Absorbance was measured at 765 
nm by Perkin-Elmer Lambda 2 spectrophotometer. Re-
sults were determined by standard curve with gallic acid 
(0-200 mg·l-1) and expressed as milligrams of gallic acid 
equivalents per gram of dry wood (mg·gdw

-1). 

2.5  Statistics
2.5.  Statistika

Total phenol content of beech wood extracts was 
compared by statistical methods, where signifi cant dif-
ferences were investigated by means of ANOVA at 0.95 
interval of confi dence. The contents of total phenols for 
different categories of discolored and wounded wood tis-
sue were further compared by means of the multiple 
range test (LSD procedure). The contribution of individ-
ual tissue to the variation of total phenols was estimated 
by variance components analysis. A statistical software 
Statgraphics was applied for statistical data processing.

3  RESULTS
3.  REZULTATI

The total phenol content for different categories 
of wood is presented separately for the upper and lower 
groups of samples for tree No. 1 and tree No. 2. In sam-
ples from the upper part of the stems (Fig. 1), which 
were free of wounds, the content of total phenols was 
signifi cantly different among categories of tissue 
(ANOVA, P = 0.0000) and between trees (ANOVA, P 
= 0.0003) (Table 1).

The content of total phenols was signifi cantly 
lower in red heart than in reaction zones and sapwood 
in both trees (Table 1). Reactions zones and sapwood 
did not differ in the content of total phenols at a 95 % 
confi dence level (LSD) in the investigated trees (Table 
1). The content of total phenols was signifi cantly high-
er in tree No. 1 than in tree No. 2 in all examined tis-
sues (Table 1). Peripheral sapwood samples contained 
a signifi cantly lower amount of total phenols (6.59 
mg·g-1) than sapwood samples near red heart (9.7 mg·g-1) 
at a 95 % confi dence level (LSD test) (Fig. 1). The av-
erage content of total phenols in samples from the up-
per part of tree No. 1 was 7.51 mg g-1 and 5.60 mg·g-1 in 
tree No. 2. The contribution of wood tissue to the vari-
ation of total phenols was 43.82 %, whereas 17.34 % 
was ascribed to between-tree variability. Differences in 
the content of total phenols among discs sampled along 
the trees were not signifi cant (Fig. 2).

The distribution of the content of total phenols in 
samples containing wounds (lower part of the stems) is 
shown in Table 2. In discs with mechanical wounds, 
the content of total phenols was signifi cantly different 
among categories of tissue (ANOVA, P = 0.0000), ir-
respective of the tree. A signifi cant difference in the 
content of total phenols between trees was found for 
reaction zones (Table 2). 

The average content of total phenols in the investi-
gated samples of both trees was signifi cantly different 
and was highest in reaction zones (14.01 mg·g-1of abso-
lutely dry wood), followed by sapwood (9.12 mg·g-1) 
and wound-wood (6.78 mg·g-1). Wound-associated dis-
colored wood was present only in tree No. 2 and con-
tained 1.78 mg of total phenols per 1 g of absolutely dry 
wood. The content of total phenols in different catego-
ries of tissue accounts for 51.32 % of its variability. 

Table 2 Average content of total phenols (mg gdw
-1 + standard deviation) in different categories of tissue from the wounded 

part of stems
Tablica 3. Prosječni sadržaj ukupnih fenola (mg·gdw

-1 + standardna devijacija) u različitim kategorijama tkiva od ranjenih 
dijelova debla

Tree No.
Broj stabla

Sapwood / Bjeljika
mg·gdw

-1
Wound-wood 
Ranjeno drvo

mg·gdw
-1

Reaction zones
Reakcijske zone

mg·gdw
-1

Discolored wood
Drvo promijenjene boje

mg·gdw
-1

1 9.96 + 3.42 6.79 + 2.62 17.31 + 1.43a /
2 8.00 + 2.33 6.77+ 3.31 11.27 + 2.73a 1.22 + 0.37

Values marked by a letter differ signifi cantly at a 95% confi dence level (LSD procedure) /vrijednosti označene slovom 
signifi kantno se razlikuju pri razini vjerojatnosti 95 %.

Table 1 Average content of total phenols (mg·gdw
-1 + 

standard deviation) in sapwood and reactions zones 
surrounding red heart in the upper part of beech trees 
Tablica 1. Prosječni sadržaj ukupnih fenola (mg·gdw

-1 + 
standardna devijacija) u bjeljici i reakcijskim zonama oko 
crvenog srca u gornjem dijelu bukovih stabala

Tree No.
Broj stabla

Sapwood
Bjeljika
mg·gdw

-1

Reaction zones
Reakcijske zone

mg·gdw
-1

Red heart
Crveno srce

mg·gdw
-1

1 9.03 + 2.64a 9.78 + 2.97b 2.77 + 0.71c

2 6.75 + 2.62a 5.62 + 1.41b 1.78 + 0.32c

Values marked by a letter differ signifi cantly at a 95% 
confi dence level (LSD procedure) / vrijednosti označene 
slovom signifi kantno se razlikuju pri razini vjerojatnosti 95 %.
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The average content of total phenols in reaction 
zones surrounding red heart (upper part of stems) was 
signifi cantly lower than the content of phenols in reac-
tion zones formed in the vicinity of the mechanical 
wound in the lower part of both stems (ANOVA, 
P = 0.0000) (Table 1, 2). The position of the reaction 
zone within the tree accounts for 58 % of the variabil-
ity in the content of total phenols. 

4  DISCUSSION
4.  RASPRAVA

Our investigation revealed considerable variation 
in the content of total phenols in various wood tissues 
that had been altered by indirect or direct wounding 
and expands our understanding of the character of 
compartmentalization processes in beech. 
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Figure 1 Radial profi les of the content of total phenols in sapwood (S), red heart (RH) and surrounding reaction zones (RZ) 
from the upper part of investigated beech stems
Slika 1. Radijalni profi l sadržaja ukupnih fenola u bjeljici (S), crvenom srcu (RH) i okolnom reakcijskom drvu (RZ) od 
gornjeg dijela istraživanih bukovih debala
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Figure 2 Average content of total phenols in red heart (RH), reaction zone (RZ) and sapwood (S) at different heights of 
investigated beech trees
Slika 2. Prosječni sadržaj ukupnih fenola u crvenom srcu (RH), reakcijskoj zoni (RZ) i bjeljici (S) na različitim visinama 
istraživanih bukovih stabala
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The content of total phenols of the group of sam-
ples with red heart differed more than samples that had 
been directly wounded. The content of total phenols in 
sapwood was higher than in red heart, whereas reaction 
zones and sapwood did not differ in this respect. The 
concentration of total phenols shows a rising trend 
from the peripheral towards the inner parts of sapwood, 
which supports the observations of Albert et al. (2003). 
They found a steep increase in the content of total phe-
nols in white tissue, just before the red heartwood 
boundary and a sharp drop in the content of phenols in 
the tissues that correspond to the color-boundary (Al-
bert et al., 2003). White tissue, referred to as the dehy-
drated zone (Torelli, 1984) or transition zone (Hillis, 
1987), was not distinguishable in our fresh discs and 
was therefore not dissected for extractions. It has been 
reported that the occurrence of this zone in Fagus syl-
vatica may have a seasonal character (Hillis, 1987). 
The occurrence of phenolics in sapwood of beech is in 
accordance with a report that fl avan-3-ols, substances 
of a leucocyainidn type, taxifolin derivatives and 
proanthocyanidins are regularly present in sapwood 
(Dietrichs, 1964; Baum and Schwarze, 2002; Koch et 
al., 2003; Hofmann et al., 2004). 

Typically, the discolored red heart of the investi-
gated samples had the lowest amount of methanol solu-
ble compounds, whereas the concentration of total phe-
nolics increased abruptly in the peripheral tissues of red 
heart. This tissue was a clearly visible layer, referred to 
as the reaction zone (Shain, 1979; Pearce, 1996; 
Schwarze and Baum, 2000) or column boundary layer, 
which separates discolored wood from healthy sapwood 
(Shortle and Smith, 1990). The content of total phenols 
in the reaction zones surrounding the red heart of our 
samples was in contrast to the concentrations of total 
phenols determined at the color boundary by Albert et 
al. (2003). It has been suggested that in red heart-wood-
ed beech, part of the phenols form in situ in the white 
tissue next to the color boundary, whereas their partici-

pation in the formation of colored materials via oxida-
tion and polymerization explains the drop in concentra-
tion of total phenols behind the color-boundary and the 
low content in the red heart (Albert et al., 2003). 

The results of spectrophotometric analysis 
showed signifi cant differences with regard to the quan-
tity of soluble phenolic compounds in reaction zones 
surrounding typical red heart and those reaction zones 
associated with direct wounding of the stems. The al-
most two times higher concentration of soluble phenols 
in reaction zones associated with direct wounding sup-
ports the idea that these compartmentalization bound-
aries differ, among other things, in terms of their for-
mation process (Baum and Schwarze, 2002) and 
alterations in adjacent discolored wood (Shortle and 
Smith, 1990; Shortle et al., 1995). 

The formation of typical red heart can be de-
scribed as a two stage process (Torelli, 2003). The fi rst 
stage is a dehydrating phase, characterized by age-re-
lated and physiological alterations of the wood, which 
include a decrease in water content, increase in the 
presence of gas and decrease in the vitality of the pa-
renchyma cells. The second stage is the discoloring 
phase, which is decidedly facultative, depending on the 
potential entry of oxygen into the already existing de-
hydrated core (Torelli, 1984). Dead and broken branch-
es, branch scars, forks or wounds in the crown are pos-
sible routes for oxygen entrance (Torelli, 1984; 
Wernsdörfer et al., 2005). It is assumed, however, that 
oxygen is not the only factor involved in red heart for-
mation but could act by affecting the activity of micro-
organisms (Sorz and Hietz, 2008). 

Superfi cial wounding of the stem differs from the 
above described red heart formation in that direct 
wounding affects water saturated xylem containing vi-
tal parenchyma cells. Investigation of angiosperm spe-
cies revealed that wounding triggers an initial physical 
dehydration of the wood, followed by a series of turbu-
lent micro-environmental, anatomical and chemical 
changes, resulting in the formation of superfi cial dis-
colored wood surrounded by apparent reaction zones 
(Grosser et al., 1991; Pearce et al., 1994; Barry et al., 
2000; Pearce, 2000; Schwarze and Baum, 2000; Oven 
et al., 2008). Our results in relation to the content of 
total phenols show that reaction zones associated with 
wounds walled-off already decaying wood and exhibit 
a higher soluble phenol content, whereas reaction zones 
surrounding red heart revealed a lower phenol content. 
Our observations are in accordance with investigations 
on the response of Acer rubrum and Acer saccharum to 
wounding, revealing that a distinct boundary layer 
formed between sapwood and discolored wood infect-
ed by microorganisms, suggesting that the boundary 
layer may be formed only in response to infection 
(Shortle et al., 1995). 

5  CONCLUSIONS
5.  ZAKLJUČCI

Our research confi rmed signifi cant differences in 
total phenols in different types of beech wood, as well 

Figure 3 Average content of total phenols, supplemented by 
standard deviations, in different categories of wood tissues 
of directly wounded stems for two investigated trees. 
S = sapwood, RZ = reaction zone, RH = red heart, 
W = wound-wood
Slika 3. Prosječni sadržaj ukupnih fenola (mg·gdw

-1 + 
standardna devijacija) u različitim kategorijama tkiva izravno 
ranjenih dijelova debla za dva istraživana stabla: S – bjeljika, 
RZ – reakcijska zona, RH – crveno srce, W – ranjeno drvo
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as differences between trees. Concentrations of total 
phenols were markedly lower in red heart than in reac-
tion zones and sapwood extracts. The content of total 
phenolics was highest in extracts of the reaction zone, 
especially in those that had been formed as a direct re-
sponse of tissues to wounding. Relatively high amounts 
of polyphenols were found in sapwood extracts, where-
as the content of total phenols was higher in older than 
in younger parts of sapwood. It should be stressed in 
conclusion that reaction zones in beech appear to be 
effective but not absolute compartmentalization bound-
aries (Schwarze and Baum, 2000). Their effi cacy may 
be in part ascribed to individual phenolic compounds. 
Hydrophilic extractives from wound-associated wood 
of beech (Fagus sylvatica L.) could represent attractive 
substances for industrial production. Our recent re-
search showed that extracts of wound-associated wood 
of beech inhibited the growth of some wood decaying 
fungi (Vek et al., 2013) and, therefore, might be uti-
lized as wood preservatives. It was also proven that 
some wood extractives have antioxidative properties 
(Pietarinen et al., 2006) and can potentially be used as 
technical antioxidants. Our further research is directed 
towards identifi cation and quantifi cation of compounds 
in extracts of wound-associated wood of beech.
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ABSTRACT • This paper presents the analysis of the infl uence of conventional hot (CH) and high frequency (HF) 
gluing on relevant physical and mechanical properties of Laminated Veneer Lumber (LVL) made from beech peeled 
veneer with the thickness of 2.1 mm. Student’s T-test was applied to determine the signifi cance of differences between 
mean values of results obtained for the two different treatments. A signifi cant difference has been determined for the 
thickness loss, density, moisture and bending strength, while no statistically signifi cant difference has been estab-
lished for the modulus of elasticity and shear strength of gluing between the means of the tested samples.

Key words: laminated veneer lumber, hot gluing, high frequency gluing, physical properties, mechanical properties

SAŽETAK • U radu je istraživan utjecaj klasičnoga vrućeg (KV) i visokofrekventnog (VF) lijepljenja na neka rel-
evantna fi zikalna i mehanička svojstva uzoraka lamelirane drvne građe (LVL) dobivene od listova ljuštenoga bukova 
furnira debljine 2,1 mm. Prikazani su i analizirani dobiveni rezultati. Primijenjen je T-test za određivanje značajnosti 
razlike artimetičkih sredina dvaju skupova uzoraka. Za smanjenje debljine, gustoću, sadržaj vode i čvrstoću na 
savijanje utvrđena je signifi kantna razlika, a za modul elastičnosti i čvrstoću lijepljenja nije utvrđena signifi kantna 
razlika artimetičkih sredina ispitivanih uzoraka izrađenih primjenom različitih tehnologija lijepljenja.
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mehanička svojstva

1 Authors are assistant professor and professor at University of Sarajevo, Mechanical Engineering Faculty, Sarajevo, Bosnia and Herzegovina. 
2Author is professor at University of Ljubljana, Faculty of Civil and Geodetic Engineering, Ljubljana, Slovenia. 3Author is retired professor 
of University of Ljubljana, Biotechnical Faculty, Ljubljana, Slovenia.

1 Autori su docent i profesor Strojarskog fakulteta Sveučilišta u Sarajevu, Sarajevo, Bosna i Hercegovina. 2Autor je profesor Fakulteta građevine 
i geodezije Sveučilišta u Ljubljani, Ljubljana, Slovenija. 3Autor je umirovljeni profesor Biotehničkog fakulteta Sveučilišta u Ljubljani, 
Ljubljana, Slovenija.

1  INTRODUCTION
1. UVOD

In wood industry, gluing is the most commonly 
used technological procedure for wood bonding. Dif-
ferent heating procedures and wood gluing have been 

developed recently. Two procedures are the most often 
applied in industry: indirect (contacting) – convention-
al hot gluing (CH), direct (dielectric) – high frequency 
(HF) gluing. The essential differences between CH and 
HF gluing are in the type of heating, temperature and 
moisture gradients and gluing time. The experiment 
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was performed to analyze relevant physical and me-
chanical properties of laminated specimens obtained 
by the two different gluing procedures.

In recent years, the use of laminated elements 
made of glued sheets of veneer or laminated solid wood 
has increased considerably. Such laminated elements 
have good mechanical and rheological properties and 
better form stability than the products made of one 
piece of solid wood. Laminated veneer lumber (LVL) 
is made from peeled veneers of different thickness and 
types of wood. Veneer sheets are usually equally ori-
ented and they are bonded by waterproof glue. In prac-
tice, LVL products are manufactured using convention-
al CH gluing and HF gluing. Several experiments have 
shown that the thickness losses of HF glued products 
differ more than those manufactured by CH gluing (Res-
nik et al. 1994, Resnik et al., 1995). Different thickness 
losses during CH and HF gluing result in different phys-
ical and mechanical properties of the LVL, so that such 
products behave quite differently in climate changes and 
with long-term use. Armstrong (1982) has shown that 
the change in moisture by 1 % below the hygroscopic 
limit affects the change of bending strength by 4 %. The 
change in wood density from 700 kg/m3 to 800 kg/m3 
has resulted in the increase of the bending strength from 
125 N/mm2 to 135 N/mm2.

The aim of this paper is to analyze the infl uences 
of CH and HF gluing on relevant physical and mechani-
cal properties of LVL made from beach peeled veneer.

2  MATERIALS AND METHODS
2.  MATERIJAL I METODE

First-class peeled beech veneer (Fagus Sylvatica 
L.), was used to create a sample of LVL specimens. 
Sheets of the size 550 mm x 550 mm and thickness of 
2.1 mm were prepared. Moisture content was deter-
mined by gravimetric method according to EN 322 and 
it averaged 5.5 %. To minimize the effect of defects of 
wood structure and different density values on the ex-
periment results, the veneer sheets for the production 
of LVL specimens were selected and graded. Veneer 
sheets were visually inspected and sheets without 
bumps, cracks, curling, and discoloration with more or 
less the same thickness were selected. The density of 
each sheet of veneer was calculated, and veneer sheets 
of approximately the same density were used in the ex-
periment.

Melamine-urea-formaldehyde glue MELDUR 
H97, produced by Melamin Kočevje, was used for glu-
ing LVL specimens. The glue was prepared according 
to the manufacturer’s recipe. Glue mixture was spread 
over veneer manually by a roller in the quantity of 180 
g/m2, and the open assembly time was about 5 minutes. 
The specifi c gluing pressure was 1.8 MPa.

LVL panels were made of seven veneer sheets. 
LVL test panels were glued together in a hydraulic press, 
with the possibility of conventional conductive heating 
and heating in a high frequency electricity fi eld (HF). 
The surface of press panels was 600 mm x 600 mm (Fig-
ure 1). The bonding temperature was 125 °C (as recom-

mended by the glue manufacturer). The time of bonding 
was determined by measuring the time of reaching the 
temperature in the middle of the panel, between the 3rd 
and 4th sheet of veneer. The basic time needed for curing 
glue was added to the time of bonding.

Temperature changes were measured by thermo-
couples connected to a digital multi-channel instru-
ment MI 7852 ISKRA AMPER. HF generator was used 
for HF gluing. The working frequency of the generator 
was 4.75 +0.5 MHz, nominal power 6–18 kW and elec-
trical fi eld between electrodes was 800 V/cm. The out-
put power of 12 kW and the power of anode fl ow cur-
rent of 1A were used.

When the temperature in the middle of the plate 
reached 125 °C, the generator was switched on and off 
in equal time intervals. When the generator was 
switched off, the temperature between the 3rd and 4th 
sheet of veneer was measured. The diagram fl ow of the 
temperature between the 3rd and 4th sheet is shown in 
Figure 2.

Eight LVL boards have been glued during each 
gluing procedure using the same gluing pressure of 1.8 
MPa and the same fi nal temperature of 125 °C. Gluing 
(curing) time in conventional hot procedure was 13 
minutes, and in the HF gluing 7 minutes. After the glu-
ing, the panels were conditioned for 48 hours in an air-
conditioned chamber. Panels obtained by conventional 
hot glue are marked with CH and panels obtained by 
HF bonding are marked with HF.

After the air conditioning in standard climate, 
standard samples were taken from each plate for the 
determination of relevant physical and mechanical 
properties. Then the prepared specimens were returned 
to the chamber with the standard air conditioning (T = 
20 °C and ϕ = 65 %) and held up there until the direct 
testing.

Some relevant physical and mechanical proper-
ties of laminated specimens were determined after 
standard conditioning according to the corresponding 
standard methods.
ρ  density (kg/m3) EN 322: 1996
w  moisture content (%) EN 323: 1996 

Figure 1 Hydraulic conventional and HF press with a 
device for measuring temperature
Slika 1. Klasična hidraulična preša i visokofrekventna preša 
s uređajem za mjerenje temperature
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σbs bending strength (N/mm2) EN 310: 1993
Em modulus of elasticity (N/mm2) EN 310: 1993
σss shear strength (N/mm2) EN 314-1: 1993
TL thickness loss (%)

Thickness loss (TL) is a deformation that occurs 
when wood is glued and it results from the pressure 
and other gluing factors. The size of the deformation in 
certain types of wood are mostly affected by wood 
moisture content, temperature of gluing and the time of 
pressure application during gluing.

Higher thickness loss affects the stresses in the 
adhesive joint and gives a lower strength and stability 
of glued joints. Also, thickness loss affects physical 
and mechanical properties of laminated elements.

Thickness loss was determined twice: immedi-
ately after bonding and after conditioning in a standard 
climate.

Thickness loss is defi ned by the following equa-
tion:
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TL – thickness loss / smanjenje debljine (%),
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id  –  the sum of thickness of sheets in the panel be-

fore gluing / zbroj debljine furnirskih listova u 
ploči prije lijepljenja (mm),

dk–  fi nal panel thickness / konačna debljina ploče 
(mm).

Since MUF glue belongs to the category of wa-
terproof adhesives, we applied two criteria to test its 
water resistance. In the fi rst case, the specimens were 
immersed in water with the temperature of (20 ± 3) °C 
for 24 hours before the testing. The second treatment 
consisted of cooking in boiling water for 4 hours, then 
drying at a temperature of (60 ± 3) °C for 16 hours, 
then again cooking in hot water for 4 hours and cooling 

in water with the temperature of (20 ± 3) °C for two 
hours. Then the shear strength was determined. Time to 
fracture was 30 ± 5 seconds. After drying, the percent-
age of failure at the adhesive or wood was assessed 
with the accuracy of 5 %.

Our specimens consist of seven veneer sheets 
and the strength is determined by adhesive layer near 
the middle of the sample, i.e. at the third layer of glue.

3  RESULTS AND DISCUSSION
3. REZULTATI I RASPRAVA

Statistical analysis was performed by Student’s 
T-test for testing the hypothesis whether the means of 
the two sets were signifi cantly different. One set con-
sisted of specimens glued by HF method, and the other 
set of specimens were glued with the standard proce-
dure of CH gluing. In both cases we had the same 
number of specimens so that the number of degrees of 
freedom was
 2−+= CHHF nn  (2)

Rejection region was taken with the double T-
test. Statistics T was calculated in excel by the equa-
tion: 
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Where 
X  – average / srednja vrijednost,
n – number of specimens / broj uzoraka, 
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If |Ttest| ≤ tν; 0.975, null hypothesis is not rejected. If 
| Ttest| > tν; 0.975, null hypothesis is rejected with the risk 
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Figure 2 Dependence of temperature in the middle of the specimen on gluing procedure time
Slika 2. Ovisnost temperature u središtu uzorka o trajanju procesa lijepljenja
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of 5 % and it is said that the difference in means is 
signifi cant.

Table 1 provides an overview of the results of the 
studied physical and mechanical properties of the pro-
duced LVL where signifi cant difference in mean values 
was established.

The LVL’s thickness loss affects the formation of 
glued joint, hygroscopic behavior (swelling and shrink-
age), density, thermal and electrical properties, as well 
as the strength of material. Greater loss of thickness 
causes higher internal stress and lower stability of the 
glued joint. The average value of thickness loss in the 
conventional hot gluing of LVL was 7.1 %, whereas in 
HF gluing it was 5.4 %, which makes a difference of 
1.7 %. 

Wood is amorphous material (due to the amor-
phous areas of lignin between the high molecular cel-
lulose), and if exposed to the temperature of 70 °C and 
higher, it gets plastically deformed. At this tempera-
ture, the cellulose crystal grids oscillate so that the co-
hesive forces are reduced and mobility of bound water 
increases. 

The viscosity of lignin and pectin decreases; ther-
mally unstable polyoses decompose (Scallan, 1974). 
Under the infl uence of external pressure, the inner sur-
faces get closer and establish new hydrogen relations 
between hydroxyl groups, which are located on the 
surface and wall of the cell.

The water content in wood has an important im-
pact on the loss of thickness under pressure. An in-
crease in water content to the hygroscopic limit reduces 
the temperature of plastifi cation and increases the de-
formation. The water penetrates between the crystals 
of cellulose weakening the bond among them. In addi-
tion, water dissolves pectic substances and polyoses 
and thus further weakens the intermolecular connec-
tions, which increases the deformation (Gorišek, 
1987).

The movements of heat and water in different 
gluing procedures are different. During hot gluing, the 
adhesive joint is heated from the outer layers toward 
the centre. The heat is transferred to the outer layer of 
wood from the press plates, resulting in more intense 
heating of layers - glued elements closer to the presser 
plates. Its intensity decreases with the distance from 

the presser plates. This gradient in temperature affects 
the water transfer in the glued specimen.

At a certain temperature and pressure, water turns 
into steam. In the outer layers the vapor has a higher 
pressure and temperature with respect to the centre of 
the glued element. One part of the steam evaporates into 
the environment, while the other, due to differences in 
vapor pressures, moves toward the centre of the speci-
men. When the vapor reaches the layers with lower tem-
perature, it condensates. This results in a gradient of 
moisture from the centre toward the outer layers. Due to 
high temperatures in the outer layers, the moisture rap-
idly decreases, which results in greater plastic deforma-
tion in the outer layers than in the inner layers.

In the case of HF gluing, the temperature and 
moisture distribution is different. The heat is generated 
inside the material, which results in an almost uniform 
temperature distribution. Due to different dielectric 
properties, the wood temperature increases slower than 
the glue temperature, which is desirable for gluing. A 
part of the heat from the outer layers is transferred to 
press plates and the surrounding air. This approximate-
ly uniform temperature distribution causes a quick 
moisture distribution, which becomes uniform as well. 
Therefore the residual stresses are reduced and the loss 
of thickness is uniform in the entire cross-section. 

The gluing time has an important effect on the 
loss of thickness. The temperature diagram fl ow (Fig. 
2) shows that the gluing time at the temperatures above 
100oC is about 10 minutes in the case of conventional 
gluing, and only 3.5 minutes in the case of HF gluing. 
This results in greater plastic deformations in conven-
tional gluing than in HF gluing. If during the applica-
tion of pressure, wood moisture remains approximately 
the same, and the temperature of wood increases, total 
thickness loss will depend on the time of exposure to 
elevated temperature. All other parameters of gluing in 
the experiment were the same in both cases and could 
not signifi cantly affect the outcome.

Density of wood is an important physical prop-
erty of wood. Density of layered glued wood is greater 
than the density of solid wood with the same moisture 
content. Nikolić (1988) reports an increase in density 
of 18 to 20 %, Mesić (1998) of 13 to 20 %. In our ex-
periment, the density of specimens with HF gluing in-
creased by 4.7 %, and with conventional gluing by 6.7 
%. A slightly higher density in the case of conventional 
gluing is the result of a greater loss of thickness.

Density also depends on the moisture content of 
wood. The HF glued specimens have slightly higher 
moisture content than the conventionally glued speci-
mens. This is the reason why the difference in density 
is not higher.

Moisture content below the hygroscopic limits 
has a signifi cant effect on the mechanical properties of 
wood. Armstrong (1982) found that the change in 
moisture content of 1 % causes the change of bending 
strength (4 %), elastic modulus (1.5 %) and compres-
sive strength (5 %).

Laminated glued elements are often loaded by 
the transverse load, and therefore the bending strength 

Table 1 Physical and mechanical properties that have shown 
signifi cant difference established by T test between two 
methods of gluing
Tablica 1. Fizikalna i mehanička svojstva za koja je 
T-testom utvrđena signifi kantna razlika među skupinama 
uzoraka lijepljenih dvjema različitim tehnologijama

Properties
Svojstva HF CH ν tν 0.0975 Ttest

TL, % 5.4 7.1 14 2.145 6.130
ρ, kg/m3 743.69 757.27 94 1.986 5.793
w, % 9.85 9.49 94 1.986 8.487
σbs, N/mm2 129.9 137.8 46 2.0129 2.922

Legend / Legenda: TL – thickness loss / smanjenje debljine; ρ – den-
sity / gustoća; w – moisture content / sadržaj vode; σbs – bending 
strength / čvrstoća na savijanje
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is the most crucial mechanical property for dimension-
ing of elements. The average bending strength of LVL 
glued with conventional procedure was higher by 6.1 
% than LVL glued with HF gluing procedure. The den-
sity and moisture content of wood have a major effect 
on bending strength. The density of conventionally 
glued specimens was higher by about 1.8 % compared 
to the density of HF glued specimens. Humidity of the 
conventionally glued specimens was 3.8 % lower than 
the HF glued specimens. 

Table 2 provides a brief overview of the results of 
the studied physical and mechanical properties of the 
LVL samples where no signifi cant difference in mean 
values was established.

The experiment showed a negligible difference in 
the elastic modulus (0.3 %). With respect to higher den-
sity and lower moisture of standard glued samples, one 
would expect a greater difference in elastic modulus.

Bending strength and bond strength of LVL spec-
imens, glued by both procedures, are very high. This 
shows that the gluing process and selection of veneer 
sheets were performed correctly, which resulted in a 
low coeffi cient of variation for Em in both gluing proc-
esses.

For glued structures exposed to changing humid-
ity, the European standard (EN 314-1:1993) requires 
testing of shear strength in two regimes. The fi rst re-
gime implies soaking in the water at room temperature 
(20 ± 3) °C, and then testing the shear strength of the 
glue bond. If the strength is adequate, than the second 
regime is applied, i.e. cyclic cooking of samples and 
then testing the shear strength. The shear strength in 
the middle of the glue bond was higher for HF glued 
specimens in both regimes (6.0 % higher in soaking 
regime and 4.6 % higher in cooking regime).

Rowell (1996) found that the strength of the glue 
bond depends on many factors, the two most important 
being the adhesive properties and adhesion. Adhesion 
of glue-wood primarily depends on surface wetting, 
glue penetration, porosity, pH, humidity, %, surface 
condition and anatomical directions. 

Klašnja and Kopitović (1992) have shown that 
the temperature is a key factor in forming a watertight 
glue bond. According to Bradly and Kamke (1988) bet-
ter glue spillage at higher temperatures, due to the re-
duction of viscosity, results in better penetration of 

glue into the wood. They found that the variability of 
the anatomical structure of wood is the most infl uential 
factor for glue penetration.

Reduction of shear strength after the cyclic cook-
ing for both process of gluing was nearly equal, about 
35 %. A better shear strength of HF glued specimens is 
not statistically signifi cant. In the process of HF gluing, 
the glue heats up faster, resulting in a rapid reduction of 
viscosity. In this case the glue hardens quicker and pen-
etrates slower into the wood (Resnik et al., 1997). The 
distribution of moisture content and temperature across 
the section is balanced, giving a bond without signifi -
cant residual stresses.

On the other hand, in the case of conventional hot 
gluing, the heat and moisture move from the outer lay-
ers toward the centre. Less time is required to heat the 
middle layers than the external layers, due to slower 
transfer of heat by conduction. Different temperature 
gradient creates substantial moisture gradient over the 
intersection of elements, and higher humidity in the 
middle layers.

Šernek (1999) has shown that by gluing beech 
veneer sheets 2.2 mm thick in three-layer plywood 
with a conventional hot and HF gluing using UF glue, 
the moisture of veneer had a signifi cant impact on the 
depth of penetration of UF glue, as well as on the shear 
strength. He found that optimal moisture content for 
the conventional gluing is somewhere between 4.1 and 
5.7 %, and for the HF gluing between 5.7 and 9.2 %.

The values of shear strength were about 3 N/mm2 
for both gluing procedures.

In our experiments relatively high shear strength 
of the glue bond was reached, most probably due to the 
thickness of the specimens. 

Slightly higher strength of HF glued samples in 
our experiment was primarily a consequence of higher 
increase of temperature in HF heating, smaller thick-
ness loss and smaller internal stresses, which are very 
important in the process of relaxation after gluing.

4  CONCLUSIONS
4.  ZAKLJUČCI

The results of this experiment confi rmed that the 
technological process of gluing affects the physical and 
mechanical properties of LVL. The conventional hot 
and HF gluing leads to different dynamics in heating 
the glue layer, and therefore the time of gluing, mois-
ture and temperature gradients and residual stresses are 
all considerably different.

These differences affect the amount of the total 
deformation and the relationship between the elastic 
and plastic deformation, i.e. the loss of thickness. All 
these caused the difference in other physical and me-
chanical properties.

There was a signifi cant difference (α = 0.05) in 
the mean values of the following physical and mechan-
ical properties of HF and conventionally glued speci-
mens: loss of thickness, density, moisture and bending 
strength. The elastic modulus and shear strength 
showed no statistically signifi cant differences.

Table 2 Mechanical properties for which T-test revealed no 
signifi cant differences
Tablica 2. Mehanička svojstva za koja T-testom nije 
utvrđena signifi kantna razlika među skupinama uzoraka 
lijepljenih dvjema različitim tehnologijama

Properties
Svojstva HF CH ν tν 0.975 Ttest

Em, N/mm2 13978 14015 46 2.0129 0.17

σst-.1, N/mm2 7.83 7.39 28 2.0484 1.0565

σst-.2, N/mm2 9.85 9.49 28 2.0484 1.0048

Em – modulus of elasticity / modul elastičnosti; σss-1 – shear strength 
after soaking in water / smicajna čvrstoća nakon namakanja u vodi; 
σss-2 – shear strength after boiling in water / smicajna čvrstoća nakon 
kuhanja u vodi
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ABSTRACT • This study researches some physical properties of furniture surfaces on which UV jet printing 
is applied. To this end, UV protected digital printing ink was applied on melamine faced chipboard (MFC) and 
Printpan (Pp) panels and their surface resistance to cold liquids (TS 12720), hot liquids (TS 4980), dry heat (TS 
EN 12722), wet heat (TS EN 12721), water vapor (TS EN 438-2), glowing cigarette (TS 4756), and abrasion (TS 
4755) was identifi ed. As a result, it was found that UV jet printing ink applied on melamine faced chipboard and 
printpan panels is not resistant to cold liquid, water vapor, glowing cigarette and abrasion but relatively resistant 
to hot liquid, dry heat and wet heat. 

Keywords: UV jet printing method, UV curable digital printing ink, melamine faced chipboard, printpan, physical 
properties

SAŽETAK • U radu se prikazuju rezultati istraživanja nekih fi zikalnih obilježja površine namještaja obrađene 
UV printanjem. Zaštitno UV digitalno printanje primijenjeno je na pločama ivericama (MFC) i printpan pločama 
(Pp) te je ispitana otpornost njihove površine na hladne tekućine (TS 12720), vruće tekućine (TS 4980), suho za-
grijavanje (TS EN 12722), vlažno zagrijavanje (TS EN 12721), vodenu paru (TS EN 438-2), upaljenu cigaretu (TS 
4756) i abraziju (TS 4755). Rezultati su pokazali da površine ploča iverica s melaminskom folijom i printpan ploča 
obrađenih UV printanjem nisu otporne na hladne tekućine, vodenu paru, upaljenu cigaretu i abraziju, a relativno 
su otporne na vruće tekućine, suho zagrijavanje i vlažno zagrijavanje.

Ključne riječi: metoda UV printanja, UV tinta za digitalno printanje, ploča iverica s melaminskom folijom, print-
pan, fi zikalna obilježja
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1  INTRODUCTION
1. UVOD

Today in furniture industry, particularly in mass 
production modular furniture systems, the pre-coated 
wooden composite boards are mostly being used. The 
main reason for using these boards is that they have 

already been coated or painted, and hence there is no 
need for coating and fi nishing processes in furniture 
manufacturing processes. Therefore, it is possible to 
reach higher productive capacities with lower invest-
ments. The melamine impregnated paper, plastic coat-
ings and paint systems are most commonly used as 
surfacing material in these boards (Istek et al., 2010). 
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but this is not the case with printed inks. Akgün (2008) 
has surveyed the dry fi lm thicknesses, glossiness, hard-
ness, and surface resistances to cold liquids of UV var-
nish with nanoparticles and conventional varnish lay-
ers. It has been shown that the UV varnish system is the 
most durable kind of varnish against all the liquids 
used in the study. Although there are some studies in 
the literature particularly in the fi eld of typography, no 
academic study on UV jet printing technology applied 
on furniture surfaces has been found.

The aim of this study is to determine the surface 
performances of melamine faced chipboard and print-
pan surfaces, on which the new UV jet printing tech-
nology was applied, and their resistance to some phys-
ical effects.

2 MATERIALS AND METHODS
2. MATERIJALI I METODE

2.1  Materials
2.1.  Materijali

In this study, melamine faced chipboard (MFC) 
and painted panel (Pp) (Printpan) have been used as 
wooden based substrate to make digital printing over. 
Boards are supplied from Kastamonu Entegre INC. 
The cream colored melamine faced chipboard, used as 
test specimen, has the thickness of 8 mm and density of 
0.8 g/cm3. The cream colored Printpan board has the 
thickness of 8 mm and density of 0.7 g/cm3.

Blue colored UV curable digital printing ink 
(Sericol ZN 001) is used in the printing process.

For determining the resistance of surfaces to cold 
liquids, 96 % (v/v) ethanol, 10 % (m/m) acetic acid, 
acetone, milk and olive oil were used in accordance 
with TS EN 12720 standards. For determining the re-
sistance of surfaces to hot liquids, tea (92.5 °C), instant 
coffee (94 °C) and distilled water (98 °C) (TS 4980) 
were used.

2.2  Methods
2.2.  Metode

4 pieces of fl at surfaces sized 50x100 cm were 
cut from each of the 8 mm thick melamine coated chip-
board and printpan panels and these pieces were accli-
matized for a week at the temperature of 23±2 °C, and 
50±5 % relative humidity. Average surface roughness 
(Ra) of the boards was measured by using TR200 
roughness tester. Twenty random measurements of the 
surface of each board were taken at a tracing speed of 
1.5 mm/s over 200 mm span. Average surface rough-
ness of the MFC and Pp panels were measured as 5.028 
μm and 6.459 μm, respectively. After that, two layers 
of UV curable digital printing ink were applied on 
melamine faced chipboard and printpan surface in 
Zünd UVjet 215-plus digital printing machine. Thick-
nesses of the panels were measured before and after 
printing by using digital micrometer with the sensitiv-
ity of 0.001 mm. Thirty random measurements of each 
board were taken and the result of these measurements 
showed that the ink layer thickness on the MFC was 
0.03 mm and the ink layer thickness on Pp was 0.01 

The most commonly used chipboard is the one coated 
with melamine impregnated paper (MFC). Painted 
chipboards (Pp), known as printpan in the market, 
whose surfaces are painted straight and fi gured with 
the direct press technique, have recently been increas-
ingly used in furniture industry.

As furniture is also a product of fashion, boards 
with a large variety of surface colors and fi gures are 
produced in order to meet the taste of different con-
sumers. Due to costumer oriented marketing approach, 
rapidly changing tastes and tough competitive condi-
tions, it is necessary to meet the needs of all consum-
ers. However, board production technology and eco-
nomic factors do not enable a great variety of fi gures 
and production in little amounts in these wooden com-
posite materials (Chapman, 2006). To solve this con-
tradiction, producers searched for different solutions 
and digital printing technology started to be used in 
furniture industry. Digital printing method could be 
implemented swiftly and a wide variety of colors and 
fi gures could be used. With the development of ultra-
violet (UV) curable digital printing ink, this technology 
has been used more widely. The use ranges from press 
and advertisements to textiles, handcrafts and even fur-
niture industry. It is preferred as it can be applied to 
every kind of surface regardless of material and shape, 
which enables quick production, and provides high 
quality in terms of image and aesthetics. This method, 
also called “green technology”, is preferred because its 
harmful environmental effects are very few particular-
ly with the use of entirely UV curable inks that make 
no use of harmful volatile solvents. (Işmal, 2003).

UV curable digital printing ink used in press tech-
nologies gives a decorative value to the surface although 
it does not constitute a layer such as paint or varnish. 
This ink, which replaces the other common upper sur-
face applications, is the best material that one can pos-
sibly desire or dream of. By means of this printing meth-
od, every picture could be applied on furniture surfaces. 
For decorative purposes, it is used on cupboard doors 
and on parts where visual aesthetics are required. With 
this technology, all kinds of customer needs can be met 
at very short notice and tailor made furniture can be pro-
duced, at the satisfaction of customers.

Developments in technology and science enable 
the production of new materials, and all new materials 
should go through a performance test in order to deter-
mine their area of use. For manufacturers, it is important 
to use the right material in the right place; and for end-
users it is important to know the properties and limits of 
the material in order to use them properly. In order to 
prevent the consumers and country economy to suffer a 
loss, some upper surface tests are applied to see the re-
sistance of furniture surfaces against the effects they 
could be exposed to. This can give the answer to the 
questions such as: “Which material can be used in which 
area? and “What kind of effects it can resist?”

Several studies were carried out to examine sur-
face resistance of wood fi nishes to dry heat, wet heat, 
glowing cigarette, abrasion and scratch (Sönmez, 1989; 
Kaygın, 1997; Örts et al., 2002; Budakçı et al., 2009) 
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mm. Specimens were cut off from these pieces in re-
quired measures and used for each experiment.

The resistance of experiment sample surfaces to 
cold liquids (TS 12720), hot liquids (TS 4980), dry 
heat (TS EN 12722), wet heat (TS EN 12721), water 
vapor (TS EN 438-2), glowing cigarette (TS 4756) and 
abrasion (TS 4755) was determined in accordance with 
the relevant standards.

3 RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Surface resistance to cold and hot liquids
3.1.  Otpornost površine na hladne i vruće tekućine

The changes that cold and hot liquids made on 
sample surfaces reveal differences depending on the 
kind of material, kind of liquid, and the pH value of the 
liquid. The change of surface impact categories de-
pending on the kind of liquid are given in Figure 1. 
Based on the obtained data, when MFC and UV jet 
printing was applied on printpan (Pp-UV), surfaces 
have shown the best surface performance against cold 
test liquids applied to the surfaces, confi rming that 
MFC-UV is the least durable surface. The durability of 
melamine faced clipboard is the result of the fact that 
the melamine resin on the board surface is resistant to 
liquids due to its hydrophobic character. The reason of 
low durability of MFC-UV surface might be that the 
liquids that remained on the surface, not being able to 
penetrate into the material due to the hydrophobic 
character of MFC surface, deform the structure of the 
ink and lead to further distortion. Acetic acid has led to 

the utmost distortion of surfaces. Being a good solvent 
due to its acidic character (Hakdiyen, 1972), acetic 
acid has led to dramatic distortion.

The changes that hot liquids made on sample sur-
faces reveal differences depending on material and liq-
uid type (Figure 1). While it is confi rmed that Pp-UV 
and MFC surfaces are the most durable surfaces against 
hot liquids, it is determined that Printpan is the least 
durable surface. The reason for Pp-UV surface to be 
more resistant than the Printpan surface might be that 
Printpan material absorbs the liquid and the remaining 
liquid has less strong effect on the ink layer. Since the 
melamine resin on the MFC surface is hydrophobic 
and resistant to heat (Sönmez and Budakçı, 2004), it 
can be concluded that MFC shows the best perform-
ance against hot liquids.

3.2  Surface resistance to dry and wet heat
3.2.  Otpornost površina na suho i vlažno zagrijavanje

The resistance of surfaces to dry and wet heat in 
terms of material type is given in Figure 2. In the clas-
sifi cation of surfaces, the temperature is determined 
at which they take the highest evaluation category 
value 5. 

The resistance temperature of Printpan surface 
against dry heat is 100 °C, of PP-UV and MFC-UV 
surface it is 120 °C and of MFC it is 140 °C. It can be 
stated that the resistance of UV curable ink to dry heat 
is 120 °C. MFC surface has shown the utmost surface 
performance against dry heat. The reason for this is 
that the melamine formaldehyde resin is resistant to 
heat up to 130 °C (Whelan, 1994). 
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It is determined that the Pp surface is the least 
durable surface regarding its resistance to wet heat. 
There is no value shown in Figure 2 because Pp surface 
falls into the lowest resistance category even at the 
lowest temperature (55 °C) specifi ed in the standard. It 
is shown that other surfaces are rather more durable 
(85 °C) than Printpan surface. It can be argued that dis-
tortion originated because melting occurred on the 
acrylic paint surface within the thermoplastic structure 
used in the Printpan surface. Due to the relatively low-
er water absorption of the other surfaces, it can be ar-
gued that the heat had hardly any impact on the mate-
rial and, therefore, the distortionary effect occurred in 
rather high temperatures.

3.3  Surface Resistance to water vapor
3.3.  Otpornost površina na vodenu paru

Pp-UV and MFC-UV surfaces have fallen into the 
weakest impact category (grade 1) being unable to show 
any resistance to water vapor. It can be asserted that dis-
tortion occurred on the surface as the digital printing ink 
was not durable against water and heat. The results of 
abrasion experiment that was conducted (see section 
3.5) also reveal that ink could not be suffi ciently ad-
sorbed by the surfaces and that the adhesion strength 
was low, hence, in this situation, the steam might have 
led to distortions on the surface by having a higher im-
pact in between the material and the ink. It is shown that 
Pp and MFC surfaces are relatively more resistant to wa-
ter vapor (grade 2) than the other two surfaces.

3.4  Surface resistance to glowing cigarette
3.4.  Otpornost površina na upaljenu cigaretu

Glowing cigarette shows similar impacts on sam-
ple surfaces. Since glowing cigarette leads to carboniza-
tion on Pp, Pp-UV and MFC-UV surfaces, it is deter-
mined that these surfaces fall into the least durable 
surface category (grade 1). It is detected that MFC sur-

face is relatively more durable against glowing cigarette 
(grade 2). Browning and explicit marks have occurred 
on MFC surface. This happened because the melamine 
resin on the surface is more resistant to heat than paint 
on the surface of Pp or the ink (Whelan, 1994). The rea-
son for carbonization on other surfaces is because the 
UV dried digital print ink and paint on printpan surface 
are not resistant to fi re. This is an expected result as the 
temperature of the tip of a glowing cigarette is approxi-
mately 288 °C (Smith et al., 2008) and this temperature 
caused damage on the surface of the boards.

3.5  Abrasive resistance
3.5.  Otpornost na abraziju

The results of abrasion experiment showed that 
MFC is more durable than the other surfaces. While 
Pp, Pp-UV and MFC-UV corroded after 25 cycles, 
MFC corroded after 300 cycles. The basic requirement 
for durable coating performance on the surface of 
wood-based panels is a good adhesion between the 
panel surface and the coating material (Istek et al., 
2012). It is possible to say that since UV ink and paint 
on Printpan surface cannot penetrate into the panel ad-
equately and since their adhesion strength is low 
(Walker and Lindström, 2010) , they are not resistant to 
abrasion. 

4  CONCLUSION
4.  ZAKLJUČAK

It is determined that, although Pp, Pp-UV and MFC  -
surfaces show minor changes regarding the resist-
ance to cold liquids in terms of reactive type, they 
are durable in general terms and that MFC-UV sur-
face is relatively less durable.
It is established that Pp-UV, MFC and MFC-UV  -
surfaces are durable against hot liquids while Pp 
surface is not durable.
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It is indicated that the Pp surface is not durable  -
against wet heat and that the resistance of other sur-
faces to wet heat is 85 °C. It is specifi ed that the 
surfaces are relatively more durable against dry 
heat (120 °C).
It is detected that all the surfaces are not resistant to  -
water vapor and glowing cigarette.
While MFC surface is more durable against abra- -
sion, it is confi rmed that because of low adhesion 
strength of UV curable ink, the other surfaces are 
not durable.

As a result, since the UV curable ink is not very 
durable, it is advised that it should not be used in produc-
tions where it could be exposed to strong chemicals (ta-
ble, desk, etc.) and in places, such as bathrooms, etc., 
where it could be exposed to water vapor. In these envi-
ronments, it could be used by applying varnish as a pro-
tective layer. To this end, water based varnish could be 
used. When cleaning the products in which UV curable 
digital printing ink has been used, strong cleansers 
should not be used. Since the digital printing ink applied 
on printpan surface would show better performance, the 
use of printpan as substrate and for decorative purposes 
on cupboard doors would be convenient.
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ABSTRACT • Global sustainability goals have led to the development of the green building movement. The Green 
Building Program, stemming from the movement, has had unprecedented success as it provides a quantifi able 
metric to people’s efforts towards sustainable development. Sustainable development and green buildings are often 
used interchangeably. Although, sustainable development and green buildings are related, they are not the same. 
This paper provides an overview of how green building relates to sustainable development practices. Sustainabil-
ity also governs decisions concerning building materials. A comprehensive explanation of what constitutes a green 
building material is discussed and how renewable material like wood fare in the deciding criteria. There are many 
green building rating systems in place. United States Green Building Council administered Leadership in Energy 
and Environment Design (LEED) is the global market leader in the rating systems. LEED is a commendable and 
grand effort in moving towards sustainable development by converting the built environment green. However, it 
does have certain pitfalls and challenges. Some of these challenges are with respect to policies on material se-
lection and performance monitoring. The materials used in a project are considered at a common starting point 
and no consideration is given to the life cycle performance of the material. Statements concerning sustainability 
require validation, and Life Cycle Analysis (LCA) is a tool that can provide such validity. This paper presents how 
benefi cial it can be, when included, in the bigger scheme of green building rating systems and introduces an inte-
grated design concept for green buildings.

Key words: LEED, life cycle analysis, wood

SAŽETAK • Ciljevi održivosti društva i građana svijeta doveli su do razvoja pokreta zelene gradnje. Programi 
zelene gradnje, koji proizlaze iz pokreta, imali su neviđen uspjeh jer su osiguravali mjerljive veličine za uspješnost u 
naporima za održivi razvoj. Održivi razvoj i zelena gradnja često se upotrebljavaju u istom značenju. Iako su održivi 
razvoj i zelena gradnja povezani, oni nisu isto. U ovom je radu dan pregled kako se zelena gradnja odnosi prema 
praksi održivog razvoja. Održivost također utječe na odluke koje se odnose na   materijal za gradnju. U radu se daje 
opsežno objašnjenje što je to zeleni građevni materijal se te navodi kako je obnovljivi materijal poput drva često 
među odlučujućim kriterijima pri gradnji. Postoje mnogi rejting sustavi zelene gradnje. Savjet za zelenu gradnju 
SAD-a upravljao je skupinom Vodstvo u energetici i zaštiti okoliša (LEED), koja je globalni tržišni lider u rejting 
sustavima. LEED skupina simbolizira vrlo pohvalan i velik trud u kretanju prema održivom razvoju pretvaranjem 
izgrađenog okoliša u zeleno. No tu su i neke zamke i izazovi. Neki od tih izazova odnose se na pravila odabira materi-
jala i praćenje učinaka gradnje. Materijali koji se koriste u projektu razmatrani su s obzirom na zajedničko polazište, 
no nije razmatran i njihov životni ciklus. Izjave o održivosti zahtijevaju dokaz valjanosti, a analiza životnog ciklusa 
(LCA) alat je koji može dati takav dokaz. Rad pokazuje kako uključivanje takve analize u većim shemama rejting 
sustava zelene gradnje može biti korisno, kao i uvođenje integriranog koncepta dizajna zelenih zgrada.

Ključne riječi: LEED, analiza životnog ciklusa, drvo
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1  INTRODUCTION
1.  UVOD

Climate change and its disastrous consequences 
are stimulating the transformation towards a sustaina-
ble development, with its increasing economic effi -
ciency, protection and restoration of ecological systems 
and improvement of human well-being. The mainte-
nance of natural resources is a subject that often ap-
pears when sustainable development is considered. In 
addition, with increasing world population and eco-
nomic development of various nations, the strain on 
resources is increasing. As economic development and 
environment are linked, the realization has set in to 
conserve energy and resources. Globally, infrastructure 
and building construction consumes 60 % of the raw 
materials extracted from the Earth (Bribian et al., 2011, 
MMSD, 2002). From this volume, building accounts 
for 40 %, in other words 24 % of these global extrac-
tions. In the US, with 4 % of world’s population, the 
consumption of resources is at a staggering 25 % of 
total resources available in the world (Teller and Berg-
man 2010). A majority of these resources (60 % ac-
cording to USGBC) are consumed in the building in-
dustry. In Europe, the per capita mineral extractions for 
buildings are approximately 4.8 tons per year (Wadel, 
2009) Consumption of non-renewable and non-replen-
ishable minerals will be detrimental to the environment 
and will have catastrophic effect on humans. In addi-
tion to that, energy consumption during and in use of 
building is enormous. In the US, the built environment 
accounts for 65 % of all energy consumption (USGBC 
2010). In the European Union (EU) the corresponding 
number is 42 % (Nelson 2002). In addition, carbon di-
oxide (CO2) emissions from the built environment ac-
counts for roughly 35-40 % of total emissions, both in 
the US as well as in the EU (Environmental Informa-
tion Administration 2008, Nelson 2002). Not only do 
buildings consist of a multitude of products, and there-
fore technical and biological nutrients, they also have 
an important and wide-ranging impact on water and 
energy cycles, air quality (indoor and outdoor), and 
fauna and fl ora, as well as on social and economic fac-
tors. The increased use of resources that cause pollu-
tion and emissions, highlight the need to save and con-
serve energy for sustainable development. 

In engineering, sustainable design is a design ide-
ology, which harbors the notion of sustainable human 
and societal development. Sustainable development can 
be defi ned in various ways. Every individual will ap-
proach the issue of sustainability in a different manner 
depending upon various factors, such as, sustainability 
goals, background, awareness, and economic condi-
tions. Sustainability is providing opportunity of devel-
opment to the future generation, in terms of resources. 
One of the key aspects in sustainability is sustainable 
construction. Sustainable construction practices are such 
that they are based on ecological principles, with no en-
vironmental impacts, have a closed material loop, and 
have full integration into the landscape after the service 
life of the structure is over. The concept of green build-

ings is the measure of our efforts in attaining that ideal-
istic sustainable construction practices. According to 
Environmental Protection Agency (EPA) in the US, 
Green Building is the “practice of creating structures 
and using processes that are environmentally responsi-
ble and resource-effi cient throughout a building life-cy-
cle from siting to design, construction, operation, main-
tenance, renovation, and deconstruction.” This defi nition 
has evolved over the years. “Green Buildings” is an ever 
evolving, dynamic term. Green Building is the status of 
our efforts in attaining sustainability in construction 
practices. As technology evolves and new materials are 
developed, the status of our efforts are also changing. 
Hence, the essence of green buildings is changing. The 
aim of this paper is to discuss sustainability with respect 
to green buildings, its importance in one of the world’s 
leading Green Building program - Leadership in Energy 
and Environmental Design (LEED) certifi cation from 
the perspective of sustainable material selection, and 
governing policies in LEED. Furthermore, the role of 
life cycle assessment (LCA) in assessing the sustainabil-
ity claims of green buildings and building materials is 
introduced. Moreover, the potential for including LCA 
in the scheme of Green Building rating system is criti-
cally evaluated.

2   SUSTAINABILITY WITH RESPECT TO 
BUILDING MATERIALS

2.   ODRŽIVOST S OBZIROM NA MATERIJALE 
ZA GRADNJU

Sustainability is increasingly becoming a key 
consideration of building practitioners with the goal of 
increasing economic effi ciency, protecting, and restor-
ing ecological systems and improving human well-be-
ing. To achieve sustainability, the following objectives 
should be met:
1. Minimize consumption of matter and energy;
2. Reusability and recyclability of the material;
3. Human satisfaction;
4.  Minimum environmental impacts and embodied en-

ergy.
It is important to minimize the consumption, as 

while a material is consumed, its chances for future use 
are diminishing; hence, its potential utility to future 
generation is lost (Roberts, 1994). Another aspect of 
minimizing the consumption is either reusing the same 
material or recycling the material to mold into a differ-
ent or similar building product. This also ties into the 
third criteria i.e., meeting a certain level of end-user 
satisfaction (Pearce at al., 1995). Trade-offs are inevi-
table when deciding on a material, and mostly are be-
tween resource consumption and human satisfaction. 
Human satisfaction level also changes with time and is 
correlated to various external factors, such as, costs, 
ensuring human comfort, safety and enriching the hu-
man spirit (Day, 1990). Human satisfaction level is 
also driven by the sustainability goal that in turn dic-
tates the material selection process. Addressing the 
need of human satisfaction is very important. Another 
important aspect of material selection is its environ-
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mental costs and energy associated at various steps of 
its manufacturing process. However, to defi ne a green 
material, numerous factors have to be considered.

2.1   Evaluation of building materials on 
“greenness”

2.1.  Ocjena materijala za gradnju kao “zelenoga”

The most general criteria for evaluating building 
materials are resource management, pollution or in-
door environmental quality (IEQ), and performance 
(Milani, 2005; Spiegel and Meadows, 2006). The re-
sources used by a material include all the components 
and energy used to extract, process, transport, use, and 
dispose/ recycle it. The energy used to produce it or 
process it to usable form, known as embodied (or em-
bedded) energy can be particularly large for building 
materials. Pollution includes all the emissions of the 
mines and factories used to produce the material, as 
well as the emissions of use – formaldehyde and emis-
sions from products used to clean and maintain the ma-
terial – along with the pollution resulting from its fi nal 
incineration or land-fi lling (Milani, 2005). Perform-
ance refers to how well the material does its intended 
job. Materials with low durability, no matter how be-
nignly produced, can hardly qualify as green. Durabil-
ity is defi ned as the ability of a building or any of its 
components to perform the required functions in a 
service environment over a period of time without un-
foreseen cost for maintenance or repair. Wood is dura-
ble material, which has to be accompanied with appro-
priate building applications and design. The natural 
durability of wood has been proven by the multitude of 
buildings that have stood for centuries. While wood 
natural bio-based attributes make it a sustainable build-
ing material, it also makes wood vulnerable to decay 
and wood destroying insects. Proper design, installa-
tion and detailing are critical to ensure long-term dura-
bility. When wood is used in exposed applications, or 
in areas where it is subjected to moisture and insects, it 
must be protected with mechanical barriers, coatings 
and, in some instances, preservative treatments. For 
materials like insulation, performance goes beyond du-
rability, since good thermal performance, for example, 
can actively save resources and energy.

These three evaluation categories, resources, per-
formance, and pollution overlap considerably. Consid-
er a sheathing material, for example the performance 
of that material, will infl uence the resources and energy 
they use in operation. Construction materials live much 
longer than most other materials (Milani, 2005; Wadel, 
2009). Approximately, 60 % of the materials extracted 
out of earth’s crust end up in the built environment 
(Wadel, 2009; Bribian et al., 2011) and they have a life 
cycle, mostly related to the time when the building is in 
operation. This tends to make durability and perform-
ance somewhat more important than for many other 
kinds of products. Figure 1, compiled from inputs from 
Malin (1999, 2002), Milani (2005) and Spiegel and 
Meadows (2006), presents various phases of material, 
which are the base of evaluations. “Greenness” of a 
material is evaluated on four distinct levels:

  - Raw-Material Phase (resource limitation, resource 
extraction, transportation);
  - Manufacturing Level (waste reduction, pollution 
prevention, recycled content, embodied energy re-
duction, use of natural materials);
  - Operation level (reduction in construction waste, en-
ergy effi ciency, longer life/ durability, occupant health, 
water treatment/conservation, use of non-toxic or less-
toxic materials, renewable energy systems);
  - Disposal (reusability, recyclability, biodegradability).

3  GREEN BUILDING RATING SYSTEMS
3.  REJTING SUSTAVI ZELENE GRADNJE

The green building movement addresses a broad 
array of areas such as energy effi ciency, water manage-
ment, material production, construction issues, occupant 
health quality, air quality management, recycling, reus-
ability, and waste management (Bowyer, 2008). This 
vast array of its coverage could be one of the reasons for 
its unprecedented success. Currently there are more than 
40 green building programs in the US. In the residential 
sector, many independent organizations led an initiative 
in their local jurisdiction and municipalities across the 
US. Some examples of these are the green building 
movement in Denver, Colorado; Kitsap County and 
King County, Washington; the Baltimore suburban 
builders association; the Earth craft houses program in 
Atlanta; Austin Green builder program, and Wisconsin 
green built program. The National Association of Home-
builders (NAHB) was proactive and took note of these 
increasing initiatives towards green construction, and as 
a result issued guidance available to its 800 state and lo-
cal associations, educating and informing them how to 
create their own green building program. Encouraged by 
its enormous success and a need for standardization, 
NAHB designed its own green building program in 
2008, called the National Green Building Program 
(NAHB 2010). Since its inception, it has emerged to be 
the market leader in the residential sector. However, in 
the commercial arena, the market leader is the US Green 
Building Council (USGBC) administered program 
called the Leadership in Energy and Environmental De-

Phase
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Development
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Planning
planiranje

Maintenance
���������	

Transportation
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Design
oblikovanje

Construction
gradnja
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Deconstruction
razgradnja

Manufacturing
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Figure 1 Various phases of a material life cycle
Slika 1. Faze životnog ciklusa materijala
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sign (LEED) followed by Green Globes. Since founda-
tion of the NAHB rating system, LEED has also diversi-
fi ed itself in an effort to enter the residential sector. To 
earn certifi cation under the LEED program, a building 
must meet certain prerequisites and performance bench-
marks within each category. 

The World Green Building Council recognizes 
25 countries in Europe that have green building coun-
cils. With its strong focus on zero net resource con-
sumption and passive solutions, Europe is widely rec-
ognized as a global leader in minimizing the use of 
resources and energy. The United Kingdom was the 
fi rst country to develop a major green building rating 
system called the Building Research Establishment 
Environmental Assessment (BREEAM). Germany and 
France have their own green building rating systems. 
In Eastern Europe, LEED is also gaining popularity 
(Sinha and Kutnar, 2012).

3.1  LEED rating system
3.1.  Rejting sustav LEED

The LEED rating system is administered by 
United States Green Building Council (USGBC). 
LEED is a voluntary rating system to ensure a superior 
environmental performance of a building over its life 
time. LEED was developed to evaluate the perform-
ance of construction and design from a standpoint of 
sustainability in 1998 for commercial constructions. 
Since its inception, LEED has evolved and improved 
through several revisions. LEED 2009 is the current 
version, while discussions are currently underway for 
LEED 2012. LEED 2009 contains the following spe-
cifi c rating systems: 1) New Construction (NC); 2) Ex-
isting Buildings: Operations and Maintenance; 3) 
Commercial Interiors; 4) Core and Shell; 5) Retail; 6) 
Healthcare; 7) Homes; and 8) Neighborhood Develop-
ment. Each of the rating systems is composed of 100 
points, which are divided among fi ve categories: Sus-
tainable Sites (26); Water Effi ciency (10); Energy and 
Atmosphere (35); Materials and Resources (14); and 
Indoor Environmental Quality (15). Additionally, up to 
10 bonus points are possible through innovative design 
and consideration of regional priorities. Each category 
in LEED 2009 has certain prerequisites that are manda-
tory for all projects and are not eligible for points. The 
points are then distributed across major categories and 
are assigned in a progressive way for incremental level 
of documented efforts to increase environmental per-
formance. The LEED system rates buildings at four 
levels - certifi ed, silver, gold, and platinum, with the 
following credit requirements:

Certifi ed - 40 - 49 points -
Silver - 50 - 59 points -
Gold - 60 - 79 points -
Platinum - 80 points and above -

Currently, the LEED rating system is a nationally 
accepted benchmark for design, construction and opera-
tion of high-performance green buildings and is used to 
evaluate a signifi cant portion of new construction within 
the United States. In the commercial arena in the United 
States, LEED is the market leader, with 90 % of all certi-

fi ed buildings being LEED certifi ed. It can be argued 
that the LEED system is also a global leader in green 
building. The LEED International Roundtable is com-
posed of representatives from 21 countries who work to 
provide global consistency in regional approaches to 
green building. Each of these 21 countries utilizes LEED 
rating systems that are catered to the local conditions in 
their country. Additionally, LEED has registered projects 
in 133 countries. The percentage of new construction 
projects evaluated by LEED (for New Construction) has 
markedly increased throughout the last decade, as vari-
ous stakeholders recognize the need to validate their 
achievements for sustainable construction. The green 
building concept and sustainable design are growing 
phenomenon in engineering, which has an unprecedent-
ed growth rate and acceptability. In 2006, studies showed 
that about 20 % of the designers have been involved in 
projects that have resulted in LEED certifi cation as op-
posed to only 10 % in 2003 (BDC, 2011). It is projected 
that by the end of 2013, 94 % of the current architectural 
and engineering fi rms would be extensively working on 
green projects (Bernstein and Bowerbank, 2008). In the 
future, it is speculated that green building rating systems 
will move towards performance-based systems and have 
a performance monitoring protocol in place. The fact 
that the energy supply and resources are diminishing; 
coupled with the increased awareness in people to con-
tribute towards sustainability is helping drive this rapid 
growth in green buildings. People like to see their efforts 
validated by an agency and USGBC through LEED is 
providing that. Furthermore, despite dominance of 
Buildings Research Establishment Environmental As-
sessment Methodology (BREEAM) in the European 
green building performance market, LEED is gaining 
some traction. Various projects all over Europe are 
adopting LEED measures. Several buildings have been 
already LEED certifi ed in Italy, England, Poland, the 
Czech Republic, Bulgaria, and Portugal.

3.2 Questionable ratings in LEED
3.2. Dvojbeni rejtinzi u LEED-u
3.2.1  LEED – Materials
3.2.1. LEED – materijali

The USGBC, although a grand and comprehen-
sive effort towards sustainable design, has certain pit-
falls in terms of how it rates the materials. There are 
provisions in LEED and other primary green building 
programs, which could result in signifi cant negative im-
pact on wood and wood products as a building material 
(Bowyer, 2008). The LEED rating system rates the ma-
terial at the same level while being used in the building. 
All materials are considered at an equal footing and their 
life history does not have an impact on the rating credits. 
Materials like, concrete and wood are considered equal. 
However, life cycle analysis have shown that wood has 
less embodied energy than concrete or steel because it is 
a biological renewable material (Puettman et al., 2005), 
while the raw materials to make cement and then con-
crete is a product of energy intensive mining (PCA, 
2002; van Oss and Padovani, 2002; Rajendran and Gam-
batese, 2007). Steel is preferred over wood and concrete, 
because of its recyclability and recycled content (USG-
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BC, 2009). Steel, although it is recyclable, has higher 
environmental impacts than wood because the raw ma-
terial has to be mined and then steel has to be extracted 
in a furnace (IISI, 2000). Many experts (Bowyer, 2008) 
consider this viewpoint, by which more importance is 
given to steel, as a serious error from an environmental 
standpoint. 

LEED assigns extra credit for materials that are 
“rapidly renewable” (LEED-NC, 2009). The criterion 
of rapid renewability with respect to wood is 10-year 
turn around period. For trees with a smaller rotation 
time of 10 years or less, those credits can be attained. 
However, for longer rotation crops valuable credits 
cannot be obtained. Wood is a renewable material, with 
some trees having a smaller rotation cycle and some 
trees having a higher rotation period. Bamboo, for e.g., 
is a rapidly growing tree as compared to maple and 
hence, so bamboo fl ooring is preferred over maple 
fl ooring in LEED. The scientifi c background of this 
preference has been heavily challenged (Bowyer, 2007) 
and there is ongoing debate as to whether to change the 
category of “rapidly renewable” to “renewable” (YP-
FPG, 2008). This will give wood as a building material 
clear advantage as it is a renewable material. Besides, 
wood is causing less emissions of CO2 and generates 
less waste compared to the alternative materials (Pe-
tersen and Solberg, 2005).

A challenge that LEED faces is to ensure that the 
wood coming into the project has been grown and har-
vested in a sustainable manner. Forest Certifi cation en-
sures this. Forest Certifi cation has a two-fold objective 
in the LEED program. It provides evidence that the 
wood has been grown and harvested in environmen-
tally and socially responsible manner, and determines 
whether wood might qualify for credits as a “renewa-
ble” material. It will also ensure that wood harvested 
illegally (outside the US) will not receive any credits. 
There are many forest certifi cation schemes prevalent 
in the US. Currently, Forest Stewardship Council (FSC) 
is the only one recognized by the USGBC (LEED-NC, 
2009). Alternative programs, although similar in their 
efforts to promote responsible forest management, are 
not recognized. With FSC wood being limited, it is dif-
fi cult to earn credits for certifi ed wood. Moreover, it is 
only wood that requires external validation or certifi ca-
tion, while other materials in LEED do not (LEED, 
2009), despite social and environmental impacts asso-
ciated with other materials (Bowyer, 2007, 2008). 

3.2.2  LEED – Performance
3.2.2. LEED – izvedba

Besides its ambiguity in rating materials, the per-
formance of the LEED program has also been challenged 
(Torcellini, 2004; Bowyer, 2008; Bribian et al., 2011). 
The LEED program is a not performance based rating 
system. Rather, it is a checklist of provision, which is 
supposed to ensure performance. There are no provisions 
for performance monitoring in LEED. As a result, a ques-
tion is often posed – “Does the LEED program help in 
reducing energy consumption and improve energy per-
formance of building?” The LEED program has been 

around long enough to assess the changes. Various stud-
ies have tried to answer this. Torcellini et al. (2004) con-
ducted an overview of six sustainable buildings in the 
USA to compare the results to predicted energy savings. 
Analysis showed that all buildings performed worse than 
predicted, but all managed a substantial saving compared 
to a comparable code-compliant building. The deviation 
from the predicted savings was due to higher than ex-
pected occupant loads and systems not performing to-
gether as designed. Turner (2006) compared 11 buildings 
in the Cascadia Region, USA and found all buildings per-
formed better than their baseline. In other words, build-
ings performed better than their non-green code-compli-
ant counterparts. Fowler and Rauch (2008) investigated 
12 Federal Buildings, all designed with energy conserva-
tion approach and found that they saved 25-30 % more 
energy that similar US commercial buildings. Baylon 
and Storm (2008) examined the characteristics of LEED 
commercial buildings in the US Pacific Northwest, and 
compared them to regional non-LEED buildings. The 
mean energy use per floor area for the 12 LEED build-
ings was 10 % lower than the 39 similar non-LEED 
buildings in the same region. 

Diamond et al. (2006) investigated 21 LEED-
certified (LEED-NC Version 2.0/2.1) buildings using the 
modeled energy data for the as-designed and baseline 
building as submitted to the USGBC. On average, for 
the 18 buildings that had both simulated whole building 
design and actual energy use data, energy use was 1 % 
lower than modeling predictions (which were 27 % be-
low baseline). However, there was large variability 
(standard deviation, s.d. 46 %), and some performed bet-
ter than predicted, while others performed worse. Fur-
ther, the number of LEED energy credits obtained in the 
certification did not correlate with the actual energy use 
per floor area. Newsham et al. (2009) reported similar 
results. The authors studied 100 LEED certifi ed build-
ings, compared the results to commercial US buildings, 
and reported that LEED buildings used 18–39 % less 
energy per floor area than their conventional counter-
parts, confi rmed by statistical analysis. However, 28–35 
% of LEED buildings used more energy than their con-
ventional counterparts. Similar to Diamond et al. (2006), 
Newsham et al. (2009) did not fi nd any correlation be-
tween the certifi cation level (Silver, Gold, Platinum) and 
the measured energy performance. Therefore, they rec-
ommended that although green buildings contribute to 
signifi cant energy savings, more work is needed to de-
fi ne the scope of the rating systems and design a plan to 
be consistent at a generic level as well as at the individ-
ual building level. 

4   LIFE CYCLE ASSESSMENT (LCA) – 
POTENTIAL GREEN BUILDING RATING 
SYSTEM

4.   OCJENA ŽIVOTNOG CIKLUSA (LCA) – 
POTENCIJALNI REJTING SUSTAV ZELENE 
GRADNJE

Life-cycle assessment (LCA) is a rational, quanti-
fi ed approach to determining specifi c environmental im-
pacts of a product or system through its entire life cycle. 
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As solutions are sought to reduce the impacts of build-
ings, LCA is seen as an objective measure for comparing 
building designs. LCA clearly has an important role to 
play in assessing the sustainability of green buildings 
and it is a valuable tool in decision-making. 

Studies found LCA to have started in 1960s (Hunt 
et al., 1992), however, it gain prominence in the 1990s 
(Bribian et al., 2009). From the time, when LCA analy-
sis was developed till today, numerous methodologies to 
classify, characterize, and normalize environmental ef-
fects have been developed. The most common, for ex-
ample CML 2 (2000), IPCC Greenhouse gas emissions, 
Ecopoints 97 and Eco-indicator 99 (PRé Consultants, 
2010), are focused on the following indicators: acidifi ca-
tion, eutrophication, thinning the ozone layer, various 
types of ecotoxicity, air contaminations, usage of re-
sources and greenhouse gas emissions. At fi rst, LCA 
analysis was mostly focused on environmental effects 
like acidifi cation and eutrophication, while more recent-
ly mostly on greenhouse gas emissions, which are also 
called carbon footprint. The carbon footprint is ex-
pressed in terms of the amount of emitted carbon diox-
ide or its equivalent of other greenhouse gases. In Eu-
rope, carbon footprint is gaining its importance and it 
can be expected that it will become necessary informa-
tion accompanying products and services. 

The LCA methodology involves four steps (Envi-
ronmental, 1997; ISO 14040, 2006; Puettmann et al., 
2010). The goal and scope defi nition step spells out the 
purpose of the study and its breadth and depth. The sec-
ond step, Life Cycle Inventory (LCI) quantifi es the envi-
ronmental inputs and outputs associated with a product 
over its entire life cycle. Inventory analysis entails quan-
tifying the inventory fl ows for a product system. Inven-
tory fl ows include inputs of water, energy, and raw ma-
terials, and releases to air, land, and water. However, 
these inputs and outputs are not of great interest (Lippi-
att, 1998). More important are their consequences, or 
impacts on the environment. Thus, the next LCA step, 
impact assessment (LCIA), characterizes these invento-
ry fl ows in relation to a set of environmental impacts as 
identifi ed in LCI. Finally, the interpretation step com-
bines environmental impact in accordance with the goals 
of the study (Environmental, 1997).

For a product, the life cycle starts with procuring 
the raw material, primary processing, secondary 
processing or manufacturing, packaging, shipping and 
handling, installation, in-use energy consumption, 
maintenance, and end-of-life strategies. Figure 2 shows 
the various stages of a product lifecycle and system 
boundaries. LCA is performed at various stages (Fig-
ure 2). For example, Cradle-to-Gate refers to life cycle 
assessment from raw material stage to the point it is 
shipped out to the fi eld. Similarly, cradle-to-grave in-
volves LCA of all stages of the product or the material, 
starting from raw material procurement to end-of-life 
strategies. For buildings, the life cycle generally starts 
with extraction of raw resources from the natural envi-
ronment or recovery of materials from a previous use. 
The raw resources are then manufactured into useable 
products, such as steel, concrete, etc. The fi nished 

products are then shipped to the site consuming energy 
in the process. On the site, the products are assembled 
into a building. During the service life of the building, 
it consumes energy. In due course of time renovation or 
retrofi t is performed on the building, which uses mate-
rials and energy. Finally, the building is removed/de-
molished and its materials disposed of either as con-
struction waste or recycled for reuse. Each of these 
steps consumes energy and materials and produces 
waste. The purpose of the LCA quantifi es how a build-
ing product or system affects the environment during 
each phase of its life. Examples of parameters that may 
be quantifi ed include: energy consumption, resource 
use, greenhouse gas production, solid waste genera-
tion, and pollution generation.

The adoption of life-cycle approach to design, 
where not only current energy concerns are accounted 
for, but also long-term energy, environmental, and so-
cial impacts, should lead to an integrated approach to 
design. A building uses most of its energy during its 
service life, which is about 90 % of the total life cycle 
energy (Citherlet and Defaux, 2007; Newsham et al., 
2009). This is the stage where a structural engineer has 
least impact. However, as building energy use has be-
come more effi cient, the role of structural engineer has 
become more and more important. A structural engi-
neer has primary input during the design, construction 
and end-of-life stages, where a signifi cant energy re-
duction can result in buildings with less environmental 
impacts. A structural engineer, if involved in planning, 
can have signifi cant impact in all aspects of the build-
ing life-cycle. Structural engineers must be forthright, 
educate themselves in LCA and sustainability so that 
they can be decision-makers, and be able to make their 
contribution to reducing the project’s environmental 
impact (Webster, 2005).

As the infl uence of green building programs con-
tinues to increase and the fi eld matures, the primary 
green building programs will shift to use of LCA as a 

Input materials + transport
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Manufacturing
proizvodnja

Building
gradnja

Use phase of a building
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��

 

Decomposition, recycling
razgradnja, recikliranje

Figure 2 Simplifi ed presentation of LCA variants, system 
boundaries
Slika 2. Pojednostavnjena prezentacija varijanti LCA, 
granice sustava
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means of using science and consistent methodology to 
inform green building decisions (Bowyer, 2008) and 
move towards an integrated design process, since the 
design of a building is a complex process involving 
multitudes of disciplines and expertise. However, 
transparent and standardized approach to LCA is need-
ed to assess the ecological and environmental conse-
quences of the use phase of the buildings. Namely, the 
values can differ signifi cantly among different studies. 
The use of different input data, functional units, alloca-
tion methods, reference systems and other assump-
tions, complicates comparisons of LCA green building 
studies. To be sustainable in a holistic way, an integrat-
ed design process should be adopted. Each system or 
discipline in a project has some effect on another sys-
tem in varying degrees. Moreover, the total environ-
mental impact could be reduced by involving each as-
pect of the project from the onset. The fi rst step is to 
form an integrated, multidisciplinary design team of 
owners, architects, structural engineers, civil engineers, 
geotechnical engineers, landscape designers, mainte-
nance or operations staff, general contractor and key 
subcontractors, cost consultants, and end-use repre-
sentatives. Green building construction must integrate 
building professionals, so that they work together for 
the common goal of sustainability. This integration 
must begin at the pre-design phase and continue 
through to post-occupancy, in order to optimize the 
building performance. Integrated design is a critical 
component in reducing costs in the construction of 
green buildings.

4.1  Wood as a building material
4.1.  Drvo kao građevni materijal

Wood is a material of choice in many countries 
for residential and light commercial buildings. 90 % of 
the residential buildings in the US are wood-frame 
construction. Japan is also not far behind. The use of 
wood in green buildings fi ts well with the previously 
mentioned criteria for green building materials. Wood 
is a renewable resource, manufactured in nature using 
a large quantity of solar energy. Hence, no fossil fuels 
are required for manufacturing of wood. When waste 
wood is burned, it provides an independent source of 
energy. Energy from waste wood is solar energy, which 
has been stored in the wood for a few years. As a result, 
the embodied energy of wood is miniscule as compared 
to other building materials. Wood can be recycled, but 
not in the extensive manner of materials like metals 
and glass. The production of wood is generally non-
polluting at all stages although there have been instanc-
es in the past with polluted sites from chemical pre-
servative processes (Buchanan, 2006, 2010). Another 
reason for building in wood is the increase in the pool 
of carbon stored in wood and wood products. This is 
very important from a climate change standpoint. 
Green building programs do not give proper credit to 
wood and its low embodied energy (Bowyer, 2008). As 
a result wood products are often overlooked by archi-
tects, builders, and contractors. Within the green build-
ing sector, the wood industry must innovate and try to 

improve their market by creating a niche for new struc-
tural products. 

5  CONCLUSION
5.  ZAKLJUČAK

Sustainability is increasingly becoming a key 
consideration of building practitioners, policy makers, 
and industry alike, since the world is moving towards 
zero-energy construction. When buildings have net 
zero energy consumption, the effect of embodied en-
ergy and greenhouse gas emissions become important. 
A zero energy house can be built with different materi-
als and construction methods that create different cu-
mulative carbon footprint. Wood products can have 
very low or negative carbon footprint. Therefore, the 
utilization of wood, the most important renewable ma-
terial, in all aspects of human existence appears to be 
the most effective way to optimize the use of resources 
and to reduce the environmental impact associated 
with mankind’s activities. Typically, the use of wood 
products results in lower emissions and thus a lower 
overall environmental impact. However, to achieve 
sustainable development, certain criteria within a 
framework of economic, environmental and social sys-
tems must be followed. Only effective use of wood 
through the whole value chain from forest management 
and multiple use of forest resources through new wood 
and fi ber-based materials and processing technologies 
to new end-use concepts, e.g. in the area of construc-
tion, can lead to sustainable development. Therefore, 
research, development and innovation related to 
“green” buildings should focus on LCA analysis in all 
product stages, from primary processing and use to dis-
posal, and integrate knowledge and experience from 
various disciplines, engaging scientists from areas like 
engineering, material science, forestry, environmental 
science, architecture, marketing, and business. The ac-
tivities should be oriented towards new product devel-
opment from renewable materials, and utilization of 
the whole wood value chain, engineering solutions, 
and cradle2cradle concept.
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ABSTRACT • Structural timber has been used for centuries in construction and represents a traditional building 
component in many countries of the European Union. Nowadays, the interest in its use has been renewed due to sev-
eral factors such as: ease of processing, relative lightness, mechanical performance, sustainability and decorative 
appearance. On March 2011, the European Parliament adopted the Regulation (EU) No. 305/2011 (known as CPR), 
laying down harmonized conditions for the marketing of construction products. According to CPR’s dispositions, 
since January 1st 2012 CE marking of structural solid timber has been mandatory. While on one hand for the building 
sector enterprises this implies remarkable challenges, on the other hand it will allow a better valorization of struc-
tural timber. In this context, the present work illustrates the European standardization framework for CE marking of 
structural timber, particularly with respect to the visual grading method applicable to solid wood products and to the 
Italian experience in adopting the new rules.

Keywords: structural timber, normative framework, CE marking, visual grading, machine grading

SAŽETAK • Strukturna se drvna građa stoljećima upotrebljava u graditeljstvu i čini tradicionalnu sastavnicu grad-
nje u mnogim zemljama Europske Unije. Danas nekoliko činitelja pridonosi obnovi zanimanja za uporabu strukturne 
drvne građe, među kojima su jednostavnost obrade, relativna lakoća, mehanička svojstva drva, obnovljivost i dekora-
tivan izgled drvne građe. U ožujku 2011. godine Europski je parlament usvojio Uredbu EU No 305/2011 (poznatu kao 
CPR), kojom su usklađeni uvjeti za prodaju građevnih proizvoda. Prema dispozicijama CPR-a od 1. siječnja 2012, 
za strukturno masivno drvo obvezna je oznaka CE. Iako za poduzeća građevnog sektora to podrazumijeva mnoge 
izazove, to će omogućiti i bolju valorizaciju strukturne građe. U tom kontekstu ovaj rad ilustrira Europski okvir 
normizacije za CE oznaku strukturne građe, s posebnim naglaskom na vizualnoj metodi ocjenjivanja kvalitete koja je 
primjenjiva za proizvode od masivnog drva, te s osvrtom na talijanska iskustva u usvajanju novih pravila.

Ključne riječi: strukturna građa, normativni okvir, oznaka CE, vizualno ocjenjivanje kvalitete, mehanizirano raz-
vrstavanje
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for CE marking of structural timber, with particular re-
spect to the visual grading method applicable to solid 
wood products. The current Italian situation is also re-
ported in order to illustrate how the CE marking obli-
gation interacts with the reality of an EU country. On 
the whole, the analysis of such a complex framework 
can be useful for the industrial and scientifi c communi-
ties of new countries acceding into EU.

2   CE MARKING OF STRUCTURAL TIMBER: 
THE STANDARDIZATION FRAMEWORK

2.   CE OZNAKA STRUKTURNE GRAĐE: 
OKVIR NORMIZACIJE

Figure 2 shows the relations between different 
normative instruments regulating grading and CE 
marking of structural timber.

As shown, CE marking of structural timber arises 
from Regulation (EU) No. 305/2011 (CPR), which lays 
down the conditions for construction products market-
ing within the European Union. In particular, the CPR 
states the dispositions for CE marking according to the 
general principles set by Regulation (EC) No. 
765/2008.

According to CPR Regulation, CE marking shall 
guarantee the conformity with harmonized standards 
when available. To this day, the latter list update has 
been published by the Offi cial Journal of the European 
Union C 246, Volume 54, August 24rd 2011. For struc-
tural timber two options are envisaged on the basis of 
its rectangular and irregular cross section.

2.1  Structural timber with rectangular cross 
section

2.1.  Strukturna građa pravokutnoga poprečnog 
presjeka

According to the above mentioned list, classifi ca-
tion of structural timber with rectangular cross section 
shall be performed in accordance with EN 14081-1. 
This standard specifi es the general requirements for 
visual and machine strength grading of structural tim-
ber with rectangular cross section shaped by sawing, 

1  INTRODUCTION
1.  UVOD

Structural timber has been used for centuries in 
construction and represents a traditional building com-
ponent in many countries of the European Union (Gior-
dano, 1997; Moffet et al., 2003; Pryce, 2005). Nowa-
days, the interest in its use has been renewed due to 
several factors such as: ease of processing, relative 
lightness, good mechanical performance (particularly 
in terms of strength to weight ratio), sustainability, re-
cyclability, decorative aspect, etc. (Anonymous, 2006; 
Kolb, 2008).

On March 2011 the European Parliament adopted 
the Regulation (EU) No. 305/2011 (CPR, acronym for 
Construction Products Regulation) repealing the Con-
struction Products Directive 89/106/EEC (CPD)1. As 
stated by Article 1, the Regulation “[…] lays down 
conditions for the placing or making available on the 
market of construction products by establishing har-
monized rules on how to express the performance of 
construction products in relation to their essential 
characteristics and on the use of CE marking on those 
products”. As a construction product2, structural tim-
ber3 (Figure 1) is subjected to CPR’s dispositions. In 
particular since January 1st 2012, it can be placed on 
the market only if CE4 marked.

Through CE-marking, the manufacturer states that 
a specifi c product meets the essential requirements of 
the European legislation and assumes the corresponding 
responsibility. The product properties must be declared 
on the product itself, on the packaging or attached to the 
delivery documentation and a declaration of conformity 
must be delivered to the customer. As for the CE mark-
ing of structural timber, grading represents a fundamen-
tal factor, but grading system managing and product 
traceability are also relevant topics.

The implementation of a CE marking system also 
requires the involvement of a notifi ed body to certify 
the attestation of conformity requirements. Further-
more, the notifi ed body carries out an annual audit for 
verifying the manufacturer’s capability to meet the dif-
ferent requirements. 

The cost of the implementation of a CE marking 
system depends on company size and production vol-
ume. As a general rule it can be esteemed around 4,000-
6,000 euro for most of the small and medium enter-
prises producing structural timber, including the audit 
costs and the support of an external consultant.

CE marking obligation implies remarkable chal-
lenges for carpentry enterprises, nonetheless it repre-
sents a relevant step for increasing the reliability of 
structural timber. In this context, the present work aims 
to illustrate the European standardization framework 

Figure 1 Rectangular (left) and irregular (right) cross 
section timber for structural use is subjected to CE marking 
obligation since January 1st 2012
Slika 1. Strukturna građe pravokutnoga (lijevo) i nepravil-
noga (desno) poprečnog presjeka od 1. siječnja  2012. 
obvezno mora imati oznaku CE

1  CPR is currently into force, but several Articles will apply only from 1 July 2013. Therefore, even if the Construction Products Directive is al-
ready repealed, construction products manufactured in accordance with it before 1 July 2013 are compliant with the CPR. 

2 CPR defi nes construction product as “any product or kit which is produced and placed on the market for incorporation in a permanent manner 
in construction works or parts thereof and the performance of which has an effect on the performance of the construction works with respect 
to the basic requirements for construction works”.

3 The present paper deals with structural solid timber, while for glue laminated timber other standards and requirements apply.
4 Acronym for Conformité Europeénne.
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planing or other methods, and having deviations from 
the target sizes corresponding to EN 336.

Visual strength grading
Razvrstavanje prema vizualnoj procjeni čvrstoće

Nowadays several visual-grading national stand-
ards are in use in the European countries. This variabil-
ity has arisen because structural timber assortments 
can differ in terms of species, geographic origin, di-
mensional requirements, uses, material quality, historic 
infl uences and traditions. Due to these specifi c param-
eters, it is impossible to lay down a single standard 
suitable for all Members of the European Union. For 
this reason EN 14081-1 just gives some basic princi-
ples to be followed by national standards when laying 
down requirements.

EN 1912 lists the various national standards that 
meet the EN 14081-1 requirements. According to EN 
1912, the choice of enforceable national standard de-

Structural timber with
irregular cross section
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Figure 2 Scheme of standardization framework for CE marking of structural timber
Slika 2. Shema okvira normizacije za CE oznaku strukturne građe

Identifi cation number of FPC certifi cation body
Producer identifi cation

Marking year
FPC certifi cate number

EN 14081-1
Structural timber
Strength class C24 (S10)
Species code Spruce (PCAB)
Grading standard EN 338 and DIN 4074-1
Reaction to fi re D-s2, d0
Durability class 4

Figure 3 Example of information to be reported on docu-
mentation accompanying CE marked structural timber
Slika 3. Primjer informacije na dokumentaciji uz strukturnu 
građu koja nosi oznaku CE
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pends on species and provenance of the wood consti-
tuting the structural element to be graded. For instance, 
beams made of larch from France must be graded using 
the French standard NF B 52-001, while beams made 
of beech from Germany with DIN 4074-1.

The visual grading procedure is similar for the 
various national standards and basically states which 
characteristics (knots, grain slope, etc.) must be as-
sessed and the limit values for their acceptance, so that 
a timber element can be assigned to a certain grade.

Once the grade is assigned, the EN 1912 allows 
fi nding the correspondence between the national grade 
and the harmonized strength class included in the 
standard EN 338. In detail, EN 1912 takes into account 
a combination of three factors (wood species, geo-
graphical origin and national grade) to individuate the 
correspondent strength class of EN 338 (Table 1).

The system of strength classes codifi ed by EN 
338 applies both to softwood and hardwood structural 
timber. EN 338 reports the characteristic values5 of re-
sistance, stiffness and density for each strength class 
(Table 2).

Furthermore, EN 338 indicates the rules for the 
allocation of a timber population6 to a strength class. 
Firstly, characteristic values of bending strength, mod-
ulus of elasticity and density shall be determined in ac-
cordance with EN 384. Then, a timber population may 
be assigned to a certain strength class if its characteris-
tic values of bending strength and density equal or ex-
ceed the values given for that class and if its character-
istic mean Modulus of Elasticity in bending equals or 
exceeds 95% of the value given for that class.

Machine strength grading
Mehanizirano razvrstavanje

According to the physical laws of materials elas-
ticity (Pellerin and Ross, 2002; Anonymous, 2011), in-
struments for non-destructive machine grading of struc-
tural timber exploit dynamic methods to evaluate the 
behavior of wood subjected to different types of stress.

Some instruments use natural or inducted, longi-
tudinal or transversal, vibrations produced by stressing 
a wood element in different ways. In these cases the 
modulus of elasticity of a timber element is determined 
by measuring the oscillation extent.

Another possibility is offered by the analysis of 
wave propagation time inside wood: sonic or ultrasonic 
waves (the latter typically between 10 and 60 MHz) are 
transmitted to the end of the element (for instance by 
impact or using a piezoelectric drill emitting ultra-
sounds). Induced signals are received by a transducer 
placed on the other end of the element. Measuring the 
time elapsed between the impulse start and stop allows 
calculating the ratio between time and length of the 
covered distance, determining the propagation speed 
inside wood. Then, on the basis of wood density, by 
means of simple formulae, it is possible to calculate its 
dynamic modulus of elasticity. 

It should be noted that strength classes of EN 338 
report characteristic values for static elastic modulus de-
termined by bending strength tests performed on ele-
ments in use dimensions. Therefore, when adopting a 
machine grading method, a correlation between dynam-
ic and elastic modulus must be established in order to 
determine the correspondent EN 338 strength class for 

Table 1 Example of correspondence between national grades and strength classes of the EN 338 (modifi ed from Table 1 of 
EN 1912)
Tablica 1. Primjer usporedbe nacionalnog razvrstavanja i razreda čvrstoće prema EN 338 (modifi cirana tablica 1. iz EN 
1912)

National 
grade*

Nacionalni 
razred

Grading rule 
publishing country

Zemlja koja je 
objavila pravilo 
razvrstavanja

Species 
commercial 

name
Komercijalni 
naziv vrste

Source
Podrijetlo

EN 1912 botanical 
identifi cation**

Botanička identifi kac-
ija prema EN 1912

EN 338 Strength 
class

Razred čvrstoće 
prema EN 338

ST-II France
Francuska

Larch
ariš

France
Francuska 15 →

C24

S10

Germany, Austria 
and Czech Republic
Njemačka, Austrija i 
Češka Republika

Larch
ariš

Central, Northern 
and Eastern Europe
Središnja, Sjeverna i 
Istočna Europa

15 →

T2 Nordic countires
nordijske države

Larch
ariš

Northern and North 
Eastern Europe
Sjeverna i 
Sjeveroistočna 
Europa

15 →

*  The grades listed in the table are specifi ed in the Annex A of EN 1912, which reports grade, grading rule and grading rule publishing standard 
/ razredi u tablici specifi cirani su u prilogu A norme EN 1912, koji prikazuje razrede, pravilo razvrstavanja i normu kojom  je propisano 
pravilo razvrstavanja

**  Tables 3 and 4 of EN 1912 report the correspondence between species botanical name and identifi cation number / tablice 3. i 4. norme EN 
1912 prikazuju vezu između botaničkog naziva vrste drva i identifi kacijskog broja

5   A characteristic value is “Generally a value that corresponds to a fractile of the statistical distribution of a timber property. For strength 
properties, modulus of elasticity and density, the fractile is the 5-percentile. For modulus of elasticity, the mean value is also a characteristic 
value”, as reported by EN 384.

6 Timber for which the characteristic values are relevant. The timber population is defi ned by parameters such as species or species grouping 
(combination of species), source and strength grade.
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the same wood material. Hence, machine grading instru-
ments require initial tests for establishing a correlation 
between their outputs and each type of graded wood.

In short, nowadays two machine grading systems 
are commonly used: output controlled and machine 
controlled. Both systems require a visual override in-
spection for evaluating the strength-reducing charac-
teristics that are not automatically sensed by the ma-
chine. Apart from this common aspect, they are suited 
for different applications.

The output-controlled system is suitable for saw-
mill grading limited sizes, species and grades and 
working in repeated production runs of around one 
shift. This allows controlling the output of the system 
by testing specimens from the daily production. To-
gether with statistical procedures, test results are used 
to monitor and adjust the machine settings.

On the other side, the machine controlled system 
is suited when, due to the large number of sizes, spe-
cies and grades, it is not possible to perform the above 
mentioned daily tests. This system requires a strict 
control of the machine and remarkable research efforts 
aimed at determining the right settings.

As illustrated in Figure 2, machine grading must be 
performed according to EN 14081 Part 1, which specifi es 
the general requirements, and to Parts 2, 3 and 4, which 
respectively lay down the additional requirements for 
initial type testing, for factory production control and the 
grading settings for machine controlled systems.

2.2  Structural timber with irregular cross section
2.2.  Strukturna građa nepravilnoga poprečnog 

presjeka

To this day, timber elements with irregular section 
have been considered neither in the EN 14081-1 nor in 
other harmonized standards. Such a situation is envis-
aged by CPR, which prescribes the possibility of placing 

the CE marking on these products provided they have 
received a European Technical Assessment (ETA). This 
includes the declaration of product performance (by lev-
els, classes or in a descriptive manner) for its intended 
use. Furthermore, it specifi es the technical details neces-
sary for the implementation of the system of assessment 
and verifi cation of performance constancy. The proce-
dure for obtaining an ETA is described in CPR’s Annex 
II and can be summarized in three main steps.

Firstly, the manufacturer who wants to obtain an 
ETA, must apply to a Technical Assessment Body 
(TAB), a body designated by Member States. In par-
ticular, he must submit a technical fi le describing the 
product, its intended use and giving details of the fac-
tory production control (FPC).

Secondly, accepting the above request, the or-
ganization of TABs draws up and adopts a specifi c Eu-
ropean Assessment Document (EAD). It contains, at 
least, a general description of the construction product, 
the list of its essential characteristics, methods and cri-
teria for assessing the product performance. On the ba-
sis of the adopted EAD, the responsible TAB issues the 
relative ETA; starting from this point, the manufacturer 
can place the CE marking on its product according to 
ETA prescriptions.

It should be underlined that obtaining an ETA can 
require a period of a year and that it costs tens of thou-
sands euro. Therefore, in order to share the costs, ETAs 
are often required by enterprises grouped in a consor-
tium. 

3.  THE ITALIAN CONTEXT
3.  TALIJANSKI OKRUŽENJE

The CE marking obligation for structural timber 
has determined several rebounds on the Italian wood 

Table 2 Example of characteristic values of C27 and D35 strength classes reported in the EN 338 (modifi ed from Table 1 of 
EN 338)
Tablica 2. Primjer karakterisitčnih vrijednosti razreda čvrtoće C27 i D35 obuhvaćenih normom EN 338 (modifi cirana tablica 
1. norme EN 338)

 
 

Strength classes
Razredi čvrstoće

Softwood species
Meke vrste drva

Hardwood species
Tvrde vrste drva

C27 D35
Strength properties, N/mm2 / Čvrstoća, N/mm2

Bending / savijanje 27 35
Tension parallel / vlačna čvrstoća, paralelno 16 21
Tension perpendicular / vlačna čvrstoća,  okomito 0.4 0.6
Compression parallel / tlačna čvrstoća, paralelno 22 25
Compression perpendicular / tlačna čvrstoća, okomito 2.6 8.1
Shear / smicanje 4.0 4.0
Stiffness properties, kN/mm2 / Krutost, kN/mm2

Mean Modulus of Elasticity parallel / prosječni modul elastičnosti, paralelno 11.5 12
5 % Modulus of Elasticity parallel / 5 % modul elastičnosti, paralelno 7.7 10.1
Mean Modulus of Elasticity perpendicular / prosječni modul elastičnosti okomito 0.38 0.80
Mean shear modulus / prosječni modul smicanja 0.72 0.75
Density, kg/m3 / gustoća, kg/m3

5 % Density / 5 % gustoća 370 540
Mean density / prosječna gustoća 450 650
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sector. Refl ecting the European standardization frame-
work, the implications are different for structural tim-
ber with rectangular or irregular cross section.

The Italian national standard for visual grading 
of structural timber with rectangular cross section is 
the UNI 11035-1 and 2. The fi rst part brings terminol-
ogy and measurement of the characteristics, while the 
second part sets the rules for visual strength grading.

The inclusion of these standard into EN 1912 al-
lows the grading and CE marking of structural Italian 
timber of several species, i.e. Norway spruce, silver fi r, 
larch, Douglas fi r, Corsican pine and sweet chestnut 
(Table 3).

Nonetheless, at the moment the species and 
grades to be included in the EN 1912 do not fully rep-
resent the production and potential of the Italian timber 
sector. Therefore, different Italian organizations and 
research bodies7 are carrying out further characteriza-
tion activities in order to include higher strength class-
es for the Italian timber in the EN 1912. This will ena-
ble a better valorization of the national timber 
resources (Brunetti et al., 2011).

With respect to the structural timber with irregu-
lar cross section, it should be underlined that it boasts a 
long tradition in the Italian architecture (Giordano, 
1997). In carpentry, this timber is used in the form of 
two main assortments:

“Uso Fiume” (UF) beams: produced by parallel  -
sawing of the log on four faces. They present wanes 
on their whole length, while their cross section is 
constant from end to end.
“Uso Trieste” (UT) beams: produced by sawing of  -
the log on four faces following its natural taper. 
They present wanes on their whole length, while 
their cross section gets narrow from end to end.

In order to valorize these assortments, in Italy the 
“Quality Consortium for Uso Fiume and Trieste beams” 
has been recently founded, and it currently consists of ten 
manufacturers located in the north-east of the country. 
The Consortium applied for an ETA in order to certify its 
products basing on the national standard UNI 11035-3. 
ETA was issued on June 24rd 2011 and therefore affi liated 

Table 3 Italian species and grades with their corresponding harmonized strength classes to be included in the next draft of EN 
1912
Tablica 3. Talijanske vrste drva i razredi u usporedbi s ujednačenim razredima čvrstoće koje bi trebale biti uvrštene u sljedeći 
tekst norme EN 1912

EN 338 
strength 

class
Razredi 
čvrstoće

Italian grading 
rule

Talijansko 
pravilo 

razvrstavanja

Italian 
national grade

Talijanski 
nacionalni 

razred

Species commercial 
name

Komercijalni naziv 
vrste

Source
Podrijetlo

EN 1912 
Botanical 

identifi cation
Botanička 

identifi kacija

Comments
Komentari

C30 UNI 11035-1,2 S1 Douglas fi r
duglazija

Italy
Italija 54

Maximum width and 
thickness 100 mm

najveća širina i debljina 
100 mm

C24 UNI 11035-1,2 S2 and better Corsican pine
korzikanski bor

Italy
Italija 39 -

C24 UNI 11035-1,2 S2 and better Spruce&fi r
smreka/jela

Italy
Italija 1, 22 -

C22 UNI 11035-1,2 S2 and better Larch
ariš

Italy
Italija 15 -

C22 UNI 11035-1,2 S2 and better Douglas fi r
duglazija

Italy
Italija 54 -

C18 UNI 11035-1,2 S3 Larch
ariš

Italy
Italija 15 -

C18 UNI 11035-1,2 S3 Spruce&fi r
smreka/jela

Italy
Italija 1, 22 -

C14 UNI 11035-1,2 S3 Corsican pine
korzikanski bor

Italy
Italija 39 -

D24 UNI 11035-1,2 S Sweet chestnut
kesten

Italy
Italija 79

Maximum thickness 100 
mm

najveća debljina 100 mm

Figure 4 “Uso fi ume” spruce beams (left) and trusses 
realized by assembling “Uso Fiume” larch beams (right)
Slika 4. Smrekove grede Uso fi ume  (lijevo) i rešetka 
sastavljena od arišovih greda Uso fi ume (desno)

7  The main organizations and research Bodies involved in these researches are the National Research Council, Federlegno-arredo and several 
Italian Universities.
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manufacturers are now able to place CE marking on their 
beams made of Norway spruce or silver fi r.

Similarly, “Consorzio Servizi Legno Sughero – 
Chestnut Uso Fiume Technical Committee” applied for 
an ETA for certifying UF chestnut beams. ETA was re-
cently issued and now these products can be CE marked 
by manufacturers affi liated to the Consortium. Further 
activities are also in progress aimed at determining the 
characteristics values of Italian larch timber, in order to 
obtain a specifi c ETA for UF beams made of this spe-
cies.

Finally, some portable instruments are currently 
undergoing a certifi cation process for machine grading 
of Italian timber (Nocetti et. al., 2010). Once certifi ed, 
their effective diffusion among the carpentry enterpris-
es will be related both to their effi ciency and cost. In 
fact, with few exceptions, the Italian carpentry enter-
prises are mainly family-owned business belonging to 
the group of small and micro enterprises8 (Anonymous, 
2009), and grading machines could result too expen-
sive in relation to their fi nancial resources.

4  CONCLUSIONS
4.  ZAKLJUČCI

The obligation of CE marking for solid wood 
structural timber entered into force on January 1st 2012. 
On one side, this represents a challenge for carpentry 
enterprises, in particular for the micro and small-sized 
enterprises; on the other side, it will allow the valoriza-
tion of structural timber in its different forms, includ-
ing the most traditional ones, which in the last period 
suffered the competition of engineered materials.

In fact, in order to be competitive with other con-
struction products, nowadays structural timber should 
guarantee certifi ed performance and specifi c moisture 
content. By means of computer numerical control 
(CNC) machines, pre-cut roof frames can be supplied, 
thus saving working time and installation costs.

With respect to Italy, the research efforts per-
formed in the last several years make now possible CE 
marking of structural timber with rectangular or irregu-
lar cross section of different species coming from the 
national forests. Although this is of vital importance 
for the Italian carpentry enterprises, other issues are 
still open, such as the CE marking of Uso Fiume beams 
produced using wood coming from foreign countries.

On the whole, the recent introduction of CE 
marking obligation generated a wide scenario still in 
rapid evolution: several researches are in progress in 
order to enlarge the range of certifi able Italian struc-
tural timber, both in terms of strength classes and 
wooden species; the effi ciency of small and micro en-
terprises in meeting the requirements of CE marking is 
still to be verifi ed; the diffusion of machine grading 
instruments requires an adequate promotion activity. 

Hopefully, the whole of these factors will contribute to 
move the Italian carpentry sector to improve the dy-
namics and competitiveness on the market.
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Demografske promjene 
– promjene zahtjeva 
potro{a~a

Demographic change – 
changing customer demands

Institut za drvnu tehnologiju (njem. Institut für 
Holztechnolologie Dresden, IHD) iz Dresdena organi-
zirao je, deveti put, savjetovanje Dani namještaja u 
Dresdenu (Möbeltage in Dresden), održano 28. i 29. 
studenog 2012. godine. Ta se manifastacija održava 
svake druge godine i posvećena je ekonomskome i teh-
nološkom razvoju, kao i ekološkim zahtjevima proi-
zvodnje namještaja i unutrašnjeg uređenja. Na savjeto-
vanju 2012. godine glavna su tema bile demografske 
promjene i njihov utjecaj na promijenjene zahtjeve ku-
paca. Organizator je nastojao, kao i na prijašnjim dani-
ma namještaja, organizirati razmjenu iskustava između 
istraživačkog sektora s područja znanosti i obrazovanja 
te onoga s područja proizvodnje i trgovine namještaja i 
unutarnjeg opremanja. Iz naslova je moguće razaznati 
temu nadahnutu produljenjem životnog vijeka ljudi, a 
time i porastom broja starije populacije koja ima neka 
ograničenja u upotrebi predmeta, pa tako i namještaja, 
koji zahtijevaju novo defi niranje zahtjeva potrošača 
koji do sada nisu uzeti u obzir. Ta je činjenica osobito 
važna proizvođačima materijala i okova za namještaj, 
stručnjacima koji se bave projektiranjem i izradom na-
mještaja i opreme objekata, kao i stručnjacima s po-
dručja ekonomije i marketinga.

Jörn Holzmann iz izdavačke kuće Ferdinand 
Holzmann Verlag, Hamburg održao je uvodno preda-
vanje o trendovima budućeg razvoja industrije namje-
štaja. Naveo je razloge stagnacije i propadanja tržišta 
namještaja i načine mogućeg oporavka. Istaknuo je da 
je 2008. godine u Njemačkoj bilo 38,8 % ljudi od 50 
godina i starijih, a da će ih 2018. godine biti 46,4 %, te 
da se industrija namještaja mora prilagoditi tome. Dipl. 
ing. Andreas Ruf iz novoosnovanog Udruženja nje-
mačke industrije pokućstva (Verband der Deutschen 
Wohnmöbelindustrie) održao je predavanje o novoj lo-
gistici za industriju namještaja i o njezinim budućim 
izazovima. Istaknuo je probleme do kojih dolazi u lan-
cu opskrbe i predložio moderan logistički koncept koji 
će se razraditi i isprobati u praksi u sklopu zajedničkog 
projekta s Visokom školom Ostwestfalen-Lippe. Felix 
Doerr iz tvrtke Europa Möbel-Verbund GmbH iz Fa-
hrenzhausena održao je zanimljivo predavanje s temom 
Kako reagiraju stacionarne trgovine namještajem na 
izazove interneta i koju zadaću na tom području mora-
ju ispuniti udruženja. Na primjeru mreže EMV (Euro-
pa Möbel-Verbund, GmbH), koju čini oko 600 trgovina 

namještaja i koja je aktivna u više europskih zemalja, 
gospodin Doerr je pokazao koje su prednosti korištenja 
internetom što ih imaju stacionarne trgovine u reklami-
ranju i prodaji namještaja. Dr. Sergej Gromov iz tvrtke 
BSM Engineering, Moskva, bivši student Tehničkog 
univerziteta u Dresdenu, održao je predavanje o razvo-
ju i trendovima ruskog tržišta namještaja. Govorio je o 
aktualnom stanju tržišta namještaja u Rusiji, o njego-
voj strukturi, prednostima i nedostacima za industriju 
namještaja zbog ulaska Rusije u World Trade Organi-
zation (WTO) te je istaknuo kratkoročne i dugoročne 
mjere koje ruska industrija namještaja mora poduzeti. 

Nakon ekonomsko-marketinških tema kojima je 
opisano stanje u drvoprerađivačkoj struci, prva u nizu 
predavanja koja su defi nirala probleme vezane za pro-
blematiku uporabe proizvoda uvjetovanih demograf-
skim promjenama održala je Suzane Trabandt. Njezino 
se istraživanje odnosi na analizu starije populacije koja 
boravi u staračkim domovima i njihovih potreba, a 
obuhvaća razdoblje od 1999. godine do danas, s pred-
viđanjima do 2030. godine. U izlaganju je istaknula 

Slika 1. Pozivnica za savjetovanje
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značenje porasta broja ostarjelih osoba te heterogeni i 
rasipajući raspored podataka stanja vezanoga za zdrav-
lje i platežnu mogućnost spomenute populacije kao 
dva bitna kriterija u defi niranju projektnog zadatka za 
namještaj i opremu objekata. Iako se pri spominjanju 
starije populacije misli na dob 65+, ona je u istraživa-
nja uključila i dobnu skupinu 55+, što je pomoglo pri 
redefi niranju potreba koje treba uzeti u obzir već u fazi 
stvaranja idejnog rješenja namještaja i opreme objeka-
ta za ljude starije dobi, kojoj će uskoro pripadati i dob-
na skupina 55+. Iz izlaganja Ulrike Rau slušateljstvo je 
dobilo uvid u povijesni razvoj promjena starije popula-
cije, promatranih sa stajališta njihova antropometrij-
skoga i zdravstvenog statusa, koje, prema njezinu mi-
šljenju, najviše utječu na defi niranje kriterija koji bi se 
trebali uzeti u obzir pri projektiranju namještaja i unu-
tarnjeg opremanja prostora za stariju populaciju. Pro-
blemi pri saginjanju, čučanju i klečanju za osobe od 40 
do 85 godina, prema njezinim iskustvima, postoje već 
i u 40-godišnjaka, no postotak tih problema naglo raste 
u dobnoj skupini od 70 do 85 godina. Zbog navedeno-
ga, ona ističe nužnost primjene načela inkluzivnog di-
zajna, što potkrepljuje primjerima na inoviranim proi-
zvodima, jednako kao i na primjeru redizajna namje štaja 
hotelskih soba i javnog prostora. Andreas Gelhard 
predstavio je projekt razvoja polunaslonjača koji su na-
mijenjeni kućnoj i javnoj uporabi za starije osobe. Po-
sebna je pozornost pridana oblikovanju naslona za 
ruke, koji olakšavaju dizanje i sjedanje. U suradnji s 
institutom IHD iz Dresdena, tvrtka Göhler proizvela je 
polunaslonjač s ugrađenim mjernim uređajem. Mjere-
njem su dobivene veličine i raspored naprezanja pri 
sjedanju, iz čega je izvedena defi nicija ponašanja kori-
snika starije dobi, a prema dobivenim rezultatima, 
oblikovan je i konstruiran polunaslonjač koji omogu-
ćuje ustajanje i sjedanje uz manje naprezanje korisni-
ka. Prof. dr. Aleksander Petutschnigg i prof. dr. Günter 
Grall dolaze iz obrazovnog sektora, a predstavili su 
projekt pod naslovom Izazovi demografskog razvoja – 
namještaj iz Kuchla. Rezultat projekta bili su novodi-
zajnirani proizvodi darovitih studenata drvne tehnolo-
gije i dizajna s Fachhochschulle Salzburg. Pred stavljena 
su inovativna rješenja namještaja za sjedenje i ležanje 
koji je bio izložen na sajmu namještaja u Kölnu. U 
sklopu istraživanja strukture zaposlenih u drvoprerađi-
vačkoj struci, Jan Kurth iz udruženja za drvo i namje-

štaj obradio je temu također vezanu za obrazovanje. 
Riječ je o strukturi zaposlenih prema starosnoj dobi i 
obrazovanju usporedbom stanja u 2009. godini i s pro-
jekcijom za 2060. godinu. Poput prethodnih govorni-
ka, naglasio je povećanu razinu starije populacije te 
trend smanjenja broja učenika u školama. To je potkri-
jepio podatkom iz 1992. godine, kada je djece školske 
dobi bilo 9,3 milijuna, s maksimalnim porastom na 
10,2 milijuna u 2007. godini, no otada krivulja nepre-
stano pada te današnji broj školske populacije iznosi 
9,7 milijuna, a projekcija za 2020. godinu predviđa 8,7 
milijuna učenika. Posebno je naglasio zabrinutost od-
maka rezultata u usporedbi s ostalim strukama. U drvo-
prerađivačkoj je struci u skupini od 22 do 33 godine 
manji broj radnika, a povećan je u skupini od 43 do 50 
godina. Rješenje tog problema jest popularizacija stru-
ke i njezino približavanje mladima, što je moguće 
ostvariti zajedničkim aktivnostima udruženja za drvo i 
namještaj i županija.

Predavanja koja su uslijedila odnosila su se na 
uporabu materijala i utjecaj demografskih promjena na 

Slika 2. CAD laboratorij Slika 3. Stereoprojektor za 3D prezentaciju

Slika 4. 3D printer
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njihov razvoj. Wilfried Gatzke, ekspert za područje na-
mještaja, govorio je o problematici uporabnih svojstava 
novih površina u proizvodnji kuhinja. Istaknuo je velik 
broj reklamacija na području kuhinjskog namještaja. 
Osim lošeg projektiranja i sastavljanja, uzrok reklamaci-
ja su uporabna svojstva različitih novih materijala koji 
se primjenjuju u proizvodnji kuhinja. Istaknuo je važ-
nost normi DIN 68 930 i DIN 68 861 pri ispitivanju upo-
rabnih svojstava kuhinjskog namještaja, ali i probleme u 
sudskim tumačenjima zahtjeva navedenih u normama. 
Dipl. ing. Reinhard Bäckmann, vlasnik i direktor istoi-
mene savjetodavne tvrtke, održao je predavanje o dina-
mici inovacija materijala za namještaj. Prikazao je struk-
turu uporabe materijala za namještaj današnjice i dao 
pregled trendova u budućnosti. Tehnologija materijala u 
industriji namještaja, prema riječima ing. Bäckmanna, 
sljedećih će godina ostvariti brzu promjenu od klasičnih 
ka inovativnim i od pasivnih ka aktivnim materijalima 
poput LED dioda ugrađenih u rubove. Dipl. ing Marcus 
Beyer iz tvrtke Dekordruck Leipzig održao je predava-
nje o novim zahtjevima vezanima za dekorativne folije 
sa završnim efektom (fi niš folije) koje se primjenjuju za 
oblaganje površina namještaja. U posljednje dvije godi-
ne na tržištu su se pojavile strukturirane folije s tzv. 3D 
efektom. Kada je površina trodimenzionalno tiskana i 
može se osjetiti dodirom, govori se o haptičkom dekoru, 
odnosno o haptičkim folijama o čijim je svojstvima i po-
stupcima obrade govorio ing. Beyer. Završni referat s 
područja primjene materijala za namještaj održao je Ro-
man Lang, koji je na primjeru o utjecaju razvoja okova 
na oblikovanje i konstrukcije namještaja održao preda-
vanje i fotografi jama potkrijepio izbor novih okova tvrt-
ke Häfele za višefunkcionalni namještaj namijenjen ma-
lim prostorima.

Iako se u prvi mah čini da tema o buci nije usko 
povezana s temom savjetovanja, govoreći o utjecaju 
buke na zdravlje, a time i na promjene određene demo-
grafske skupine, dr. Hans-Werner Hoffmeister upozo-
rio je na problem aktivne i pasivne buke nastale zbog 
vibracija pri obradi drva koja utječe na povećanje broja 
ljudi s problemima sluha. Od ukupnog broja bolesti 
stečenih na radu, ta vrsta čini 40 %. U radu su iznesena 
rješenja za prigušenje buke u obradnim centrima.

Dvjestotinjak sudionika konferencije sudjelovalo 
je u raspravama postavljajući pitanja vezana za izlaga-
nja koja su se odnosila na nove potrebe tržišta i obli-
kovna rješenja proizvoda, s naglaskom na antropome-
triji, na odabir materijala i postupaka obrade te na 
edukaciju mladih stručnjaka. Savjetovanje nije moglo 
dati odgovore na sva pitanja vezana za utjecaj demo-
grafskih promjena na budućnost drvoprerađivačke 
struke, no ispunilo je svoju zadaću defi nirajući proble-
matiku i dajući polazišta za daljnji razvoj. 

Ljubazni domaćini, s direktorom prof. dr. Andre-
asom Hänselom na čelu, omogućili su sudionicima ra-
zgledavanje izvrsno opremljenog prostora Berufsaka-
demie. U sklopu akademije nalaze se laboratoriji za 
fi nalnu strojnu i površinsku obradu, za kemiju i fi ziku 
drva te za ispitivanje tehničkih svojstava drva i anato-
miju te ERP, CAD, CIM, CAQ i 3D-Print laboratorij. 
Unutar zgrade djeluje i radionica opremljena standar-
dnim strojevima složenima po logičnom slijedu obra-
de, koja čini tvrtku u malom. U radionici su strojevi za 
obradu drva i drvnih ploča te za površinsku obradu i 
lijepljenje. Osim velikog broja ručnih strojeva, radioni-
ca posjeduje i dva obradna centra. U njoj studenti na 
standardnim strojevima ili na drugim posebnim stroje-
vima izrađuju svoje završne radove i imaju priliku su-
djelovati u rješavanju tehnoloških problema te proble-
ma održavanja i upravljanja proizvodnjom kako bi bili 
spremi za praksu. Teško je bilo sakriti oduševljenje pri 
razgledavanju CAD i 3D-Print laboratorija dok nas je u 
obilazak vodio dr. Dirk Siebrecht. CAD laboratorij 
opremljen je s 21 grafi čkom radnom stanicom, serve-
rom, ploterom i sustavom za komunikaciju između na-
stavnika i studenata, projektorom za 3D prezentaciju i 
3D printerom. Oprema za laboratorije uglavnom je na-
bavljena sredstvima europskog fonda za regionalni ra-
zvoj.

izv. prof. dr. sc. Silvana Prekrat
prof. dr. sc. Vlatka Jirouš Rajković

Slika 5. CIM laboratorij
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Novi dizajn – ponovo 
pronala`enje smisla dizajna
New Design – Reinvent the 
Meaning of Design

Pod naslovom New Design - Reinvent the Mean-
ing of Design 13. prosinca 2012. održana je u Ljubljani 
2. međunarodna konferencija. Na konferenciji su 
prezentirani radovi iz Slovenije, Hrvatske, Bosne i 
Hercegovine, Kosova, Srbije, Portugala i Poljske, a 
održan je i okrugli stol s temom New design na kojemu 
se raspravljalo o novoj ulozi dizajna na kojemu su sud-
jelovali predstavnici Slovenije, Hrvatske i Portugala. 

Uz konferenciju je po drugi put također održana 
izložba radova studenata koji su se natjecali za najbolji 
rad prezentiran u obliku postera. Izložba je jedan od 
ciljeva platforme A.L.I.C.E., koju je uz Šumarski fa-
kultet u Zagrebu potpisalo 12 fakulteta iz Slovenije, 
Bosne i Hercegovine, Hrvatske, Kosova, Srbije, Špa-
njolske, Rusije i SAD-a. U sklopu platforme A.L.I.C.E. 
djeluju i CEEPUS partneri, a to su: 
Academy of Design in Ljubljana, associate member of 
University of Primorska, Slovenia 
Academy of Fine Arts Sarajevo, Bosnia and Herze-
govina 
University of Split, Arts Academy, Department of Vis-
ual Communications, Croatia 
University of Zagreb, Faculty of Forestry, Croatia 
The college of textile – Design, Technology and Man-
agement – DTM, Belgrade, Serbia 
Department of Furniture Design, Poznan University of 
Life Sciences, Poland 
Faculty of Natural Sciences and Engineering, Depart-
ment of Textiles, Ljubljana, Slovenia.

Naslov izložbe zadan je prošlogodišnjom temom 
konferencije – Invisibles. Pod pojmom nevidljivih ra-
zumijevaju se sve one marginalne grupacije društva 
kao što su siromašni, stariji, osobe s posebnim potreba-
ma i ljudi koji se zbog bilo kojih razloga ne mogu ko-
ristiti novodizajniranim predmetima, interijerima ili 
eksterijerima. Analizom je, nažalost, dokazano da u 
svijetu oni čine većinu. 

Međunarodna komisija odabrala je i ocijenila de-
vet radova koji su prezentirani na izložbi. Prva je na-

grada pripala radu pod naslovom Renovation of Y. 
Benou’s farm – Visible History, a otišla je u Saint-Pe-
tersburg, na Stud Institute of DESIGN & ART, s kojega 
dolaze autor Stanislav Medvedev i njegov mentor Vla-
dimir Sanzharov. Među ostalim radovima, istaknut je i 
rad studenta Šumarskog fakulteta Sveučilišta u Zagre-
bu Drage Jelonjića s naslovom Visible furniture for in-
visible people, koji je dobio počasno priznanje. 

izv. prof. dr. sc. Silvana Prekrat
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NAZIVI 

Drvo trgovačkog naziva koto pripada botaničkim 
vrstama Pterygota macrocarpa K. Schum i Pterygota 
bequaertii De Wild iz porodice Sterculiaceae. Ostali na-
zivi su koto (Njemačka, Obala Bjelokosti), akodiakédé, 
bofo ouale, bontue, pohoure, waré (Obala Bjelokosti), 
pterygota (Njemačka, Velika Britanija), awari, kyere, 
wawampe (Gana), efok, kion (Ka me run).

NALAZIŠTE

Vrsta drveta koto raste na obalama zapadne Af-
rike. Rasprostranjena je u Obali Bjelokosti, Gani i 
Kamerunu. Uspijeva i na području tropskih nizinskih i 
trajnozelenih nizinskih šuma.

STABLO

Stabla drveta koto obično narastu od 25 do 40 m 
visoko, s dužinom čistih debala od 15 do 25 m. Promjer 
deblovine je od 0,6 do 1,2 m. Debla su cilindrična. 
Kora im je blijedožućkasta, glatka, raspucana, debljine 
do 1,5 cm.

DRVO

Makroskopska obilježja

Koto je difuzno porozno drvo. Srž drva obično je 
bijeložućkasta ili siva. Bjeljika je nešto bljeđa.

Granica goda je uočljiva, često označena vrpca-
ma aksijalnog parenhima. Velike traheje, drvni traci i 
tangentne vrpce aksijalnog parenhima na poprečnom 
su presjeku dobro vidljive. U drvu blistača vidljive su 
sjajne mrlje visokih drvnih trakova. Žice drva su usu-
kane. Kut usukanosti žice varira i na radijalnom pres-
jeku drva stvara manje-više vrpčastu sliku.

Mikroskopska obilježja 

Traheje su pretežno raspoređene pojedinačno ili 
u kratkim radijalnim nizovima (2 – 3 pore).

Na 1 mm2 poprečnog presjeka može se naći 
1...2...4 pora. Promjer traheja iznosi 95...180...240 
mikrometara. Volumni udio traheja u građi drva je oko 
10 %. Traheje u srži nisu ispunjene tilama. 

Aksijalni je parenhim apotrahealan i paratrahea-
lan (oskudan i vazicentričan). Volumni udio aksijalnog 
parenhima u građi drva iznosi oko 23 %. Trake aksijal-
nog parenhima široke su 3...4...6 stanica. U stanicama 
aksijalnog parenhima i drvnih trakova nalaze se kris-
tali u obliku romba i silikati. Drvni su traci višeredni, 
heterocelularni, difuzno raspoređeni. Visina im je 

KOTO
UDK: 674.031.798

640...1150...2220 µm, a širina 20...60...95 µm. Gustoća 
drvnih trakova iznosi od 3 do 5 na milimetar. Volumni 
udio drvnih trakova u građi drva iznosi oko 20 %. Drv-
na su vlakanca libriformska, a traheide vlaknaste. 
Duljina vlakanaca iznosi 1,265...1,785...2,780 mm, a 
promjer im je 7,0...19,0...30,0 µm. Debljina staničnih 
stijenki drvnih vlakanaca iznosi 2,0...3,0...5,0 µm. 
Volumni je udio vlakanaca u građi drva oko 47 %.

Fizička svojstva

Gustoća standardno 
suhog drva, ρo 460...500...570 kg/m3

Gustoća prosušenog 
drva, ρ12-15 490...530...600 kg/m3

Gustoća sirovog drva, ρs 900...950 kg/m3

Poroznost 67 %
Radijalno utezanje, βr 3,6...4,0...4,8 %
Tangentno utezanje, βt 6,3...7,7...8,3 %
Volumno utezanje, βv 9,9...11,9...13,3 %

Mehanička svojstva

Čvrstoća na tlak 35... 51...61,5 MPa
Čvrstoća na vlak, 
paralelno s vlakancima 57...85,5...150 MPa
Čvrstoća na savijanje 62,5...86,55...110 MPa
Čvrstoća na smik 5,0...7,0...9,5 MPa
Tvrdoća (prema Brinellu) 
paralelno s vlakancima 36...46...61 MPa
okomito na vlakanca, radijalno 18...19...29 MPa
okomito na vlakanca, 
tangentno 13...22...43 MPa
Modul elastičnosti oko 9,0 GPa

TEHNOLOŠKA SVOJSTVA

Obradivost 

Drvo se dobro obrađuje strojnim i ručnim alatima. 
Za blanjanje alati moraju biti vrlo oštri da bi se spriječilo 
trganje (usukane) žice. Drvo dobro drži čavle i vijke, no 
ipak je prije upotrebe vijaka i čavala drvo potrebno 
predbušiti jer je sklono pucanju. Drvo se lako lijepi, 
lakira i politira. Kako bi se spriječilo prerano žućenje 
prirodne boje drva, preporučuju se UV premazi.

Sušenje 
Drvo se lako suši. Zbog visokoga početnog sa-

držaja vode preporučuje se sporo kontrolirano suše nje. 
Suprotno tome, sušenje treba biti dovoljno brzo da se 
spriječi diskoloracija površine. Sklonost vitoperenju i 
rasucavanju malena je do umjerena. 
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Trajnost i zaštita 

Srž drva koto prirodno je slabe trajnosti i pripada 
razredu otpornosti 5 (HRN EN 350-1, 2005). Drvo nije 
otporno na insekte ni na gljive uzročnice truleži. Koto 
je permeabilno drvo, lako se impregnira zaštitnim sred-
stvima i pripada razredu mogućnosti zaštite (permea-
bilnosti) 1 (HRN EN 350-2, 2005).

Uporaba

Drvo koto ugrađuje se u interijere. Posebno je 
prikladno za proizvodnju dekorativnih furnira. Furniri 
prirodne boje mogu zamijeniti jasen ili druge svijetle 
vrste drva, ili pak, ako je drvo pareno, može zamijeniti 
hrastovinu. Iskorištava se za proizvodnju namještaja i 
drvenih obloga. Tokarski proizvodi i manje nosive dr-
vene konstrukcije u industriji aviona izrađivale su se 
od drva koto.

Sirovina

Drvo na tržište dolazi u obliku trupaca, koji 
moraju biti preventivno premazani zaštitnim sred-
stvom.

Slične vrste drva

Pterogyta horsfi eldii Kosterm. 
Antiaris africana Engl.
Sterculia oblonga Mast.
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.)
Müller, D., 1977: Beitrag zür Klassifi zierung asiatischer Baumarten. 
Mitteilung der Bundesforschungsanstalt für Forstund Holzvvirt sc-
haft Hamburg, Nr. 98. Hamburg: M. Wiederbusch.
Web stranice
***1997: “Guide to Punctuation” (online), University of Sussex, 
www.informatics.sussex.ac.uk/department/docs/punctuation/node 
00.html. First published 1997 (pristupljeno 27. siječnja 2010).

Autoru se prije konačnog tiska šalje pdf rada. Rad je potrebno pažlji-
vo pročitati, ispraviti te vratiti Uredništvu s listom ispravaka te s 
formularom za prijenos autorskih prava na izdavača. Ispravci su 
ograničeni samo na tiskarske pogreške: dodaci ili znatnije promjene 
u radu naplaćuju se. Autori znanstvenih i stručnih radova besplatno 
dobivaju po jedan primjerak časopisa. Autoru svakog priloga također 
se dostavlja besplatan primjerak časopisa.

Dodatne informacije o načinu pisanja znanstvenih radova mogu se 
naći na web adresi:
www.ease.org.uk/publications/author-guidelines



Instructions for authors
General terms
The “Drvna industrija” (“Wood Industry”) journal publishes scientifi c 
papers (original scientifi c papers, review papers, previous notes), 
professional papers, conference papers, professional information, 
bibliographical and survey articles and other contributions related 
to biology, chemistry, physics and technology of wood, pulp and 
paper and wood products, including production, management and 
marketing issues in the wood industry.
Submission of a paper implies that the work has not been submitted 
for publication elsewhere or published before (except in the form of 
an abstract or as part of a published lecture, review or thesis, in which 
case it must be stated in a footnote); that the publication is approved 
by all co-authors (if any) and by the authorities of the institution 
where the research has been carried out. When the paper is accepted 
for publication, the authors agree to the transfer of the copyright to 
the publisher and that the paper will not be published elsewhere in 
any language without prior consent of the copyright holders.
The scientifi c and professional papers shall be published either in 
Croatian, with an extended summary in English, or in English with 
an extended summary in Croatian. The titles, headings and all the 
relevant results shall be presented bilingually. Other articles are 
generally published in Croatian. The Editor’s Offi ce shall provide 
the translation into Croatian for foreign authors. The scientifi c and 
professional papers will be subject to a thorough review by at least 
two selected referees. The Editorial Board shall make the choice of 
reviewers, as well as the decision about the classifi cation of the paper 
and its acceptance (based on reviewers’ recommendations).
All contributions are subject to proofreading. The editors will require 
authors to modify the text in the light of the recommendations made 
by reviewers and language advisers, and they reserve the right to 
suggest abbreviations and text improvements. Authors are fully 
responsible for the contents of their contributions. It shall be assumed 
that the author has obtained the permission for the reproduction of 
portions of text published elsewhere, and that the publication of the 
paper in question does not infringe upon any individual or corporate 
rights. Papers shall report on true scientifi c or technical achievement. 
Authors are responsible for the terminological and metrological 
consistency of their contributions. The contributions are to be 
submitted by e-mail to the following address:
E-mail: drind@sumfak.hr

Details
Papers submitted shall consist of no more than 15 single-sided DIN 
A-4 sheets of 30 double-spaced lines, including tables, fi gures and 
references, appendices and other supplements. Longer papers should 
be divided into two or more continuing series. The text should be 
written in doc format, fully written using Times New Roman font (text, 
graphs and fi gures), in normal style without additional text editing. 
The fi rst page of the paper submitted should contain full title, name(s) 
of author(s) with professional affi liation (institution, city and state), 
abstract with keywords (approx. 1/2 sheet DIN A4).
The last page should provide the full titles, posts and address(es) of 
each author with indication of the contact person for the Editor’s 
Offi ce.
Scientifi c and professional papers shall be precise and concise. The 
main chapters should be characterized by appropriate headings. 
Footnotes shall be placed at the bottom of the same page and 
consecutively numbered. Those relating to the title should be marked 
by an asterix, others by superscript Arabic numerals. Footnotes 
relating to the tables shall be printed under the table and marked by 
small letters in alphabetical order. 
Latin names shall be printed in italics and underlined.
Introduction should defi ne the problem and if possible the framework 
of existing knowledge, to ensure that readers not working in that 
particular fi eld are able to understand author’s intentions.
Materials and methods should be as precise as possible to enable 
other scientists to repeat the experiment. The main experimental data 
should be presented bilingually.
The results should involve only material pertinent to the subject. The 
metric system shall be used. SI units are recommended. Rarely used 
physical values, symbols and units should be explained at their fi rst 
appearance in the text. Formulas should be written by using Equation 
Editor (program for writing formulas in MS Word). Units shall be 
written in normal (upright) letters, physical symbols and factors 
in italics. Formulas shall be consecutively numbered with Arabic 
numerals in parenthesis (e.g. (1)) at the end of the line.

The number of fi gures shall be limited to those absolutely necessary 
for clarifi cation of the text. The same information must not be 
presented in both a table and a fi gure. Figures and tables should be 
numbered separately with Arabic numerals, and should be referred 
to in the text with clear remarks (“Table 1” or “Figure 1”). Titles, 
headings, legends and all the other text in fi gures and tables should 
be written in both Croatian and English.
Figures should be inserted into the text. They should be of 600 dpi 
resolution, black and white (color photographs only on request 
and extra charged), in jpg or tiff format, completely clear and 
understandable without reference to the text of the contribution. 
All graphs and tables shall be black and white (unless requested 
otherwise with additional payment). Tables and graphs should be 
inserted into the text in their original format in order to insert them 
subsequently into the Croatian version. If this is not possible, original 
document should be sent in the format in which it was made (excel 
or statistica format).
The captions to fi gures and drawings shall not be written in block letters. 
Line drawings and graphs should conform to the style of the journal 
(font size and appearance). Letters and numbers shall be suffi ciently 
large to be readily legible after reduction of the width of a fi gure or 
table. Photomicrographs should have a mark indicating magnifi cation, 
preferably in micrometers. Magnifi cation can be additionally indicated 
at the end of the fi gure title, e.g. “Mag. 7500:1”.
Discussion and conclusion may, if desired by authors, be combined 
into one chapter. This text should interpret the results relating to 
the problem outlined in the introduction and to related observations 
by the author(s) or other researchers. Repeating the data already 
presented in the “Results” chapter should be avoided. Implications 
for further studies or application may be discussed. A conclusion 
shall be expressed separately if results and discussion are combined 
in the same chapter. Acknowledgements are presented at the end of 
the paper. Relevant literature shall be cited in the text according to 
the Harvard system (“name – year”), e.g. (Bađun, 1965). In addition, 
the bibliography shall be listed at the end of the text in alphabetical 
order of the author’s names, together with the title and full quotation 
of the bibliographical reference. The list of references shall be 
selective, and each reference shall have its DOI number (http://www.
doi.org) (check at http://www.crossref.org).:

Example of references
Journal articles: Author’s second name, initial(s) of the fi rst name, 
year: Title. Journal name, volume (ev. issue): pages (from - to). DOI 
number.
Example:
Kärki, T., 2001: Variation of wood density and shrinkage in European 
aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84. 
http://dx.doi.org/10.1007/s001070050479.
Books: 
Author’s second name, initial(s) of the fi rst name, year: Title. 
(ev. Publisher/editor): edition, (ev. volume). Place of publishing, 
publisher (ev. pages from - to). 
Examples:
Krpan, J. 1970: Tehnologija furnira i ploča. Drugo izdanje. Zagreb: 
Tehnička knjiga.
Wilson, J.W.; Wellwood, R.W. 1965: Intra-increment chemical 
properties 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.
Other publications (brochures, studies, etc.):
Müller, D. 1977: Beitrag zur Klassifi zierung asiatischer Baumarten. 
Mitteilung der Bundesforschungsanslalt für Forst- und Holzwirtschaft 
Hamburg, Nr. 98. Hamburg: M. Wiederbusch.
Websites:
***1997: “Guide to Punctuation” (online), University of Sussex, 
www.informatics.sussex.ac.uk/department/docs/punctuation/node 
00.html. First published 1997 (Accessed Jan. 27, 2010).
The paper will be sent to the author in pdf format before printing. 
The paper should be carefully corrected and sent back to the Editor’s 
Offi ce with the list of corrections made and the form for the transfer 
of copyrights from the author to the publisher. Corrections should be 
limited to printing errors; amendments to or changes in the text will 
be charged. Each contributor will receive 1 copy of the journal. 
Further information on the way of writing scientifi c papers can be 
found on the following website:
www.ease.org.uk/publications/author-guidelines


