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Physical, Mechanical and
Bonding Performance of
Calabrian Pine (Pinus
brutia Ten.) as Influenced
by Heat Treatment

Utjecaj toplinske obrade na fizikalna

i mehaniCka svojstva te na svojstva
lijepljenih spojeva drva kalabrijskog bora
(Pinus brutia Ten.)
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ABSTRACT -« In this study, the effects of heat treatment on some physical, mechanical, wettability and bond-
ing properties of Calabrian pine (Pinus brutia Ten.) were investigated. Specimens were exposed to heat under
atmospheric pressure at four different temperatures (120, 150, 180, 210 °C) and three different time levels (2,
5, 8 hours). Weight loss, bending strength (MOR), modulus of elasticity (MOE) in bending, Young's modulus in
compression, compression strength parallel to grain, contact angle, and bonding performance using shear tests
were evaluated. All of the properties of the specimens tested were affected by heat treatment of different intensity.
As a result, softer treatments yielded some increase in mechanical properties, but increase of time and temperature
resulted in significant decrease in mechanical properties with decreasing mass loss. Contact angle measurements
before and after treatment indicated a significant increase in wood hydrophobicity. Shear strength of the specimens
were diminished when time and temperature of heat treatment were increased.

Key words: Calabrian pine, heat treatment, mechanical properties, bonding

SAZETAK * U radu su prikazani rezultati istrazivanja ucinaka toplinske obrade na neka fizikalna i mehanicka svo-
Jstva, sposobnost kvasenja i svojstva lijepljenih spojeva drva kalabrijskog bora (Pinus brutia Ten.). Uzorci su izloZeni
utjecaju topline pod atmosferskim tlakom pri cetiri razlicite temperature (120, 150, 180 i 210 °C) i tri razlicita vre-
mena izlaganja (2, 5 i 8 sati). Primjenom smicnih testova odredeni su gubitak mase, ¢vrstoc¢a na savijanje (MOR),
modul elasticnosti (MOE) pri savijanju, Youngov modul pri tlacnom opterecenju, tlacna ¢vrstoca paralelno s viakan-
cima, kontaktni kut i svojstva lijepljenog spoja. Toplinska obrada drva utjecala je na sva istrazivana svojstva uzoraka
kalabrijskog bora, ali je taj utjecaj bio razlicitog intenziteta. Rezultati su pokazali da blazi uvjeti toplinske obrade
neznatno pridonose povecanju vrijednosti mehanickih svojstava, a porast vremena i temperature toplinske obrade

! Authors are associate professor, research assistant and associate professor at Department of Forest Products Engineering, Faculty of Forestry,
Suleyman Demirel University, Isparta, Turkey.

! Autori su izvanredni profesor, asistent i izvanredni profesor Odjela za inZenjerstvo drvnih proizvoda, Sumarski fakultet, Sveuéiliste Suleyman
Demirel, Isparta, Turska.
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rezultirali su znacajnim smanjenjem vrijednosti mehanickih svojstava i smanjenjem gubitka mase. Mjerenje kon-
taktnog kuta na povrsini uzoraka prije i nakon toplinske obrade pokazalo je znacajan porast hidrofobnosti drva. Pri
povecanju vremena i temperature toplinske obrade smanjila se smicna ¢vrstoca uzoraka.

Kljucéne rijeci: kalabrijski bor, toplinska obrada, mehanicka svojstva, lijepljenje

1 INTRODUCTION
1. UVOD

Preservation of wood using heat-treatment process
is one of the modification processes that alter the physi-
cal, chemical and mechanical properties of wood. Studi-
es on heat treatment of wood are not new. They started
in the 1920s by Tiemann and gained interest in the last
two decades leading to commercialization (Esteves and
Pereira, 2009). According to Boonstra (2008), the rea-
sons for this interest may include decreasing of durable
timber, increasing demand of sustainable building mate-
rials, deforestation of sub-tropical forests and restrictive
regulations. In the heat-treatment process, wood is expo-
sed to temperatures up to 160-250 °C, usually above 200
°C depending on the species used and the desired mate-
rial properties (Kocaefe et al., 2008).

While thermal treatment of wood results in dar-
kened color, decreased moisture performance, impro-
ved biological durability and improved dimensional
stability, most of its mechanical properties will decrea-
se depending upon species tested, temperature and du-
ration of exposure (Esteves and Pereira, 2009). During
the process, hemicelluloses are the first to decompose,
then lignin softens and finally cellulose and hydrophi-
lic groups are modified (Bekhta and Niemz, 2003).
Since hardwoods contain higher proportion of hemi-
celluloses than softwoods, the degradation is more se-
vere (Esteves et al., 2007).

Different commercial treatments appeared due to
the increase of demand for heat treated wood in diffe-
rent countries during the last two decades. Increase in
demand also resulted in the number of investigations
conducted on different wood species. Some selected
properties of heat treated wood species can be found in
Esteves and Pereira (2009), but in general, color chan-
ge, equilibrium moisture content (EMC), dimensional
stability, bending properties and compression strength
were studied in most investigations.

The purpose of this study was to investigate the
influence of the heat treatment on some physical, mec-
hanical, wettability as well as bonding performance of
Calabrian pine wood. The effect of heat treatment on
physical and mechanical properties of wood is well-
understood, but investigations on wettability and bon-
ding behavior are scarce. Calabrian pine covers the
largest area (3 096 064 ha) among conifers grown in
Turkey, which corresponds to approximately 15 % of
the total forest area. Calabrian pine is a fast-growing
tree; its wood is an important raw material for various
fields, including construction (Bektas et al. 2003).

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Small clear wood samples were prepared from
Calabrian pine (Pinus brutia Ten.) logs harvested from
Bucak Forest District in Turkey. They were approxi-

100

mately 50 cm in diameter. The logs were transferred
and sawn to lumber. Only sapwood lumbers were used
in order to prepare small clear specimens.

Three pieces (2, 5, 8 hours) of lumber, free of
visible defects, were used in preparation of each indivi-
dual test. Five matched heat treatment samples (0, 120,
150, 180, 210 °C), with the dimensions 20 x 80 x 480
mm, were cut from each lumber. Specimens were ex-
posed to heat under atmospheric pressure. For shear
tests, PVA adhesive was used. After heat treatment,
small samples were cut for testing. At least 6 replicates
were prepared for each test group.

Before testing and after heat treatment process,
specimens were conditioned in climatic chambers at 65
% relative humidity (RH) at a temperature of 20 °C. To
minimize the influence of the MC change, specimens
were tested immediately after removal from the climatic
chamber. Wood MC was determined by the oven-drying
method. Apparent densities of the samples were calcula-
ted according to TS 2472 (2005) using stereometric met-
hod, which is based on measurement of the sample volu-
me and mass. The properties of wood samples
investigated include mass loss (ML, %), bending modu-
lus of elasticity (MOE), bending strength (MOR), com-
pression strength (CS), Young’s modulus in compressi-
on (YM), contact angle using water (CAW), contact
angle using hexane (CAH) and shear strength (SS).

Weight loss was measured by the difference of dry
weight before and after thermal treatments. Mechanical
tests were performed using UTM with the capacity of 50
kN. Static bending tests were performed in a three-point
bending apparatus with a span length of 360 mm and a
loading speed of 6 mm/min, according to TS 2474
(1976) and 2478 (1976). Compression tests were condu-
cted using an extensometer with a loading speed of 2
mm/minute according to TS 2595 (1997). Shear tests
were performed according to TS 3459 (2012). After the
mechanical tests, the load-deflection curves were analy-
zed in order to calculate the mechanical properties. The
contact angles of water and hexane droplets on untreated
and heat-treated samples were measured by the sessile
drop method in the grain of sapwood cut in tangential
surfaces using KSV-CAM 101 tensiometer. Hexane was
chosen as non-polar test liquid to avoid problems due to
polarity of wood. All measurements were performed at
20 °C and 65 % relative humidity.

Analysis of variance (ANOVA) general linear
model procedure was run for data with SAS statistical
analysis software to interpret effects of temperature
and duration of exposure on the properties of clear
wood samples.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Average values for ML, MOE, MOR, CS, YM,
CAW, CAH and SS of the specimens tested are pre-

DRVNA INDUSTRIJA 68 (2) 99-108 (2017)
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sented in Table 1. The average density of the control
samples were 0.54 g/cm?® with a correlation coefficient
of 11 %. There was a good match among the density
values in the various treatment groups. With respect to
available literature references for similar MC, the
measured density values were comparable.

ML values (%) of the specimens tested are pre-
sented in Figure 1 and ranged between 0.80 % and
15.97 %, depending on the temperature and duration
of exposure. The values of ML (%) are accumulated
with increasing temperature and duration of expo-
sure. The values found in this study are similar to
those reported by Esteves and Pereira (2009). ML is
mainly due to the degradation of the hemicelluloses,
which are the most heat sensitive polymers of the
wood (Bourgois and Guyonnet, 1988). Mass loss is
also one of the most important aspects of heat treat-
ment and is accepted as indication of quality (Esteves
and Pereira, 2009).

In general, the change of mechanical properties
depends on the tree species and on conditions of the heat
treatment. Bending properties of the samples tested in
this study were significantly affected by heat treatment.

MOE seemed to increase for softer treatments (%) and
decrease for more severe treatments as shown in Figure
2. Results indicate that 2-hour heat treatment of samples
increased the MOE values of the samples by 6 %, while
8-hour treatment decreased the MOE values by 7.8 %.
There is no significant difference between the MOE val-
ues of control samples and 5-hour treatments.

There is no significant difference between the
MOR values of the control samples and 2-hour treat-
ments. For the 5 hour treatments, the MOR values of the
samples were increased by 5 % and 3 % when the tem-
perature was raised to 120 and 150 °C, while 180 and
210 °C exposures decreased the MOR values by 5 %
and 7 %, respectively. After 8-hour heat treatment, the
MOR values of the samples were increased by 5 % and
8 % when the temperature was raised to 120 and 150 °C,
while 180 and 210 °C exposures decreased the MOR
values by 7 % and 55 %, respectively. Influence of heat
treatments on the MOR values is shown in Figure 3.

The effect of heat treatment on the MOR values
of the wood is greater than on the MOE values (Este-
ves and Pereira, 2009; and Ross, 2010). According to
Esteves and Pereira (2009), softer heat treatments yield

Table 1 Average values of ML, MOE, MOR, YM, CS, SS, CAW and CAH
Tablica 1. Prosjecne vrijednosti veli¢ina ML, MOE, MOR, YM, CS, SS, CAW i CAH

Temp Hour ML MOE MOR YM CS SS CAW CAH
°C % N/mm? MPa MPa MPa MPa ° °

2 0 8181 102 10111 52 8.45 60.49 13.87
(9.93)** (7.41) (14.46) (5.39) (10.48) (23.14) (48.22)

Control 5 0 12365 136 17093 74 8.45 45.66 13.65
(9.16) (7.37) (9.03) (2.51) (10.48) (20.52) (40.24)

g 0 10519 114 13022 53 8.45 31.20 13.48
(13.54) (9.99) (13.07) (10.31) (10.48) (35.11) (50.63)

120 0.8 9012 105 13595 57 6.87 68.96 13.16
4.75) (7.79) (10.17) (23.78) (10.09) (8.81) (35.11) (35.07)

150 1.5 8537 101 11242 54 9.96 66.54 11.62
) 4.2) (10.53) (5.57) (13.74) (7.81) (6.96) (7.06) (39.44)

180 1.81 8034 103 11114 57 6.99 79.13 12.46
(7.1) (9.48) (11.02) (8.86) (3.69) (8.59) (20.42) (51.58)

210 9.42 9296 103 16659 67 2.75 100 8.89
(2.12) 9.71) (9.10) (12.15) (8.79) (13.00) (5.12) (30.24)

120 2.05 13584 165 20104 75 5.96 71 12.19
(5.85) (7.39) (7.37) (10.39) (14.33) (44.22) (33.53) (52.43)

150 2.13 11779 160 16233 77 8.07 89.29 11.18
5 (3.4) (10.96) (6.26) (12.53) (8.21) (14.80) (11.19) (57.32)

130 3.04 11786 122 15819 74 6.57 93.26 9.84
(4.5) (10.70) (4.10) (14.54) (6.30) (19.06) (5.59) (48.43)

210 11.53 10939 105 12630 65 3.15 111.15 9.82
(3.5) (11.59) (6.88) (14.18) (12.57) (18.60) (5.57) (27.29)

120 2.85 10433 115 14156 59 12.28 83.88 11.39
(6.5) (9.81) (6.41) (10.47) (5.22) (16.13) (18.51) (37.13)

150 3.49 10182 113 13337 58 7.68 11491 10.23
g (5.15) (12.09) (14.31) (12.74) (11.24) (17.90) (11.76) (47.18)

180 7.56 9964 104 12414 61 4.92 104.28 9.50
(3.0) (9.25) (7.57) (9.32) (6.47) (19.28) (3.58) (39.62)

210 15.97 9099 51 11145 52 2.38 87.50 9.79
(15) (5.79) (10.12) (11.70) (9.88) (10.43) (5.12) (20.08)

ML - mass loss, % / gubitak mase, %; MOE - bending modulus of elasticity / modul elasticnosti pri savijanju; MOR - bending strength /
¢vrstoca na savijanje; YM - Young’s modulus in compression / Youngov modul pri tlacnom opterecenju; CS - compression strength / tlacna
cvrstoca; SS - shear strength / smicna évrstoc¢a; CAW - contact angle using water / kontaktni kut primjenom vode; CAH - contact angle using
hexane / kontaktni kut primjenom heksana; * number indicates piece of lumber from which samples were made, not hours of treatment durati-
on / broj oznacava uzorak piljenice od koje su izradeni uzorci, a ne vrijeme trajanja toplinske obrade; **values in parenthesis are coefficient

of variations / vrijednosti u zagradama oznacuju koeficijent varijacije
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Figure 1 Effect of heat treatment on ML (%) of Calabrian pine
Slika 1. Utjecaj toplinske obrade drva kalabrijskog bora na gubitak mase
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an increase in the MOE values, while severe treatments
result in a decrease in the MOE values. The findings
presented by Altmok er al. (2010) support this idea.
Kubojima et al. (2000) state that the effects of heat
treatment on the MOR are less in nitrogen than in air.
Figure 4 presents the effects of heat treatment on the
YM values. Test results show that 2 hour-treatments in-
crease the YM values by 20 %, while 5 hour-treatments
decrease the YM values by 23 %. There is no significant
difference between the values of control samples and
8-hour treatments. There is no significant difference be-
tween the values of control samples and 150-180 °C ex-

posures. Kubojima et al. (1998) reported similar results
for Sitka spruce exposed to 120, 160, and 200 °C. Accord-
ing to Kubojima et al. (1998), the increase in the YM can
be explained by the increase in the crystallinity index of
cellulose, while the decrease is due to the degradation.
Figure 5 illustrates the effects of heat treatment
on the CS values. Results indicate that 2 and 8-hour
treatments increase the CS values by 10 % and 14 %,
respectively, while 5-hour treatments decrease the CS
values by 14 % in comparison to control samples.
There is a contradiction in the literature on
whether the CS is decreased by heat treatment or not.
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Figure 2 Effect of heat treatment on MOE values of Calabrian pine
Slika 2. Utjecaj toplinske obrade drva kalabrijskog bora na modul elasti¢nosti pri savijanju
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Figure 3 Effect of heat treatment on MOR values of Calabrian pine
Slika 3. Utjecaj toplinske obrade drva kalabrijskog bora na ¢vrstocu na savijanje

Some authors (Unsal and Ayrilmis, 2005; Korkut et al.,
2008a; Korkut et al., 2008b) found that the CS is de-
creased by heat treatment, while others (Boonstra and
Blomberg, 2007; Altinok et al., 2010) reported an in-
crease with heat treatment.

The reduction of mechanical properties due to
heat treatment can be explained by the degradation of
hemicelluloses, as the main reason, followed by crys-
tallization of amorphous cellulose. Cross-linking of
lignin may contribute to the mechanical properties in
the longitudinal direction. The lower equilibrium mois-
ture content may have positive effects on strength pro-
perties, but degradation of chemical compounds ousts
this effect (Esteves and Pereira, 2009).

While the influence of heat treatment on the physi-
cal and mechanical behavior of wood is relatively well
known (Esteves and Pereira, 2009), investigations of the
wettability and bonding performance are limited. So far,

only a few studies have investigated the wettability and
bonding performance of wood (Kocaefe et al., 2008;
Sernek et al., 2008; Altmok et al, 2010; Per¢in and
Uzun, 2014).

Heat-treated wood shows lower affinity to water
and a strongly modified wettability leading to important
changes of its behavior with most coating or gluing pro-
cesses (Petrissans ef al., 2003). According to Hakkou et
al. (2005), wood is totally hydrophilic with a contact
angle value near zero for heat treatments below 120 °C;
after this threshold value, contact angle suddenly chan-
ges to reach 90° for treatment temperature between 120
and 160 °C; for higher temperatures, it remains constant
near 90°. Oliveira et al. (2010) state that contact angle
also varies for sapwood and heartwood.

Results of this study show that the contact angle
using both water and hexane was significantly changed
for all treatments, but the change was drastic when hig-
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Figure 4 Effect of heat treatment on YM values of Calabrian pine
Slika 4. Utjecaj toplinske obrade drva kalabrijskog bora na Youngov modul pri tlanom opterecenju
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Figure 5 Effect of heat treatments on CS of Calabrian pine

Slika 5. Utjecaj toplinske obrade drva kalabrijskog bora na tla¢nu ¢vrstocu

her temperatures were applied for a longer time (Figure
6 and 7). Generally, the contact angle using water drops
is increasing from 120 to 210 °C due to a higher hydrop-
hobic condition of the wood sample, when higher tem-
peratures are applied for a longer time. The contact ang-
le decreases after 150 °C, thus evidencing that the wood
recovers its hydrophilic nature. Treatments between 200
and 260°C can cause significant degradation in hemicel-
luloses content of wood, which release a great content of
acetic acid (Weiland et al., 1998). The phenolic carboxy-
lic acid and 4-O-methyl-glucuronic and galacturonic
acids, produced as a result of the hydrolysis of wood,
also contribute to wood acidity (Windeisen et al., 2007).
Chen et al. (2012) state that heat treatment in oxygen
leads to lower pH values than in nitrogen. Production of
acid groups in heat treated wood for longer durations
and high temperatures may cause a decrease in the con-
tact angle when polar water drops are used. Polar water
may form new linkages with acidic functional groups on

140

the surface of heat treated wood. Drying defects occur-
ring on the surface of the samples may enhance water—
surface interaction, resulting in a decrease of the contact
angle (Oliveira ez al. 2010).

Thermal decomposition of hemicelluloses and
cellulose of wood with the thermal treatment may lead
to reduce the wettability of wood. Decreasing effect of
heat treatment on the wettability was also observed by
Hakkou et al. (2005) and Kocaefe et al. (2008). Petris-
sans et al. (2003) suggested that one of the possible
reasons for the decrease of wettability could be the inc-
rease of cellulose crystallinity.

Results of this study reveal that bonding perfor-
mance of 2-5-8 hour treated samples were decreased by
20-34 % comparing to control samples. When 120 °C
exposure was applied, the bonding strength of the sam-
ples did not change significantly. 150 °C exposure
seems to increase the bonding strength, but 180 °C and
210 °C exposures drastically reduced the bonding
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Figure 6 Effects of heat treatment on contact angle measured by water drops
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Slika 6. Utjecaj toplinske obrade drva kalabrijskog bora na kontaktni kut izmjeren kapljicama vode
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Slika 7. Utjecaj toplinske obrade drva kalabrijskog bora na kontaktni kut izmjeren kapljicama heksana

strength (30 % and 67 %). Figure 8 shows the change
in bonding strength depending upon heat treatment du-
ration and temperatures.

Decrease in shear strength was reported by several
studies including Sernek ez al. (2007), who reported a
decline of 13 % for spruce bonded with PF and UF, each
by heat treatment at 210 °C for 2 hours. Another study
by Sernek ef al. (2008) reported that shear strength was
decreased by 23 % for heat treated spruce. Kol et al.
(2009) also presented lower shear strength for heat trea-
ted Tali and Iroko woods at 180 °C for 2 hours. Per¢in
and Uzun (2014) reported similar reduction of bonding
strength after heat treatment for wood species of pine,
beech, scots pine and poplar using PVAc-D4 type adhe-
sives. Esen and Ozcan (2012) presented similar reducti-
on of bonding strength after heat treatment for wood
species of oak using several types of adhesives.

The only study that revealed an increase was re-
ported by Altinok et al. (2010), who applied heat treat-

ments at 100 and 150 °C for 4 hours on PVA and PU
bonded samples.

4 CONCLUSIONS
4. ZAKLJUCAK

Increase of duration and temperature during heat
treatment results in a significant weight loss, which is
one of the quality parameters of the process. Softer
treatments resulted in some improvement in mechani-
cal properties, probably due to lower equilibrium mois-
ture content. MOE and Young’s modulus decreased
significantly under treatment conditions of longer ex-
posure and higher temperature. The effect of heat treat-
ment on MOR is more severe. CS seems to be increas-
ing with treatment severity. Heat treated samples
become hydrophobic at the temperature ranging be-
tween 120 and 210 °C. Wettability was significantly
reduced by heat treatment resulting in lower shear
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Figure 8 Effect of temperature and duration of exposure on shear strength of Calabrian pine
Slika 8. Utjecaj toplinske obrade drva kalabrijskog bora na smi¢nu ¢vrstocu
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strength. Since mechanical properties were significant-
ly reduced, heat treated wood of Calabrian pine may
not be suitable for load carrying members.
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ABSTRACT e Chemical characterization of Cedrus libani A. Rich tar, obtained by the traditional method and
Jenkner Retort, was studied. Roots and fallen branches were used and analyzed separately. FID-GC and GC-MS
were used for the characterization. The tar yield of Jenkner Retort was 60 %, while it is 30-40 % in the traditional
method. 41 compounds were identified. f-himachalane (22-28 %) was found to be the main compound in all tars.
o-himachalane (6-10%) and longifolene (7-9 %) were the other important compounds. Some compounds, which
have antifungal and insecticides effects like deodarone and E-(o)-atlantone, were determined only in tars of roots.
Phenolic compounds were not determined by the traditional method.

Key words: Cedrus libani, himachalane, pyrolysis, GC-MS, Jenkner Retort

SAZETAK * U radu je prikazana analiza kemijskog sastava katrana od libanonskog cedra (Cedrus libani A.
Rich) dobivenoga tradicionalnim postupkom i uz pomo¢ Jenknerove retorte. Napravljena je zasebna analiza za
staro korijenje i za otpale grane libanonskog cedra. Za kemijsku karakterizaciju primijenjene su metode FID-GC
i GC-MS. Prinos katrana uz pomoc¢ Jenknerove retorte bio je 60 %, a prinos tradicionalnom metodom iznosio je
30—40 %. Pritom je identificiran 41 kemijski spoj. Ustanovljeno je da je f-himakalan (22 — 28 %) glavni spoj svih
analiziranih katrana. Drugi po vaznosti bili su A-himakalan (6 — 10 %) i longifolen (7 — 9 %,). Neki spojevi koji
imaju antifungalne i insekticidne ucinke kao Sto su deodaron i E-(o)-atlanton pronadeni su samo u korijenju. U
katranu dobivenom tradicionalnim postupkom nisu pronadeni fenolni spojevi.

Kljuéne rijeci: libanonski cedar, himakalan, piroliza, GC-MS, Jenknerova retorta

1 INTRODUCTION
1. UVOD

Pyrolysis is a thermal method converting bio-
mass into gas, liquid and char product in the absence of
oxygen. Sort of biomass and thermal conditions affect
the yield of these products. Slow pyrolysis (low tem-
perature, long residence time) enhances the charcoal

yield, where in fast pyrolysis (moderate temperature,
short residence time) liquid-tar yield is high (Bridgwa-
ter, 2003; Li et al., 2008; Wang ef al., 2009)

Tar is a complex mixture which has a distinctive
smoky smell and mainly dark brown color. Generally,
Pinus sp., Juniperus sp., Fagus sp., Betula sp., Picea
sp., and Cedrus sp. tree species are used for tar produc-
tion. This liquid product has been used in wood preser-
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vation since ancient times specially in the impregna-
tion of ships and boats (Reunanen et al, 1989;
Reunanen et al., 1990; Reunanen et al., 1993).

It was also widely used in veterinary as an anti-
septic that is applied to wounds and scratches, treat-
ment for intestinal parasites by adding some drops to
drinking water and as repellent against insects and
snakes. There are also some applications for the human
health care eg. ulcers, dandruff, eczema (Kurt et al.,
2008). Despite its distinctive smell and some toxic ef-
fect, inhaling of tar helps asthma and, especially in
Marrakesh, it is believed to keep away Satan from
small babies (Julin, 2008). Tars can be burned as fuel,
too (Bridgwater, 2003).

Lebanon Cedar (Cedrus libani A. Rich) is a na-
tive Mediterranean species with a pleasant odor and
valuable wood. In the ancient times, it had a religious
meaning and was used as a medicine (Hafizoglu,
1987a). Today there is a legal restriction to cut these
trees. Nonetheless, villagers use the fallen branches
and old roots to produce cedar tar.

In the last decade, pyrolysis of woody plants has
been studied by modern methods from different as-
pects because of its advantage in storage and variable
use (Chiodo et al., 2015; Das and Sarmah, 2015; Hag-
ner et al., 2015; Niu and Liu, 2015; Lij et al., 2015; St
Pierre et al., 2015). However, traditional tar production
has been used for several millennia. From this point of
view, the aim was to compare the tar composition ob-
tained by traditional and modern pyrolysis methods
and also to determine the difference between root and
branch wood of a tree.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

In this study, Lebanon Cedar (Cedrus libani A.
Rich), a native species in Turkey, was used for tar pro-
duction. Due to the legal restrictions of Cedar wood
production, fallen branches and old roots were used.
Samples were taken at the altitude of 1400 m from
Biiyiiknacar-Pazarcik, Kahramanmarag, Turkey. The
moisture content of branches and roots were 5.83 %
and 7.5 %, respectively. Traditionally obtained tar was
taken from the same location and parts of tree.

2.2 Method
2.2. Metoda

2.2.1 Sample preparation
2.2.1. Priprema uzoraka

Two different methods, Traditional and Jenkner
Retort, were used for tar production in this study. Tra-
ditional method, which is in principle a kind of distilla-
tion, was applied by the local people. 400-500 kg sam-
ple was used in this method. Two holes with different
dimensions, depending on the amount of wood mate-
rial used, were dug nearby and generally the smaller,
where tar is collected, was located down-slope from
the larger. A pipe was placed between two holes for the
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tar flow. Inner and upper part of the hole, where igni-
tion occurs, were plastered with mud and clay. If re-
quired, small holes were opened on the top to keep the
burning process active. For a better tar yield, wood
samples were inserted vertically in the hole (Hjulstrom
et al.,2006; Kurt et al., 2008). Jenkner Retort was used
for the pyrolysis of cedar samples. A cylindrical stain-
less steel reactor with 12 cm internal diameter and 26
cm height was used. The temperature of retort was
measured by Pt-Rh-Pt thermocouple. Branches and
roots were applied separately. For each sample, ap-
proximately 600 g was placed in the reactor and heated
by electric furnace. With the rate of 4 °C/min, tempera-
ture raised to max. 400 °C. Bio-char, end-product, was
weighted after the experiment and gas yield was calcu-
lated by taking the difference (Sutcu et al., 2004).
Three repetitions were done for each experiment.

2.2.2 Characterization
2.2.2. Karakterizacija

For the chemical analysis, three different sol-
vents, n-hexane, diethyl ether and dichloromethane,
were used for the liquid-liquid extraction. 5 ml tar was
extacted with 30 ml solvent and diluted to 100 ml. 1 ml
aliquot was taken from the diluted sample and evapo-
rated under the nitrogen before silylation (Ekman and
Holmbom, 1989). Silylated samples were analyzed by
FID-GC (Flame Ionization Detector — Gas Chromatog-
raphy) (Shimadzu GC-2010) and GC-MS (Gas Chro-
matography - Mass Spectrometry) (Shimadzu GCMS-
2010 Plus) equipped with TRB-5 type column 30 m x
0.25 mm (0.25 pm film thickness). Helium was used as
carrier gas with 1.03 ml/min flow. Temperature pro-
gram was 60 °C (1 min.) raised to 120 °C with the rate
of 4°C/min and held for 10 min. with the same rate
raised to 200 °C (held 10 min.) and then to 300 °C (held
10 min.). Detector temperature was 300 °C. Split ratio
was 1:10. Three injections were done for each sample.

3 RESULTS AND DISCUSSION
3. REZUTATI | RASPRAVA

3.1 Product yields
3.1. Prinos proizvoda

In the traditional method, the yield was 30-40 %
(150 — 200 kg tar/400 — 500 kg wood material), while
with Jenkner Retort system it was 60 %. When modern
closed systems are used, it is possible to control and
apply high temperatures, which affect the yield. The
temperature is an important parameter affecting the
yield of pyrolysis products (Duman et al., 2011;
Ozciftci and Ozbay, 2013). Table 1 presents the yield
of Jenkner Retort products. As seen, tar is the main
product. Tar was obtained at 230 °C from branches and
at 300 °C from roots. No significant difference was ob-
served between the yield of roots and branches.

According to Koch P. (1972), with destructive
distillation, the yield of char was found as 15-20 % and
6-12 % of tar in southern pine stump wood.

During the process, two different colors of tar were
observed. Dark black color was from resinous roots and
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Table 1 Yield of Jenkner Retort products, %
Tablica 1. Prinos proizvoda Jenknerovom retortom, %

Gas Liquid (Tar) Char

Plin | Tekucina (katran) | Ugljen
Root / Korijen 12.2 62.1 25.6
Branch / Grane 11 64.5 24.4

yellow color from branches. Unfortunately, the gas prod-
uct cannot be used as in the closed Jenkner Retort system.

3.2 Analysis of tars
3.2. Analiza katrana

Cedar tar, obtained with different methods and
from different parts of wood, was analyzed by GC-MS
and FID-GC. Chemical composition of tars is shown in

Table 2. Phenols, alcohols, acids, sesquiterpenoids and
fatty-resin acids are the constituents of tars with differ-
ent ratios. Almost 70 % of tar produced by Jenkner Re-
tort was identified; however, this ratio was 50 % in the
traditional method.

B-himachalane (22-28 %), a sesquiterpene, is the
most abundant compound in all tars. It is found to be
higher in the branches. a-himachalane (6-10 %) and
longifolene (7-9 %) are the other important com-
pounds. As known, B-himachalane and its derivates
obtained from cedrus have antifungal and insecticidal
effects (Daoubi ef al., 2005; Derwich et al., 2010; Sin-
gh and Agarwal, 1988). Although the results showed
similarities with literature, himachalol, which was
found in the essential oil of cedar wood obtained by
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Figure 1 GC-MS Chromatograms of cedrus tar diluted in dichloromethane
Slika 1. GC-MS kromatogrami katrana od cedra razrijedenoga u diklormetanu
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Table 2 Chemical composition of Cedrus libani tar obtained by different methods, %
Tablica 2. Kemijski sastav katrana od libanonskog cedra proizvedenoga razli¢itim metodama, %

Root (Jenkner | Branch (Jenkner
Retort) Retort) Traditional
Compound RT Korijen (u Grane (u Tradicionalni
Kemijski spoj Jenknerovoj Jenknerovoj postupak
retorti) retorti)
A B C A B C A B C

3-methyl-3-butanoic acid / 3-metil-3-maslacna kiselina | 10.32 | 0.31 | 0.13 | 0.34 | 0.47 | 0.80| 0.54 | - |0.84 | 1.28
Phenol / fenol 13.67 | 0.31 | 0.25 | 0.11 - 016|044 ]0.13 | - -
Propanoic acid / propanoicna kiselina 14.02 | - - | 0.11 - - - - - -
Acetic acid / octena kiselina 1456 | - |0.05]037| - ]036| - - - -
2,6-Dimethyl styrene / 2, 6-dimetil stiren 15.07 | 0.31 ] 024 | - - - - - - -
p-Cresol-1 / p-krezol-1 17.02 1023031 | - |021[029|034| - - -
p-Cresol-2 / p-krezol-2 17.44 1 0.47 1 0.75 ] 0.64 | 0.34 | 0.38 ] 0.65 | - - -
1,3-methyl phenyl ethanone / /,3-metil fenil etanon 19.06 | 0.27 | 0.32 | - - - - - - -
2,4-dimethyl phenol / 2,4-dimetil fenol 21.06 | 0.25 | 0.29 | 0.28 | 0.28 | 0.30 | 0.28 | - - -
Guaiacol / gvajakol 21.23 1099 | 1231044 | 0.68 |0.19] 1.61 | - - -
2,6-dimethylphenoxy / 2, 6-dimetilfenoksi 23.46 | 0.05 | - - - - - - - -
4-methyl-guaiacol / 4-metil-gvajakol 27.70 | - - 12971289 (295]579]0.29]2.63]|1.11
4-methyl-guaiacol+catechol* 27.75 | 3.04 | 5.13 - - - - - - -
4-metil-gvajakol+katehol*
Catechol / katehol 27.79 | - - | 157 - |496|222]0.36|0.94]|1.34
4-methyl-catechol / 4-metil-katehol 3243 1038|141 |1.78| - |6.70|3.76 |0.84 | 1.87|2.09
3-methyl-catechol / 4-metil-katehol 3320 | - - - 1048 | - - - - -
a-Himachalane / a-himakalan 3570 | 9.41 | 8.78 | 7.48 | 10.1 | 6.01 | 9.22 | 6.57 | 10.1 | 7.29
Longifolene / longifolen 37.07 | 8.75|7.73 | 7.22 | 9.70 | 7.11 | 8.75 | 7.69 | 9.40 | 7.80
Cedren / cedren 37.16 | - |0.63]0.64|1.24]1.02|1.24|1.25|1.39]|1.16
B-Himachalane / S-himakalan 38.30 | 25.1 | 22.5 | 21.9 | 28.1 |23.1|25.8 |23.7 |25.8|23.0
(+)-Cuparane / (+)-kuparan 38.59 1226|199 233 | 1.61 |1.11|1.49| - - -
iso-longifolene / izo-longifolen 39.10 | 1.05 | 1.05 | 1.13 | 0.64 | - - 10.590.53 | 0.59
iso-Eugenol / izo-eugenol 40.79 | 1.26 | 1.23 | 1.57 | 2.05 | 2.44| 1.84 | 1.56 | 1.39 | 1.50
Dihydro-Ar-Tumerone / dihidro-ar-tumeron 42.12 1 0.87 | 1.55 | 1.52 - - - - - -
B-Himachalenoxide / f-himakalenoksid 42.55 | - - - - - - | 1.2211.00 | 1.11
Ar-tumerone / Ar-tumeron 4439 | 1.98 | 1.74 | 2.05| 0.61 | 0.99| 0.36 | - - -
B-Atlantone / f-atlanton 44.56 | 0.85 | 1.43 | 1.05 | - - - - - -
Tumerone / tumeron 4535 1.82 ] 1.53|1.82|0.98 [0.99]0.86 | 1.73|1.23|1.50
Deodarone / deodaron 45.67 | 2.40 | 2.06 | 2.31 - - - - - -
E-(a)-Atlantone / E-(a)-atlanton 48.29 | 3.55 | 3.46 | 4.21 - - - - - -
16:0 acid / 16:0 kiselina 60.23 | tr tr tr tr tr tr tr tr tr
Dehydroabietan dehidroabietan 61.33 | - - - 1.87 |2.86|1.84 | - - -
9-18:1 acid / 9-18:1 kiselina 66.94 | tr tr tr tr tr tr tr - tr
Pimaric acid / pimarinska kiselina 70.74 | - - - 1058 (035| - - - -
Sandrocopimaric acid / sandrokopimarna kiselina 7111 | tr tr tr - 1028|0.16 | tr tr -
iso-Pimaric acid / izo-pimarinska kiselina 71.22 | tr tr tr | 1.62]1.50|1.36|1.70 | 1.27 | 1.58
Dehydroabietic acid / dehidroabieticna kiselina 72.53 | tr tr tr | 1.09 | 1.28 | 1.04 | 1.01 | 0.74 | 0.90
Abietic acid / abieticna kiselina 7336 | - - - - - - 10.70 | 0.52 | 0.64
22:0 acid / 22:0 kiselina 7833 | tr tr tr tr tr tr tr tr tr
24:0 alcohol / 24:0 alkohol 80.67 | tr tr tr tr tr tr tr tr tr
24: acid / 24.0 kiselina 81.53 | tr tr tr tr tr tr tr tr tr
Total non-identified compounds 33.1 324|353 |33.5|28.1]33.1|50.640.3]|47.1
Ukupno neidentificirani spojevi

tr: trace (< % 0.1) A: n-Hexane, B:Diethylether, C:Dichloromethane, RT: TRB-5 type column,*:were not seperated. t: u tragovima (<0,1 %)
A: n-heksan, B: dietileter, C: diklormetan, RT: TRB-5 kolona, *: nisu izdvojeni.
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Clevenger apparatus at 100 °C (Hafizoglu, 1987b;
Fleisher and Fleisher, 2000; Saab et al., 2005), was not
detected in our samples. B-himachalenoxide was only
determined by the traditional method.

Likewise the yield, the composition of tar also
differs with thermal conditions (Wang et al., 2009).
Phenols, guaicol, creosol and 2.4-dimethyl phenol,
were clearly observed only in the Jenkner Retort sys-
tem. These compounds indicated that temperature ap-
plied in the traditional method was not sufficient for
lignin degradation. Another compound iso-eugenol,
precursors of lignin biosynthesis, was determined al-
most more than 2% in the branches. As known, in the
softwood branches, the lignin content was higher (Fen-
gel and Wegener, 2003). Phenols, obtained from bio-
mass pyrolysis oils are valuable chemicals. They have
disinfectant and antidiarrheal characteristics. They are
also used as intermediates in synthesis of pharmaceuti-
cal products, adhesives and special polymers (Amen-
Chen et al., 1997; Ozbay, 2015).

Resin and fatty acids were found in all samples,
while in roots they were less than 0.01 % (trace). Cat-
echol, used in the production of pesticides, was found
in higher amounts (2.2-6.7 %) in the tars obtained from
branches.

Deodarone, E-(a)-atlantone, dihydro-Ar-tumore,
which have an antifungal and insecticides effect, were
found only in roots (Satrani et al., 2006; Chaudhary et
al., 2012). Another compound, tumorene, used as a re-
pellent against mosquito larvae, was identified in all
tars (Champakaew et al., 2007).

Three solvents with different polarities were used
to dissolve tars for the analysis (Fig. 1). Although no
significant difference was observed, dichloromethane
gave the highest yield (59.6-71.8 %) of solubility
among the identified compounds. However, B-hima-
chalane, the main compound, was found to be higher in
the hexane extract.

4 CONCLUSION
4. ZAKLJUCAK

In this study, chemical characterization of Cedrus
libani A. Rich tar obtained by pyrolysis with Jenkner
Retort system and traditional method was studied. Roots
and fallen branches were used and analyzed separately.
The tar yield of Jenkner Retort was 60 %, while it is 30-
40 % in the traditional method, which revealed the effect
of temperature. 41 compounds were identified. Phenols,
alcohols, acids, sesquiterpenoids and fatty-resin acids
are the main constituents. Phenols and methoxy groups
were seen only in Jenkner Retort system. However, ses-
quiterpenoids (B-himachalane, a- himachalane), used
for veterinary purposes, were determined in all samples.
Traditional method can be used by the local veterinary,
if compounds that have antifungal and insecticides are
determined in these samples.
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ABSTRACT e Among forest diseases, fungi are the most important agents that cause irreparable losses to the
wood of standing trees and logs. In this study, pyrolysis of undecayed and decayed beech (Fagus orientalis) wood
were carried out using a fixed-bed reactor at pyrolysis temperature of 500 °C in nitrogen atmosphere. The influ-
ence of Trametes versicolor fungal decay on the yield and chemical composition of products was investigated.
The bio-oil yield was 62.5 wt% at a pyrolysis temperature of 500 °C for decayed wood, while the bio-oil yield was
Jfound to be about 58 wt% at the same temperature for undecayed wood. Bio-oils were characterized using some
chromatographic and spectroscopic techniques, such as gas chromatography-mass spectrometry (GC/MS). It was
found that Tetracosamethyl-cyclododecasiloxane (5.50 %), tetradecamethyl-hexasiloxane (4.85 %), 2,6-dime-
thoxy-phenol (4.21 %), and benzene acetic acid (3.16 %) were the main oil components present in decayed beech
wood, while syringol (14.86%), methoxyeugenol (6.59 %), naphthalene (4.41 %), o-guaiacol (3.60 %), isoeugenol
(3.17 %), and 2-methoxy-4-methyl-phenol (3.08 %) were present in undecayed beech wood. These results show
that decayed wood can be used for the production of bio-oil.

Key words: beech wood, Trametes versicolor, pyrolysis, GC/MS, oil compound

SAZETAK  Medu sumskim Stetnicima gljive su najopasniji cinitelji koji uzrokuju nepovrame gubitke drva
rastucih stabala i trupaca. U ovom je istrazivanju provedena piroliza uzoraka od zdravoga i natrulog drva bukve
(Fagus orientalis) u atmosferi dusika, uz pomo¢ fiksnog reaktora i pri temperaturi pirolize 500 °C. Istrazivan je
utjecaj gljiva truleznica (Trametes versicolor) na prinose i kemijski sastav produkata pirolize tretiranog drva. Pri-
nos bioloskog ulja od natrulog drva pri temperaturi pirolize 500 °C bio je 62,5 % (tezinskog udjela), dok je prinos
bioloskog ulja od zdravog drva bio oko 58 % (tezinskog udjela) pri jednakoj temperaturi pirolize. Bioloskog ulja
su karakterizirana uz pomoc¢ odredenih kromatografskih i spektroskopskih tehnika kao Sto je plinska kromatografi-
Jja / masena spektrometrija (GC/MS). Utvrdeno je da su glavne uljne komponente zastupljene u natruloj bukovini
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tetracosametil-ciklododekasiloksan (5,50 %), tetradekametil-heksasiloksan (4,85 %), 2,6-dimetoksi-fenol (4,21
%) i benzen octena kiselina (3,16 %), dok je u zdravom bukovu drvu bilo siringola (14,86 %), metoksieugenola
(6,59 %), naftalena (4,41 %), o-gvajakola (3,60 %), izoeugenola (3,17 %) i 2-metoksi-4-metilfenola (3,08 %).
Dobiveni rezultati pokazuju da se natrulo drvo moze iskoristiti za proizvodnju bioloskog ulja.

Kljucéne rijeci: bukovina, Trametes versicolor, piroliza, GC/MS, uljni spoj

1 INTRODUCTION
1. UVOD

Growing population is followed by increasing
demand for energy and chemical products and fossil
fuel resources are not inexhaustible and their prices are
increasing. Consequently, more attention is focused on
wood as renewable raw material and its chemical com-
ponents that lead to fuel. Pyrolysis technology has
been investigated actively and has spread all over the
world, to be utilized in bio-fuel production (Gardner
and Schultz, 1985).

Wood is a natural polymer and a biological mate-
rial having porous structure. Wood, like any other bio-
logical material, will be damaged by specific deterio-
rating agents. The most important deteriorating agents
that cause irreparable losses to the wood of standing
trees and logs are fungi (Hosoya ef al., 2006).

Pyrolysis is a process in which materials are de-
composed under heating condition in the presence of
inert gas (without oxygen) or in the presence of an
amount of controllable oxygen. Depending on the
wood as raw material, the chemical products obtained
from wood pyrolysis are turpentine, acetone, phenol,
acetic acid, wood tar, syringol, resorsinol, etc (Faix et
al., 1988).

High-resolution capillary columns in GC system
have been used as a very efficient method in the analy-
sis of organic complex compounds such as products
obtained from wood pyrolysis, oil derivatives crack-
ing, and also chemical and extractive materials as a
complex mixture (Faix ef al., 1988).

Pyrolysis compounds of white oak and lobbly
pine woods determined by GC/MS technique have in-
cluded lignin products such as guaiacol, 4-methyl guai-
acol, 4- vinyl guaiacol, coniferaldehyde, coniferylalde-
hyde, vanillin, and also some products like guaiacol,
2-6-dimethoxy phenol, 4-methyl-2-6-methoxy phenol,
syringaldehyde, and synapaldehyde (Dobele et al.,
2007). Lignin, compared to other compounds in wood,
is the most resistant. The highest rate of weight loss for
lignin of milled spruce, beech and bamboo wood was
obtained between 360 to 407 °C (Obst, 1983; Tiilikkala
etal., 2010).

Separation and identification of compounds in
common walnut (Juglans regia) wood pyrolytic oils
in a fixed bed reactor and in nitrogen atmosphere at
350 °C was done using GC/MS, where 10 compounds
were identified, and most of them were related to le-
voglucosan and a-L-galactopyranose that accounted
for 49 %. These compounds were obtained by pyroly-
sis of cellulose and hemicellulose of wood structure
(Schultz and Nicholas, 1977). Glycolaldehyde is not
detectable in normal conditions and when GC is in-
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jected with pyrolytic wood, it was converted into
other compounds; this compound was identified using
silylation of oil compounds by N,O- bis (TMS) tri-
fluoroacetamide (BSTFA); this method was intro-
duced as one of the most appropriate techniques to
investigate compounds obtained from wood pyrolysis
(Hosoya et al., 2006).

This work was conducted to investigate the effi-
ciency of pyrolysis method in wood conversion into
important chemical compounds with significant added
value, especially using decayed wood that are not us-
able in other applications. Research reports on pyroly-
sis of decayed beech wood is not extensive in the lit-
erature and since the decayed wood in forests is the
most important source of contamination in forest
standing trees, it would be economically feasible to
find any application for decayed wood pyrolysis prod-
ucts and oil compounds.

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Preparation of samples
2.1. Priprema uzoraka

Beech wood (Fagus orientalis L.) samples were
cut from a log harvested from Klardasht in the North
of Iran. An unseasoned one meter long log was se-
lected from a tree butt. The log averaged 500 mm in
diameter. After being transferred to the laboratory,
1000x300x30 mm lumber was cut in the tangential
direction of the log, and the moisture content (MC)
was measured gravimetrically. The lumber was sea-
soned at 60 % relative humidity and 21 °C for 24 days
to reach equilibrium moisture content. Then, some
lumber was chosen randomly and decay samples were
cut from this section. The dry test beech blocks
(50x25%15 mm) were extracted using ethanol/ tolu-
ene (1:2. v/v) mixture for 6-8 h. Then the extracted
samples were dried at 60 + 5 °C to constant weight
and the weight was determined.

2.2 Decay test
2.2. Test truljenja

In order to carry out the wood resistance test,
white rot (Trametes versicolor) fungus was chosen as
one of the three fungi sources to evaluate the natural
resistance of wood. It was chosen according to BS
838:1961 standard test method. This fungus is consid-
ered fatal for hardwood species because it uses both
cellulose and lignin (Farsi and Mirshokraei, 2011).

Samples were autoclaved at 120 °C for 15 min
and exposed to 7. versicolor in Petri dishes containing
3 % malt extract agar, pre-inoculated 1 week prior to
the test. Samples were supported on sterile plastic
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mesh, and incubated at 25 °C and 65 % relative humid-
ity for 14 weeks. At 14-week intervals, six beech sam-
ples were removed. Mycelium was removed from their
surfaces and oven-dried to constant weight. The weight
losses (WL) of individual samples were calculated ac-
cording to Kolleschale method. The following Equa-
tion (1) was used for the calculation;

WL (%) = [(a-b)/a] * 100 (1)

Where a and b denote the oven dry weight of
specimen prior to and after exposure to fungus, respec-
tively.

After 14 weeks, some of the decayed samples
were milled to produce wood flour. Decayed wood
flour (DWF) was screened using a shaker prior to py-
rolysis and chemical composition tests.

2.3 Measurement of chemical compounds
2.3. Mjerenje kemijskih spojeva

Measurement of chemical compounds of de-
cayed wood flour (DWF) and undecayed wood flour
(UDWF) was done according to relevant TAPPI stand-
ard test methods as follow: cellulose, T 264 om-88;
extractives, T 207 om-97; Klason lignin, T 222 om-98;
ash, T 211 om-93.

2.4 Determination of pyrolysis temperature
2.4. Odredivanje temperature pirolize

A TGA-PL (Perkin Elmer, United Kingdom) mi-
crobalance from Iran Polymer and Petrochemical Re-
search Institute was used for thermo-gravimetric tests.
The DWF samples were heated from room temperature
to 500 °C, under a nitrogen flow of 150 mL/min and
heating rate of 10 °C/min. Milled samples of approxi-
mately 10 mg were used. All tests were carried out
twice to ensure reproducibility, and the average of two
tests was reported.

2.5 Pyrolysis tests
2.5. Postupak pirolize

The pyrolysis test operating conditions were as
follow: the total pressure inside the fixed-bed reactor
was lower than 0.4 kPa, the final pyrolysis tempera-
ture was 500 °C and the heating rate was 10 °C/min.
The reactor has a steel cylinder with an internal diam-
eter of 6 cm and a height of 21 cm. During the ex-
periments, the heating rate and pyrolysis temperature
were controlled with a PID (Proportional-Integral-
Derivative) controller. The temperature was meas-
ured every minute in the reactor using a type K ther-
mocouple. In the pyrolysis experiment, a sample was
weighed and placed into the reactor, which was heat-
ed by an electric furnace. There were three step de-
lays in heating; the first step was at 300 °C, the second
step at 400 °C and the third at 500 °C. In each step of
pyrolysis, the temperature was held constant for at
least 15 min. Pyrolysis temperature is known to influ-
ence pyrolysis yield. In pyrolysis studies found in lit-
erature, the pyrolytic oil reached a maximum value at
400-600 °C (Heo et al., 2010; Fagbemi et al,. 2001;
Ozcifci and Ozbay, 2013). The obtained oil was stored
at 4 °C for future analysis.
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Silylation and GC/MS analysis
. Sililacija i GC/MS analiza

.1 Trimethylsilylation
1. Trimetil sililacija

NN DN
oo oo

A 100 ml pyrolysis oil sample was mixed with 100
ml N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA,
Merck, Darmstadt, Germany), and 1 ml diethyl ether
was then added. The sample was then left for at least two
hours (reaction time) at 70 °C in the water bath prior to
the analysis of GC/MS. Analyses were conducted with a
GC (HP 6890) equipped with a quadrupole mass selec-
tive detector (HP-5973series) (Agilent Technologies,
Belgium). For all the analyses, the El electron energy
was 70 ev and the ion source temperature 250 °C. The
sample was analyzed with a 30 m x 0.25 pum capillary
column (HP-SMS), and the injector temperature was 70
°C. The time-temperature program for the samples was 3
minutes at 60 °C, then the temperature was increased to
250 °C at 6 °C/min, then to 280 °C at 20 °C/min, and it
was finally held at 280 °C for 3 min.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Weight loss of samples
3.1. Gubitak mase uzoraka

After 14-week exposure of beech wood samples
to Trametes versicolor, the average weight loss of sam-
ples was 23.7 %. However, Olfat (2014) indicated that
the weight loss of beech wood was 47.5 % after 16
weeks and 13.2 % after 10 weeks.

3.2 Results of TG analysis
3.2. Rezultati TG analize

As observed in thermo gravimetric curves of de-
cayed and control (undecayed) beech wood pyrolysis
samples (Figure la, b), thermal decomposition of cel-
lulose and lignin started at 325 °C and 440 °C, respec-
tively.

The TGA and DTG curves of the decayed and
undecayed beech wood samples are shown in Figure
la, b. The maximum peak temperature of decayed
beech wood was 325 °C and for undecyed wood 352
°C, which resulted in one or two prominent peaks that
corresponded to the decomposition of hemicellulose
and cellulose. Lignin decomposition was reached at
600 °C. The DTG curves revealed that the weight loss
of undecayed samples started at 228 and continued up
to 600 °C, while for decayed samples it started at 211
and continued up to 600 °C. Furthermore, increased
weight loss was observed in decayed wood, resulting
in increased volatile matters.

The results of experiments on the determination
of pyrolysis temperature, time and products are sum-
marized in Table 1.

It can be seen that the decayed wood had the
highest yields of gas and tar, 26.2 % and 62.5 %, re-
spectively, and undecayed wood 18.3 % and 58.2 %,
respectively. On the other hand, the charcoal yield was
lower in decayed wood (11.3 %) in comparison to un-
decayed wood (23.5 %).
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Figure 1 Thermal behavior of decayed and undecayed beech wood samples; TGA, DTGA of control (a) and decayed beech

wood (b)

Slika 1. Toplinsko ponaSanje uzoraka natruloga i zdravoga bukova drva: a) TGA, DTGA kontrolnog uzorka; b) TGA, DTGA

natruloga bukova drva

Table 1 Charcoal, gas and tar yield of decayed and undecayed beech wood samples
Tablica 1. Udjeli ugljena, plina i katrana dobiveni pirolizom uzoraka natruloga i zdravog bukova drva

Temperature | Time Initial welght of wood Charcoal | Gas | Tar
Treatment .. flour / Pocetna masa . .
Usorak Temperatura | Vrijeme dr brag Ugljen | Plin | Katran
ora oC min vnogg asna % % o
Decayed beech wood / natrulo bukovo drvo 500 30 5 11.3 262 | 62.5
Undecayed beech wood / zdravo bukovo drvo 500 30 5 23.5 18.3| 58.2

3.3 Analysis of chemical compounds
3.3. Analiza kemijskih spojeva

The chemical components of the wood influ-
ence its application in the production of pyrolysis
products. Each component produces different prod-
ucts with different properties and application. There-
fore, the chemical composition of both decayed and
uncedayed beech wood samples are determined and
summarized in Table 2.

It was reported that thermal decomposition of
hemicelluloses occurs at temperatures ranging from

150 to 350 °C, while cellulose decomposes in the range
of 275 to 350 °C (Hindi et al., 2010) and lignin gradu-
ally decomposes at temperatures between 250 and 500
°C (Essabir ef al., 2013). The initial degradation be-
tween 50 and 200 °C, obtained for decayed and unde-
cayed beech wood, refers to the losses of volatile com-
pounds and water.

The results indicate that the decayed wood con-
tains more extractives (4.33 %) than the undecayed
wood. In addition, both cellulose and lignin decreased
in decayed wood (53.33 % and 28.5 %), which was

Table 2 Cellulose, Klason lignin, extractives and ash content of decayed and undecayed beech wood samples
Tablica 2. Sadrzaj celuloze, Klason lignina, ekstraktiva i pepela u uzorcima od natruloga i zdravoga bukova drva

Compound Cellulose | Klason L.ign.in Extracti\.fe.s Ash
Spoj Celuloza | Klason lignin Ekstraktivi | Pepeo
% % % %
Decayed beech wood / natrulo bukovo drvo 53.33 28.5 2.3 2.8
Undecayed beech wood / zdravo bukovo drvo 49.83 31 4.33 2
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expected as this fungus has a negative effect on these
compounds.

3.4 Analysis of GC/MS spectrums
3.4. GC/MS analiza spektra

In order to separate and identify the oils obtained
from pyrolysis of decayed beech wood, the oil was in-

Table 3 Main organic components of bio-oils *
Tablica 3. Glavni organski sastojci bioloskog ulja ®

Ozbay: Chemical Characterization of Bio-oil...

jected into GC/MS device after purification and deriva-
tion by BSTFA at 500 °C.

According to Table 3, tetracosamethyl-cyclodo-
decasiloxane (5.50 %), tetradecamethyl-hexasiloxane
(4.85 %), 2,6-dimethoxy-phenol (syringol) (4.21 %),
and benzene acetic acid (3.16 %) were the main oil

Area, %
Povrsina, %
. Quality Name of compounds Control Decayed
R.T. (min) Kvaliteta Naziv spoja wood oil woodyoil
Ulje od Ulje od
zdravog drva | natrulog drva
Aldehydes / aldehidi
4-Hydroxy-3- methoxy —benzaldehyde
13.26 o6 4-hidroksi-3-metoksi-benzaldehid 119 0-85
Sum / zbroj 1.19 0.85
Acids / kiseline
16.52 70 Benzeneacetic acid / benzenoctena kiselina 1.83 3.16
19.56 95 n-Hexadecanoic acid / n-heksadekanska kiselina - 0.36
21.11 80 1,2-Benzenedicarboxylic acid / 1,2-benzendikarboksilna kiselina - 1.15
Sum / zbroj 1.83 4.67
Alcohols / alkoholi
11.61 [ 94 [2-Methoxy benzenethanol / 2-metoksi benzenetanol 1.23 -
Sum / zbroj 1.23 -
Ketones / ketoni
2-Hydroxy-3-methyl-2-cyclopenten-1-one
7.65 %6 2-hidroksi-3-metil-2-ciklopenten-1-jedan 1.42 0.64
Sum / zbroj 1.42 0.64
Benzenes / benzeni
6.59 91 1-Ethyl-3-methyl- benzene / I-etil-3-metil-benzen - 0.90
7.15 92 1,2 4-trimethyl- benzene / 1,2,4-trimetil-benzen - 0.77
10.27 93 Naphthalene / naftalen 441 1.84
10.56 95 1-Pentene, 3-ethyl- 3-ethyl / /-penten, 3-etil-3-etil - 0.79
13.39 93 Tetradecamethyl —hexasiloxane / tetradekametil-heksasiloksan 2.82 4.85
Sum / zbroj 7.23 9.15
Phenols / fenoli
8.73 90 2-Methoxy-phenol / 2-metoksi-fenol 3.60 1.26
10.34 96 2-Methoxy-4-methyl-phenol / 2-metoksi-4-metil-fenol 3.08 1.32
10.47 96 2 -Trimethyl-phenol / 2-trimetil-fenol - 0.66
11.61 90 4-Ethyl-2-methoxy-phenol / 4-etil-2-metoksi-fenol - 0.69
12.10 96 2-Methoxy-4-vinyl-phenol / 2-metoksi-4-vinil-fenol 1.88 -
12.58 93 2,6-Dimethoxy-phenol / 2, 6-dimetoksi-fenol 14.86 4.21
13.92 96 2-Methoxy-4-(1-propenyl)-phenol / 2-metoksi-4-(1-propenil)-fenol 3.17 0.83
2,6-Dimethoxy-4-(2-propenyl)-phenol
1578 o7 2,6-dimetoksi-4-(2-propenil)-fenol 6.59 1.67
Sum / zbroj 33.18 10.65
Alkanes / alkani
9.92 91 Decamethyl-cyclopentasiloxane / dekametil-ciklopentasiloksan 1.73 1.28
3-Cyclopropylcarbonyloxydodecane
10.35 4 3-ciklopropilkarboniloksidodekan 188
12.04 91 Dodecamethyl-cyclohexasiloxane / dodekametil-cikloheksasiloksan 0.91 0.59
12.22 96 [1,2-Phenylenebis(oxy)] silane / [1,2-fenilenebis(oksi)] silan - 1.39
12.30 93 Dodecamethyl-cyclohexasiloxane / dodekametil-cikloheksasiloksan - 0.63
13.23 98 Tetradecane / tetradekan 2.88 1.81
15.21 99 [1,2,3-Benzenetriyltris(oxy)- silane / /1,2, 3-benzentriiltris(oksi)- silan - 1.77
15.71 98 Hexadecane / heksadekan 2.31 1.18
17.94 95 Octadecane / oktadekan - 0.46
2126 33 ;l";;racosamethylcyclododecasiloxane / tetrakozametilciklododekasilok- 126 5.50
Sum / zbroj 10.97 14.61
TOTAL / UKUPNO 57.05 40.56

*Obtained at 500 °C. / Dobiveno pri 500 °C.

DRVNA INDUSTRIJA 68 (2) 113-119 (2017)

117



Hosseinihashemi, Hassani, Latibari, Ozbay: Chemical Characterization of Bio-0il... «eeeeea.

components present in decayed beech wood after py-
rolysis at 500 °C.

Table 3 also presents the chemical components in
undecayed beech wood after pyrolysis at 500 °C, where
the main components are 2,6-dimethoxy-phenol or sy-
ringol (14.86 %), 2,6-dimethoxy-4-(2-propenyl)-phe-
nol or methoxyeugenol (6.59 %), naphthalene (4.41
%), 2-methoxy-phenol or o-guaiacol (3.60 %), 2-meth-
oxy-4-(1-propenyl)-phenol or isoeugenol (3.17 %),
and 2-methoxy-4-methyl-phenol or 4-methylguaiacol
(3.08 %).

The main chemical compounds obtained at this
temperature are related to phenols and phenyls, derived
from thermal degradation of lignin (Faix and Jakab,
1988; Zandersons et al., 1999; Ingram et al., 2008;
Mohan et al., 2008; Oz¢imen and Ersoy-Meri¢boyu,
2010). Lignin is the most resistant polymer in wood
that can be degraded by heat (Faix and Jakab, 1988).
Zandersons et al. (1999) reported that polysaccharides
are degraded at low temperatures.

The bio-oils obtained from control and decayed
wood, analyzed by GC/MS, were widely different. The
determined products are divided into the following
seven categories: aldehydes, acids, alcohols, ketones,
benzenes phenols and alkanes. The analysis of decayed
wood bio-oils indicated that the main wood compo-
nents derived from these compounds, such as phenols,
aldehydes and alcohols, were lower. Phenols were the
most important compounds; phenols accounted for
10.65 % of the total peak areas detected in decayed
wood bio-oil, while 33.18 % of the total peak areas
were detected in control wood bio-oil. The identified
products were similar to literature data on the chemical
composition of bio-oils (Chum and Black, 1990; Bran-
caetal.,2003; Buetal., 2012; Kantarelis et al., 2013;
Ozbay, 2015a; Ozbay, 2015b).

4 CONCLUSIONS
4. ZAKLJUCAK

In this work, decayed and undecayed beech
woods were pyrolyzed at the temperature of 500 °C to
produce bio-oils. The effects of decay on the yield and
composition of pyrolysis products were investigated.
The main conclusions of this work are as follows:

* Decayed wood showed the highest yield of gas and
tar, in comparison with the undecayed wood, while
the charcoal yield was lower in decayed wood.

* The results of the GC/MS analysis showed that bio-
oils from decayed and undecayed wood contain
various chemical compounds such as phenol and
guaiacol.

» It should be pointed out that pyrolysis technique is an
appropriate way to extract valuable chemicals from
decayed and undecayed wood.
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ABSTRACT ¢ The aim of this study was to improve physical and mechanical properties of wood-cement boards
and to determine optimum content of cement in the formulation. Hence, boards were reinforced with steel nets
and woven hemp yarns adding cement to the dry mass of wood in the ratio of 2.5:1, 2.75:1 and 3:1. Physical and
mechanical properties of wood-cement boards, such as water absorption (WA) and thickness swelling (TS) after 2
and 24 hour immersion in water, bending strength (MOR), modulus of elasticity (MOE) and internal bond strength
(IB), were determined according to EN Standards. Results showed that reinforcement of boards with steel nets and
3 parts of cement added to the dry mass of wood improved all physical and mechanical properties. Properties of
these boards showed a similar trend to the values of EN 634-2:2007 standard (specifications of cement bonded
particleboards), except for modulus of elasticity, which was lower than minimum requirement.

Key words: wood-cement board, cement content, steel nets, hemp yarns, physical and mechanical properties.

SAZETAK e Cilj istrazivanja bio je poboljsati fizikalna i mehanicka svojstva drvno-cementnih ploca i odrediti
optimalan sadrzaj cementa u njima. Ploce su ojacane celicnim mrezama i tkanom konopljom. Sadrzaj cemen-
ta u proizvedenim plocama bio je u omjeru 2,5:1; 2,75:1 i 3:1 u odnosu prema suhoj masi drvnog materijala.
Fizikalna i mehanicka svojstva drvno-cementnih ploca kao sto su apsorpcija vode (WA) i bubrenje po debljini
(TS) nakon 2 i 24 sata namakanja uzoraka u vodu, c¢vrstoc¢a na savijanje (MOR), modul elasticnosti (MOE) i
unutarnja ¢vrstoéa vezanja (IB) odredeni su prema europskim normama. Rezultati su pokazali da su ojacanjem
ploca celicnim mrezama i dodatkom trostruko vece kolicine cementa od suhe mase drvnog materijala poboljsana
sva fizikalna i mehanicka svojstva ploca. Svojstva tih ploca imaju vrijednosti slicne vrijednostima Sto ih propisuje
norma EN 634-2: 2007 (obiljezja iverica s cementom), osim za modul elasticnosti, koji je za istrazivane ploce bio
manji od minimalno zahtijevanoga u normi.

Kljuéne rijeci: drvno-cementna ploca, sadrzaj cementa, celicne mreze, konoplja, fizikalna i mehanicka svojstva
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1 INTRODUCTION
1. UVOD

Due to increasing population and environmental
awareness, demand for light, cheap and more eco-
friendly materials is increasing. Because of heaviness
and low bending strength of concrete, building materi-
als could not be used as large panels and prefabricated
panels in construction. Furthermore, the use of cement
boards reinforced with asbestos, which is still produced
in some countries, cannot meet the environmental re-
quirements. In this regard, cement-bonded composites
reinforced with natural fibers or wood particles are pre-
sented as a valuable construction material. One of the
problems in producing wood cement boards is the dec-
rement in speed of cement hydration after the addition
of wood particles. Consequently the alkali-soluble
compounds, water-soluble hemicellulose and wood ex-
tractives limit and postpone cement curing, therefore
reducing the resistance of wood-cement panels (Cata-
rina et al., 2006; Miller and Moslemi, 1991; Nazerian
and Sadeghiipanah, 2013; Wei et al., 2000). Due to em-
brittlement characteristics of cement and low tensile
strength, these boards are susceptible to fail under dif-
ferent loadings. So reinforcing these panels with differ-
ent materials seems necessary for improving their
physical and mechanical properties.

Nazerian and Sadeghipanah evaluated cement-
bonded particleboards manufactured from a mixture of
wheat straw and poplar. They reported that cement com-
posites, with bending strength of around 12.5 MPa and
internal bond strength of about 0.28 MPa, can be made
by using wheat straw as a reinforcing material. Accord-
ing to the results, the use of straw particles in the panels
of up to 11.5 % satisfied the minimum requirements of
EN 312 (2003) for IB and MOR. Also, it was determined
that the amount of 4.95 % of calcium chloride (by ce-
ment weight) could improve mechanical properties of
the panels meeting the minimum requirements of EN
312 (Nazerian and Sadeghipanah, 2013). Investigation
of properties of cement-bonded wood—wool boards
made from a mixture of eucalyptus and poplar showed
that the addition of wood to cement clearly reduced the
maximum hydration temperature and increased the time
to reach the maximum temperature. Test results showed
that boards made of poplar wood—wools had superior
properties compared to those made of eucalyptus and
mixed wood-wools. The presence of eucalyptus in the
wood mixture typically resulted in a decrease of me-
chanical properties. It has been noted that the amount of
5 % of CaCl, by cement weight can be beneficial for
cement curing (Ashori et al., 2011).

Three-layered cement-bonded boards (CBBs)
produced from wastepaper and sawdust at cement/par-
ticle ratios of 3.0:1 and 3.5:1 was suitable for building
construction such as paneling, ceiling and partitioning
(Fuwape et al., 2007).

According to Aggarwal et al. (2008), agro-based
cement composites, with bending strength >9.0 MPa
and internal bond strength >0.6 MPa, could be made us-
ing arhar stalks as reinforcing material and were found
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to satisfy the minimum requirements of the International
Standard, ISO: 8335-1987 (Aggarwal ef al., 2008).

The aim of all these studies was to improve phys-
ical and mechanical properties by use of lignocellu-
losic materials. Another way to improve physical and
mechanical properties of wood cement boards is to re-
inforce them by steel nets and hemp yarns but no re-
search has yet been done in this field. In the study re-
lated to medium density fiberboard (MDF) panels
reinforced by metal (stainless steel with a mesh size of
25 mm) and woven polymeric nets, it has been deter-
mined that boards reinforced by thin metal nets (with
string diameter of 0.7 mm) showed the highest MOR
with a 105 % increase; while the highest MOE and
impact strength were determined in the boards rein-
forced by thick metal nets (with string diameter of 1.12
mm), which were primarily embedded in 112 % and 79
% epoxy resin. The highest tensile strength was also
determined in boards reinforced by thick metal nets.
Boards reinforced by woven polymeric nets showed
lower strength than those reinforced by metal nets
(Mohebbi et al., 2011).

Xiong et al. studied ribbed roof panels made of
high-density wood shaving-cement boards reinforced
with steel strips. They reported that employing wood
shavings increased flexural strength, load-carrying ca-
pacity, stiffness, and plastic property of cement based
panels compared to panels without wood shavings
(Xiong, 1996).

According to Dimakis et al. (2006), using rein-
forcing strings of metal, rubber, plastic, glass fibers, car-
bon fiber and even graphite in wood based composites
increased significantly impact load resistance, tough-
ness, and also tensile strength (Dimakis et al., 2006).

The aim of this research was to investigate the
issue of reinforcement of wood cement boards. As it is
well known, when a board is under bending load, the
highest tensile stress occurs at the bottom side of the
board and the highest compression stress occurs at the
top side of the board. If the reinforcement is placed on
the sides where high stress occurs, the strength of the
board should increase. Therefore, reinforcement of
wood cement boards was studied by placing two types
of steel and woven hemp yarn nets as reinforcement at
the critical points of the board, on top and bottom sides.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Wood particles used in this study were obtained
by planing poplar wood. Wood particles were dried to
3 % moisture content and packed in plastic bags, to be
ready for laboratory tests. The cement used in manu-
facturing the boards was Portland type II produced by
the Abic factory in Qazvin. In order to accelerate cur-
ing of the cement in the mixture of cement and wood
particles, 5 % of calcium chloride was used to dry the
cement mass. The diameter of steel wires was 0.5 mm
and net dimensions were 25 mm. The diameter of
hemp yarns was 0.75 mm and the net had the same di-
mension as steel nets (Figure 1).
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Top layer of wood cement board
gornji sloj drvno-cementne ploce

Top layer of reinforcement
gornji sloj ojacanja

Core layer of wood cement board
srednji sloj drvno-cementne ploce

Bottom layer of reinforcement
donji sloj ojacanja

Bottom layer of wood cement board
donji sloj drvno-cementne ploce 4

Figure 1 Configuration of the reinforcement location in the panels; the reinforcements were placed at 1/4 of the board thickness

Slika 1. Konfiguracija mjesta ojacanja u plo¢ama; ojacanja su postavljena na 1/4 debljine ploce

Thickness and density of the boards were 16 mm
and 1 g/cm’®, respectively. Three types of boards were
produced: reinforced with steel nets, reinforced with
hemp yarns and non-reinforced boards (control). Three
weight ratios of cement to wood particles were selected
as the second variable: 2.5:1, 2.75:1 and 3:1. To mini-
mize the influence of different factors affecting the for-
mation of different mixtures of cement and wood parti-
cles, a steel frame with the dimension 400x400 mm was
used to produce the mat. Steel and hemp nets were
placed at % from the top and bottom surface of the
boards (Figure 1). The prepared mat was pressed to 16
mm with the laboratory hydraulic press. Then, for curing
and hardening the cement, steel-mould was placed in
steel jaws and the press was set up. The cement panels
were produced in accordance with Ashori et al. (2011).

Considering all factors, 9 treatments with 3 repli-
cates were made, resulting in 27 wood cement boards.
After removing the boards from the press, samples
were conditioned in a climate chamber for at least 28
days for best curing of cement.

Samples were prepared for investigating physical
and mechanical properties according to EN standard. To
determine the physical properties (water absorption and

thickness swelling) of wood cement boards (50x50
mm), samples were immersed in the distilled water for 2
and 24 hours according to EN 317 standard (EN 317,
1998). For the determination of MOR and MOE accord-
ing to EN 310, samples were prepared with the dimen-
sion 325x50 mm (EN 310, 1999). The internal bond
strength was determined on samples with the dimension
50x50 mm according to EN 319 (EN 319, 1998).

Physical and mechanical results obtained in this
study were compared with wood-cement board stand-
ard (EN 634-2, 2007).

Statistical analysis was conducted using SAS
software program. Two-way analysis of variance
(ANOVA) was performed to determine significant dif-
ferences at the 99 % confidence level. Duncan Test was
used to determine the significant difference among the
groups.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The results obtained from variance analysis of
physical and mechanical properties of manufactured
boards are shown in Table 1.

Table 1 Variance analysis of direct and joint impact of factors on physical and mechanical properties of wood cement board
Tablica 1. Analiza varijance izravnoga i zajedni¢kog utjecaja ¢imbenika na fizikalna i mehanicka svojstva drvno-cementnih

ploca
Factor / Cimbenik MOR | MOE | 1IB TS, 1S, | wA, | wa,
Cement / Cement 303.48 | 43.67 | 308.51" | 34.00" | 1347.07" | 24.39™" | 71.18™
Board type / Vrsta ploce 2041.2" | 935.77" | 44.27" | 2491 | 81.06" | 17.81" | 27.35™
Cementx board type / Cement x vrsta ploce 16.52™ | 6.56™ 4277 | 057" 5.60™ | 0.69™ | 6.62™

MOR — bending strength / ¢vrstoca na savijanje; MOE — modulus of elasticity / modul elasticnosti; IB — internal bond strength / unutarnja
¢vrstoca vezanja; TS, — thickness swelling after 2 hours immersion in water / debljinsko bubrenje nakon 2 sata namakanja uzoraka u vodi; TS,,
— thickness swelling after 24 hours immersion in water / debljinsko bubrenje nakon 24 sata namakanja uzoraka u vodi, WA, — water absorption
after 2 hours immersion in water / apsorpcija vode nakon 2 sata namakanja uzoraka u vodi; WA,, — water absorption after 24 hours immersion
in water / apsorpcija vode nakon 2 sata namakanja uzoraka u vodi.

*: significant at 99 % confidence level /signifikantno pri razini pouzdanosti 99 %; ™: not significant / nije signifikantno.
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Table 2 Direct effect of board type on mechanical properties and Duncan grouping
Tablica 2. Utjecaj vrste ploce na mehanicka svojstva i grupiranje prema Duncanovu testu

Reinforced with | Reinforced with | Non-reinforced
. steel nets hemp yarns control
Type board / Vista ploce Ploca ojacana Ploc“apo;acvana Plo(éa koja 311'je
celicnom mrezom | tkanom konopljom ojacana
Internal bond strength, MPa / Unutarnja cvrstoca vezanja, MPa 0.4024 0.367" 0.3638
Bending strength, MPa / Cvrsto¢a na savijanje, MPa 13.1504 10.358 9.66¢
Modulus of elasticity, MPa / Modul elasticnosti, MPa 2895.274 2506.808 2313.25¢

As shown, two variables (board type and cement
content) had a significant direct effect (P <0.01) on
physical and mechanical properties.

Table 2 shows the direct effect of board type (re-
inforced with steel nets, reinforced with hemp yarns
and non-reinforced) on mechanical properties, as well
as their Duncan grouping.

As shown in Table 2, reinforcing the boards im-
proved all mechanical properties (bending strength,
modulus of elasticity and internal bond strength) and
the highest strength was found in boards reinforced
with steel nets compared to boards reinforced with
hemp yarns and non-reinforced boards.

Table 3 shows direct effect of board type on
physical properties, as well as their Duncan grouping.

According to the results shown in Table 3, the
highest thickness swelling and water absorption after 2
and 24 hours immersion in water was observed in
boards reinforced with hemp yarns and non-reinforced
boards (control), while the lowest values were ob-
served in boards reinforced with steel nets (grouping
A). The results related to boards reinforced with steel
nets, in comparison with control samples for 7S and
WA after 24 hours immersion, had a lower value, 6.2
and 4.4 %, respectively.

Direct effect of cement content on mechanical
properties of manufactured boards as well as Duncan
grouping is presented in Table 4.

By increasing the cement content from 2.5 to 3
times, the bending strength and internal bond in-

Table 3 Direct effect of board type on physical properties and Duncan grouping
Tablica 3. Utjecaj vrste ploce na fizikalna svojstva i grupiranje prema Duncanovu testu

Type board / Vista ploce Reinforced with steel nets Reinforced with hemp yarns Non-reinforced
Ploc¢a ojacana celicnom Ploc¢a ojacana tkanom (control)
mrezom konopljom Ploca koja nije ojacana
TS 2h % 1.5 1.82¢ 1.78
TS 24h, % 2.424 2.60°8 2.588
WA 2h, % 7.86" 8.998 8.998
WA 24h, % 15.594 16.418 16.37

TS 2h — thickness swelling after 2 hours immersion in water / debljinsko bubrenje nakon 2 sata namakanja uzoraka u vodi; TS 24h — thickness
swelling after 24 hours immersion in water / debljinsko bubrenje nakon 24 sata namakanja uzoraka u vodi, WA 2h — water absorption after 2
hours immersion in water / apsorpcija vode nakon 2 sata namakanja uzoraka u vodi; WA 24h — water absorption after 24 hours immersion in

water / apsorpcija vode nakon 2 sata namakanja uzoraka u vodi.

Table 4 Direct effect of cement content on mechanical properties and Duncan grouping
Tablica 4. Utjecaj sadrzaja cementa na mehanicka svojstva i grupiranje prema Duncanovu testu

Cement content (to dried wood mass) 2.5 times 2.75 times 3 times
Sadrzaj cementa (u odnosu prema suhoj masi drvnog materijala) 2,5 puta 2,75 puta 3 puta
Internal bond strength, MPa / Unutarnja cvrstoca vezanja, MPa 0.32¢ 0.38" 0.434
Bending strength, MPa / Cvrstoca na savijanje, MPa 10.23¢ 11.388 11.54»
Modulus of elasticity, MPa / Modul elasticnosti, MPa 2508.30¢ 2638.944 2568.078
Table 5 Direct effect of cement content on physical properties and Duncan grouping
Tablica 5. Utjecaj sadrzaja cementa na fizikalna svojstva i grupiranje prema Duncanovu testu
Cemevnf content (to dried wood mass). . 2.5 times 2.75 times 3 times
Sadrzaj cementa (u odnosu prema suhoj masi
. 2,5 puta 2,75 puta 3 puta
drvnog materijala)
TS 2h % 1.88¢ 1.658 1.494
TS 24h, % 3.21¢ 2.1548 1.88%
WA 2h, % 8.298 8.568 7.794
WA 24h, % 17.18€ 15.738 14.954

TS 2h — thickness swelling after 2 hours immersion in water / debljinsko bubrenje nakon 2 sata namakanja uzoraka u vodi; TS 24h - thickness
swelling after 24 hours immersion in water / debljinsko bubrenje nakon 24 sata namakanja uzoraka u vodi, WA 2h — water absorption after 2
hours immersion in water / apsorpcija vode nakon 2 sata namakanja uzoraka u vodi; WA 24h — water absorption after 24 hours immersion in

water / apsorpcija vode nakon 2 sata namakanja uzoraka u vodi.
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m 2.5 times cement

2.75 times cement m 3 times cement

0.6

IB, MPa

kontrolni uzorak

0.5
0.4
0.3
0.2
0.1

0

non-reinforced (control) reinforced with steel
ojacan celikom

standard BS EN
norma BS EN

reinforced with hemp
yarns / ojacan
tkanom konopljom

Figure 2 Joint effect of board type and cement content on internal bond strength
Slika 2. Zajednicki utjecaj vrste ploce i sadrzaja cementa na unutarnju ¢vrstoéu vezanja ploca

creased. Modulus of elasticity only increased by in-
creasing cement content to 2.75 times; the values de-
creased when the cement content exceeded 2.75.

Direct effect of cement content on physical prop-
erties of boards is presented in Table 5.

The analysis of the effect of cement content on
physical properties of boards showed that by increas-
ing the cement content from 2.5 to 3 times to the dry
wood mass caused improving water absorption and
thickness swelling after 2 and 24 hours immersion in
water. Board manufactured with 3:1 cement/wood ra-
tio, in comparison with 2.5:1, caused decreasing thick-
ness swelling after 2 and 24 hours immersion in water,
20.7 and 41.4 %, respectively. Furthermore, after 2 and

16

24 hours immersion in water, water absorption de-
creased by 6 and 13 %, respectively.

Table of variance analysis (Table 1) showed that
the joint effect of board type and cement content had a
significant effect (P < 0.01) on mechanical properties
(bending strength, modulus of elasticity and internal
bond strength).

Figure 2 shows the joint effect of board type and
cement content on internal bond strength.

The highest value of internal bond strength was
found in boards manufactured with steel nets and 3:1
cement/wood ratio, and it was about 0.52 MPa. In com-
parison with non-reinforced (control) and reinforced
with hemp yarns, these boards showed an increased

| 2.5 times cement

2.75 times cement  m 3 times cement

—
(=1

MOR, MPa

12
8
6
4
2
0

non-reinforced (control)
kontrolni uzorak

reinforced with steel
ojacan celikom

standard BS EN
norma BS EN

reinforced with hemp
yarns / ojacan
tkanom konopljom

Figure 3 Joint effect of board type and cement content on bending strength
Slika 3. Zajednicki utjecaj vrste ploce i sadrzaja cementa na ¢vrstocu ploca na savijanje
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Figure 4 Joint effect of board type and cement content on modulus of elasticity of boards
Slika 4. Zajednicki utjecaj vrste ploce i sadrzaja cementa na modul elasti¢nosti ploca

internal bond strength with the same cement content
(13 %). The internal bond values of these boards met
minimum requirements of wood cement boards of EN
634-2:2007 standard (Figure 2). When the cement con-
tent was increased from 2.5 to 3 parts in the cement/
wood ratio, wood particles were closed with cement
and the voids between wood particles were filled, re-
sulting in increased internal bond strength of the
boards. On the other hand, as hemp yarns have an or-
ganic-base, they cannot achieve a good bonding with
cement, which causes lower internal bond strength in
boards reinforced with hemp yarns than in boards rein-
forced with steel nets.

The joint effect of board type and cement content
on bending strength and modulus of elasticity of boards
is presented in Figures 3 and 4, respectively.

Boards manufactured with steel nets and 3:1 ce-
ment/wood ratio had the highest values of bending

strength and modulus of elasticity, 13.81 and 2977
MPa, respectively. In comparison with non-reinforced
boards (control), the bending strength of these boards
increased by 34 % and modulus of elasticity by 27 %,
and the bending strength and modulus of elasticity in-
creased by 26.7 and 14.32 %, respectively, in compari-
son with boards reinforced with hemp yarns. The re-
sults conducted in this study correspond to the results
of reinforcing MDF by Mohebbi et al. (2011).

EN634-2 standard of wood cement boards indi-
cated that the minimum bending strength is about 9
MPa and of modulus of elasticity 4000 MPa. The bend-
ing strength of boards reinforced with steel nets was by
53.3 % higher than the standard value, while the modu-
lus of elasticity was by 25 % lower than the standard
value.

When a board is under a bending force, the maxi-
mum tensile stress occurs on the top surface and the

21

M 2.5 times cement

2.75 times cement ¥ 3 times cement

WA 24, %
Ne)

non-reinforced (control)
kontrolni uzorak

lihh

reinforced with steel
ojacan Celikom

reinforced with hemp
yarns / ojacan
tkanom konopljom

Figure 5 Joint effect of board type and cement content on water absorption
Slika 5. Zajednicki utjecaj vrste ploce i sadrzaja cementa na apsorpciju vode
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Figure 6 Joint effect of board type and cement content on thickness swelling
Slika 6. Zajednicki utjecaj vrste ploce i sadrzaja cementa na debljinsko bubrenje ploca

highest compression stress occurs on the bottom sur-
face. Reinforcing boards with steel nets and hemp
yarns near the board surfaces increased tensile and
compression stresses, and consequently the bending
strength and modulus of elasticity increased. Since
hardness and stiffness of steel wires and their bonding
with cement is higher than that of hemp yarns, boards
manufactured with steel nets had higher mechanical
strength. When the cement content increased from 2.5
to 3 times in the cement/wood ratio, the voids between
wood particles were filled resulting in a strong bond
between particles and in the increase of the mechanical
strength of boards. The joint effect of board type and
cement content on water absorption and thickness
swelling after 24 hours immersion in water was sig-
nificant (Table 1).

Figures 5 and 6 show the joint effect of board
type and cement content on water absorption and thick-
ness swelling of boards.

Boards reinforced with steel nets and 3:1 cement/
wood ratio had a minimum thickness swelling and wa-
ter absorption after 24 hours immersion in water. Re-
sults indicated that, when the cement content was in-
creased, wood particles were more effectively covered
with cement, and consequently wood particles ab-
sorbed less water, so that water absorption and thick-
ness swelling of boards decreased. Good bonding be-
tween cement particles and steel wires resulted in
improving internal bonding of boards. Consequently,
permeability of water into internal layers of boards re-
inforced with steel nets decreased, meaning that physi-
cal properties of boards were improved. Since hemp
yarns have a great ability to absorb water, water ab-
sorption and thickness swelling of boards reinforced
with hemp yarns was slightly higher than that of con-
trol boards (non-reinforced). As observed in Figure 5,
thickness swelling in these boards after 24 hours im-
mersion in water was slightly higher than required by
BS EN standard.
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4 CONCLUSION
4. ZAKLJUCAK

Results of the analysis of the effect of cement con-
tent on physical and mechanical properties of wood ce-
ment boards showed that the increase of the cement/
wood ratio from 2.5 to 3 times caused the decrease of
water absorption and thickness swelling after 2 and 24
hours immersion in water and increase of mechanical
strength. Results of the analysis of the effect of board
type (non-reinforced, reinforced with steel nets and rein-
forced with hemp yarns) on physical and mechanical
properties of wood cement boards showed that reinforc-
ing boards with steel nets and hemp yarns caused the
increase of their mechanical strength, while boards rein-
forced with steel nets had a lower water absorption and
thickness swelling in comparison with the others. Based
on the results of this research, it can be concluded that
reinforcing wood cement boards with steel nets and us-
ing 2.5 cement/wood ratio could improve physical and
mechanical properties for internal use, all in accordance
with EN 634-2:2007 standard. In this case, only the
modulus of elasticity was lower than the standard value.
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ABSTRACT ¢ The goal of this study was to investigate the tensile and compression strength of Scots pine wood
(Pinus sylvestris L.) using micro- and standard-sized test specimens. In the standard- and micro-sized specimens,

tensile strength was evaluated as 76.9 MPa and 91.5 MPa and compression strength as 43.8 MPa and 36.3 MPa,

respectively. The results showed that the compression strength of the micro-sized specimens was lower compared
to the standard-sized specimens, while the tensile strength was higher in the micro-sized specimens. With the
exception of the effect of specimen size and individual tree interaction on tensile strength, statistically significant
effects were found for specimen size, individual trees and the interactions of the size and trees on the tensile and
compression strength. Moreover, regression analyses indicated a positive linear regression between the strength of
micro- and standard-sized specimens. Micro-sized specimens can be used to estimate the tensile and compression

strength of Scots pine wood, when it is not possible to obtain standard-size specimens.

Key words: micro-sized specimens, standard-sized specimens, tensile strength, compression strength

SAZETAK e Cilj istrazivanja bio je usporediti viacnu i tlacnu évrstoéu borovine (Pinus sylvestris L.) odredenu
na mikrouzorcima i na ispitnim uzorcima standardne velicine. Vlacna cvrstoca borovine odredena na ispitnim
uzorcima standardne velicine iznosila je 76,9 MPa, a na mikrouzorcima 91,5 MPa, dok je tlacna cvrstoca borovine
izmjerena na standardnim ispitnim uzorcima bila 43,8 MPa, a na mikrouzorcima 36,3 MPa. Rezultati su pokazali
da je tlacna ¢vrstoca borovine odredena na mikrouzorcima manja od tlacne cvrstoce izmjerene na ispitnim uzor-
cima standardne velicine, dok je viacna cvrstoc¢a borovine izmjerena na mikrouzorcima veéa od vlacne ¢vrstoce
standardnih uzoraka. Uz izuzetak interakcijskog utjecaja velicine ispitnog uzorka i pojedinacnog stabla od kojega
su uzorci izradeni na vlacnu c¢vrstocu, statisticka analiza dobivenih podataka pokazala je signifikantan utjecaj
velicine ispitnog uzorka, pojedinacnog stabla od kojega je izraden ispitni uzorak i interakcije velicine uzorka i
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stabla od kojega je uzorak izraden na vlacnu i tlacnu cvrstoc¢u borovine. Usto, regresijska je analiza podataka po-
kazala pozitivnu linearnu regresiju izmedu ¢vrstoc¢e mikrouzoraka i évrstoce ispitnih uzoraka standardne velicine.
Iz toga se moze zakljuciti da se za procjenu viacne i tlacne cvrstoce skotske borovine mogu upotrijebiti mikrouzorci
kad god izrada ispitnih uzoraka standardne velicine nije moguca.

Kljuéne rijeci: mikrouzorci, ispitni uzorci standardne velicine, vlacna cvrstoca, tlacna cvrstoca

1 INTRODUCTION
1. UVOD

Scots pine is an important tree species native to
Eurasia. In Turkey, it covers about 5 % (738 000 ha) of
the total Turkish forestland. Moreover, it exhibits supe-
rior technological properties and a high potential for
utilization. In order to determine the mechanical prop-
erties of wood, the approach has been to use structural-
size and small-size clear specimens. In recent years,
micro-size specimens have been used to evaluate the
mechanical properties of earlywood and latewood sec-
tions, wood strands, and fibers (Plagemann, 1982;
Hunt et al., 1989; Groom et al., 2002; Mott et al., 2002;
Deomano and Zink-Sharp 2004; Cai et al., 2007; Hind-
man and Lee 2007; Jeong 2008; Jeong et al., 2009).

In previous studies on micro-sized testing, re-
searchers used various specimen dimensions and load-
ing rates according to the purpose of the study. Deo-
mano and Zink-Sharp (2004) investigated the bending
properties of southern yellow pine (Pinus spp.), sweet
gum (Liquidambar styraciflua L.), and yellow poplar
(Liriodendron tulipifera L.) wood. Samples of 25 x 5.0
x 0.6 mm flakes were used to calculate the modulus of
rupture (MOR) and modulus of elasticity (MOE) of
these wood species, with the loading rate of 2.54 mm/
min. Hindman and Lee (2007) measured the bending
and tensile properties of both earlywood and latewood
sections of loblolly pine (Pinus taeda) strands. The di-
mensions of the bending test samples were 33.0 x 11.0
x 0.68 mm and of the tensile test samples 60 x 0.66 x
4.58 mm for earlywood, and 60 % 0.66 x 3.3 mm for
latewood. The loading rate was 0.127 mm/min.

The tensile properties of willow (Salix spp.), yel-
low poplar (Liriodendron tulipifera L.), red oak
(Quercus spp.) and loblolly pine (Pinus taeda) wood
strands were investigated by Cai et al., (2007). Hunt et
al., (1989) conducted tensile testing to determine the
tensile strength and tensile modulus of yellow poplar
strands (Liriodendron tulipifera L.) with a 2224 N load
cell at a test speed of 1.9 mm/min. Their study revealed
that the average tensile strength and tensile modulus
was 70.3 MPa and 11.8 GPa, respectively.

Zink-Sharp and Price (2006) determined the
compression strength of sweetgum (Liquidambar sty-
raciflua L.), yellow poplar (Liriodendron tulipifera
L.), and red maple (Acer rubrum) wood species using 1
x 1 x 4 mm specimens. The test was conducted at 12 %
moisture content (MC) with a loading speed of 0.029
mm/min. They found that the compression strength of
sweetgum, yellow poplar and red maple wood were
39.2,33.5 and 41.6 MPa, respectively.

Micro-size specimens can be used to determine
the mechanical properties of wood, when it is not pos-
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sible to obtain standard-size test specimens. In order to
avoid damaging the wood in various applications, the
mechanical properties can be determined by using mi-
cro-size test specimens. Furthermore, the test speci-
mens of structural wood material can be taken periodi-
cally and their mechanical properties can be determined.
In this way changes in the mechanical properties of
wood can be observed over time. With the develop-
ment of micro-size tests, the strength losses due to ex-
posure time can be determined for structural wood ap-
plications. This information can provide a solid base
for a true assessment of the necessity of wooden struc-
ture renewal.

The mechanical properties of specimens are de-
pendent on the specimen dimensions. This phenome-
non is called size effect (Weibull, 1939). According to
the theory of size effect (weakest link theory), the
strength is dependent on the size of highly stressed vol-
ume. The basis for this theory is that there is a greater
probability that a region of low strength will occur in a
member of large volume than in a member of small
volume. This region of low strength is assumed to
cause complete failure of the member (Weibull, 1939).

The analysis of the factors influencing the size
effect of strength and elastic properties is very complex
and a number of hypotheses have been developed in
the last 100 years. To simplify the matter, it is helpful
to consider different species and different mechanical
tests separately (Schotzhauer et al., 2015). Madsen and
Buchanan (1986) also stated that the size effect is de-
pendent on wood species.

There is limited information concerning the com-
parison of tensile and compression strength of micro-
and standard-size specimens. In previous studies, re-
searchers compared their findings of micro-size test with
values published in Wood Handbook for standard-size
specimens (Zink-Sharp and Price, 2006; Cai et al.,
2007). Cai et al., (2007) found that the tensile strength of
willow, yellow poplar, red oak and loblolly pine strands,
was, respectively, 31.1 %, 44.2 %, 36.2 % and 73.4 %
lower than that of standard-size specimens. Zink-Sharp
and Price (2006) stated that the compression strength of
the micro-size specimens was close to but lower than
handbook values for sweet gum, yellow poplar and ma-
ple wood species. This approach of comparing the val-
ues obtained from different trees is not valid for obtain-
ing information about the presence of a correlation
between micro-size and standard-size specimens. It is
recognized that the tree age and growth conditions, such
as the climate, soil characteristics, slope, and altitude,
affect the annual ring width and the mechanical proper-
ties of wood. The goal of this paper is, therefore, to eval-
uate the tensile and compression strength of micro-size
Scots pine (Pinus sylvestris L.) wood and investigate the
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correlation between micro- and standard-size specimens
that are taken from the same tree.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

Sample trees were harvested from the Bolu For-
est Enterprises in the northwestern part of Turkey.
Eight trees with straight stems were selected as sample
trees. Table 1 shows the properties of the sample trees
and sampling area.

Logs of 3 m in length were cut from each tree at
a height of 0.30 m, and then 6-cm-thick planks, includ-
ing the central pith, were cut from these logs. The mi-
cro- and standard-size test specimens were prepared
from these planks. The cutting plan of the test speci-
mens is shown in Figures 1a and 1b. All of the speci-
mens were conditioned in a climate chamber at a tem-
perature of 20 °C and a relative humidity of 65 % for
three weeks to reach the target moisture content of
12 % prior to testing.

2.2 Methods
2.2. Metode

Specimens were cut according to International
Organization for Standardization (ISO) in order to de-

termine the tensile strength parallel to grain (ISO
13061-6, 2014) and compression strength parallel to
grain (ISO/DIS 13061-17, 2014). The standard-size
test specimens were prepared in dimensions of 15 mm
x50 mm x 400 mm for tensile and 20 mm X 20 mm x
30 mm for compression test. A Lloyd universal test ma-
chine with a 10 kN load cell was used for the standard-
size tests.

Micro-size tests were performed with a Zwick
universal test machine using a 100 N load cell for com-
pression test and a 1kN load cell for tensile test. The
same ISO standards were used as a guide for the micro-
size specimens. The micro-size tensile test specimens
were approximately 50 mm x 5.0 mm x 1.3 mm and
the width of the specimen was reduced to 0.8 mm with
a sanding drum. The gauge lengths were 3 mm for the
micro-size tensile specimens and 280 mm for the
standard-size specimens. Figure 2 shows the micro-
size tensile test specimens and the preparation process.
The dimensions of micro-size compression test speci-
mens were 3 mm X 3 mm X 5 mm. The micro- and
standard-size tensile and compression test specimens
are shown in Figure 3.

2.3 Data analyses and statistical methods
2.3. Analiza podataka i statisticke metode

For the tensile and compression strength, all mul-
tiple comparisons were first subjected to an analysis of

V.. (cm) (cm) Y'\l/’
3 3
<S>
) < )
v | (cm) (cm) N (cm) (cm)
Figure 1a Cutting plan of compression test specimens at Figure 1b Cutting plan of tensile test specimens at
standard- and micro-size standard- and micro-size
Slika 1.a) Plan izrezivanja ispitnih uzoraka standardne Slika 1.b) Plan izrezivanja ispitnih uzoraka standardne
veli¢ine i mikrouzoraka za ispitivanje tlacne ¢vrstoce veli¢ine i mikrouzoraka za ispitivanje vlacne ¢vrstoce
Table 1 Properties of the sample trees and sampling area
Tablica 1. Obiljezja stabala od kojih su izradeni uzorci i lokacije stabala
Tree No Diameter of tree at 1.30 m Tree age Altitude Aspect Slope
. * | Promjer stabla na visini 1,30 m | Starost stabla | Nadmorska visina p . Nagib terena
Broj stabla ‘ Polozaj
cm Year / god. m %

1 33 137

2 34 135

3 34 144

4 37 127 Northeast

5 34 94 1540 sjeveroistok 40

6 32 135

7 36 123

8 35 130
DRVNA INDUSTRIJA 68 (5) 129-136 (2017) 131



Biiyiiksari, As, Diindar, Sayan: Micro-Tensile and Compression Strength of Scots Pine... «+ ..

k

Figure 2 Micro-size tensile test specimens and preparation Figure 3 Micro- and standard-size test specimens for (a)

process tensile and (b) compression
Slika 2. Mikrouzorci za ispitivanje vlacne ¢vrstoce i proces Slika 3. Mikrouzorci i ispitni uzorci standardne veli¢ine za
njihove pripreme ispitivanje: a) vlane ¢vrstoce, b) tlaéne Cvrstoce

variance (ANOVA) at p < 0.05 considering two factors ~ MPa (tree 2) to 111.8 MPa (tree 6) in the micro-size
(specimen size and individual tree) and interactions.  specimens and from 66.6 MPa (tree 5) to 89.9 MPa
Post-hoc comparisons were conducted using Duncan’s  (tree 6) in the standard-size specimens. The highest
multiple range tests. Regression analysis was used to  tensile strength values were observed for tree 6 in both

determine the relationship between standard- and mi-  the micro- and standard-size specimens.

Ccro-size specimens. The average compression strength values and
Duncan test results of the standard- and micro-size

3 RESULTS Scots pine wood specimens are shown in Table 3.

3. REZULTATI The compression strength values of standard- and

micro-size specimens were found to be 43.8 MPa and

The average tensile strength values and Duncan ~ 36.3 MPa, respectively. The results showed that the

test results of the standard- and micro-size Scots pine ~ compression strength of the micro-size specimens were

wood specimens are shown in Table 2. The tensile 17.1 % lower compared to the standard-size specimens.

strength values of the standard- and micro-size speci- ~ For individual trees, the compression strength values

mens were determined as 76.9 MPa and 91.5 MPa, re-  ranged from 31.9 MPa (tree 2) to 40.9 MPa (tree 6) in

spectively. The results showed that the tensile strength ~ the micro-size specimens and from 36.3 MPa (tree 2) to

values of the micro-size specimens were 19.0 % higher ~ 51.9 MPa (tree 6) in the standard-size specimens. The

compared to the standard-size specimens. For individ-  highest compression strength values were observed for
ual trees, the tensile strength values ranged from 75.7  tree 6 in both the micro- and standard-size specimens.

Table 2 The average tensile strength values and Duncan test results of standard- and micro-size Scots pine wood
Tablica 2. Prosje¢ne vrijednosti vla¢ne ¢vrstoce i rezultati Duncanova testa za podatke dobivene na mikrouzorcima i ispitnim
uzorcima standardne veli¢ine

Tree N Tensile strength, MPa / Viacna cvrstoca, MPa
Br:;e'i ‘a Z l.a Standard-size / Uzorci standardne velicine Micro-size / Mikrouzorci

/ N Mean Std. Deviation N Mean Std. Deviation
1 32 66.9° 224 31 83.14 31.2
2 15 74.0 22.6 15 75.74 25.1
3 23 85.1% 26.9 23 94 74t 33.2
4 35 83.1% 17.5 35 98.2¢f 36.2
5 25 66.6* 14.7 23 80.44 21.5
6 28 89.9¢ 24.7 27 111.8F 35.0
7 30 77.8® 19.3 28 89.94¢ 31.8
8 31 70.92 12.4 29 89.44 33.9

Total 219 76.9 21.5 211 91.5 33.1

N — Number of specimens; Groups with same letters in column indicate that there is no statistical difference (p < 0.05) between the samples
according to Duncan’s multiply range test.

N — broj uzoraka; medu prosjecnim vrijednostima oznacenim istim slovom u stupcu nije utvrdena statisticki signifikantna razlika (p < 0,05)
prema Duncanovu visestrukom usporednom testu
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Table 3 The average compression strength values and Duncan test results of standard- and micro-size Scots pine wood
Tablica 3. Prosjecne vrijednosti tlacne ¢vrstoce i rezultati Duncanova testa za podatke dobivene na mikrouzorcima i ispitnim
uzorcima standardne veli¢ine

Tree No. Compression strength, MPa / Tlacna cvrstoc¢a, MPa
Broj stabla Standard-size / Uzorci standardne velicine Micro-size / Mikrouzorci
N Mean Std. Deviation N Mean Std. Deviation
1 51 40.3¢ 6.1 47 32.5m 5.8
2 43 36.3" 5.4 42 31.9" 5.7
3 47 48.6% 5.9 44 39.6° 6.3
4 61 449 7.0 59 35.8 6.6
5 46 40.6¢ 6.1 45 35.20 6.4
6 57 51.9m 7.2 55 40.4" 7.0
7 41 41.3¢ 5.1 40 341 5.0
8 58 43.7 4.2 53 36.3°° 6.1
Total 404 43.8 7.5 385 36.3 6.8

N — Number of specimens; Groups with same letters in column indicate that there is no statistical difference (p < 0.05) between the samples
according to Duncan’s multiply range test.
N — broj uzoraka; medu prosjecnim vrijednostima oznacenim istim slovom u stupcu nije utvrdena statisticki signifikantna razlika (p < 0,05)
prema Duncanovu visestrukom usporednom testu

The factors of the specimen size (standard- and
micro-size), individual trees (eight trees) and their in-
teractions on the tensile and compression strength are
shown in Table 4. For the tensile strength, specimen

size and individual tree were significantly different (p
< 0.000), while the interaction of specimen size and
individual tree was not (p = 0.811). For the compres-
sion strength, all factors were significantly different.

Table 4 The interactions of specimen size and individual tree on tensile strength and compression strength (ANOVA)
Tablica 4. Interakcije veli¢ine uzorka i pojedinacnog stabla na vla¢nu i tlaénu ¢vrstocu (ANOVA)

Type I1I sum
Source of squares Mean square.
Izvor Zbroj kvadrata af va;li’z;;’:siw el F P
— tip III. Y
Tensil Specimen size / velicina ispitnog uzorka 18692.1 1 18692.1 26.28 | 0.000
Sfr‘ggih Individual tree /pojedinacno stablo 34072.4 7 4867.5 6.84 | 0.000
viana évrstoda | SPeCimen size * individual tree 2644.8 7 377.8 0.53 | 0.811
velicina ispitnog uzorka * pojedinacno stablo
. Specimen size / velicina ispitnog uzorka 10571.7 1 10571.7 284.1 | 0.000
Compression P —
strength Individual tree / pojedinacno stablo 11217.9 7 1602.6 43.1 | 0.000
acna cvistoda Spe.clmer.l s1.ze individual tr?e o 829 1 7 118.4 32 10003
velicina ispitnog uzorka * pojedinacno stablo
140
¢
[+
= S 120 - ¢ (S
e
=3 *
o S
< 5 100 A
8
5 N
gs
; ~§ 80 A
g3 y=0.486-x+30.10
e 5 60 - * > ¢ R*=0.504
=3 9,
s 2 <&
55 40 % e Tore
S .
53 L 4
8 =
wn 0
=< 20 A
0 T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220
Micro-size tensile strength, MPa
vlacna ¢vrstoéa mikrouzoraka ,MPa
Figure 4 Regression analysis results for tensile strength of micro- and standard-size wood specimens
Slika 4. Regresijska analiza rezultata vlacne ¢vrstoce mikrouzoraka drva i ispitnih uzoraka standardne veli¢ine
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Figure 5 Regression analysis results for compression strength of micro- and standard-size wood specimens
Slika 5. Regresijska analizira rezultata tlacne ¢vrsto¢e mikrouzoraka drva i ispitnih uzoraka standardne veli¢ine

Regression analysis graphics for the tensile and
compression strength of the micro- and standard-size
wood specimens are shown in Figures 4 and 5, respec-
tively. The regression analysis indicated that all meas-
ured properties of the micro-size specimens were sig-
nificantly correlated with the standard-size specimens
(p <0.000). The tensile and compression strength val-
ues of the standard- and micro-size specimens showed
a positive linear dependency, presenting coefficients of
correlation of 71.0 and 81.9 percent, respectively, in
linear regression models.

4 DISCUSSION
4. RASPRAVA

In previous studies about the tensile strength of
micro-size test specimens, researchers determined the
tensile strength value of some wood species. Cai et al.,
(2007) determined that the tensile strength values of
yellow poplar, loblolly pine, willow and red oak wood
strands were 48.5 MPa, 58.7 MPa, 22.7 MPa and 40.7
MPa, respectively. Additionally, the tensile strength of
southern pine strands was determined as 50.0 MPa
(Wu et al., 2005), of loblolly pine strands as 43.3 MPa
(Hindman and Lee 2007) and of yellow poplar strands
as 70.3 MPa (Hunt ef al., 1989). The gage length, sam-
ple thickness, loading rate and sample shape (dog-
bone or rectangle shape) affect tensile strength of mi-
cro-size samples. Unlike previous studies, in the
current study, micro-size tensile strength specimens
were prepared in the dog-bone shape. Kohan et al.,
(2012) compared the tensile strength and modulus of
elasticity of rectangular and tapered (dog-bone) wood
strands. They concluded that the dog-bone shaped
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specimens had 16 % and 27 % higher tensile strength
and modulus of elasticity, respectively, than the rectan-
gular specimens, and that the variation in mechanical
properties was not statistically different for the two
shapes. The higher tensile strength value in the micro-
size specimens could be attributed to the dimensions of
the specimens, loading rate, ratio of earlywood and
latewood or gauge length. Jeong (2008) pointed out
that the results of previous studies are not directly com-
parable because of different loading conditions and dif-
ferent wood species. In his study, he indicated that the
tensile strength of micro-size loblolly pine wood speci-
mens reported by Hindman and Lee (2007) was 36 %
higher compared to the work of Cai et al., (2007). This
comparison clearly shows the effect of specimen di-
mensions and loading rate on the strength properties of
micro-size specimens. Price (1976) concluded that ten-
sile strength increased as gauge length increased. Jeong
et al., (2008) concluded that tensile strength and MOE
generally increased as the thickness increased, and the
thickness of the specimen wood strands significantly
affected the tensile strength and MOE of southern pine
wood. In order to decrease the variability of test re-
sults, they recommended a 0.254 mm/min loading rate
and a strand thickness of between 0.794 and 1.91 mm.

The results showed that the tensile strength value
of the micro-size specimens was higher than that of the
standard-size specimens. This is compatible to Weibull’s
theory, which states that with increasing volume, the
strength decreases. Schneeweill and Felber (2013) men-
tioned a strong decrease in tensile strength when in-
creasing the length of the specimens. Conversely, previ-
ous studies have stated that the tensile strength of
micro-size specimens was lower than that of standard-
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size specimens (Price 1976; Cai et al., 2007). Cai et al.,
(2007) reported that the tensile properties of willow, yel-
low poplar, red oak, and loblolly pine wood strands were
significantly lower than those of standard-size. When
compared to the tensile strength of standard-size speci-
mens in Wood Handbook, those of wood strands from
willow, yellow poplar, red oak, and loblolly pine were
lower by 31.1 %, 44.2 %, 36.2 % and 73.4 %, respec-
tively. Price (1976) observed similar results for micro-
size sweet gum specimens. In previous studies research-
ers compared their findings with published values in
Wood Handbook (Green et al., 1999) for the same wood
species. This approach of comparing the values obtained
from different trees is not valid for obtaining informa-
tion about the presence of a correlation between micro-
size and standard-size samples. It is recognized that tree
age and growth conditions such as climate, soil charac-
teristics, slope and altitude affect the annual ring width
and the mechanical properties of wood.

The results of the present study showed that the
compression strength value of the micro-size specimens
was lower compared to the standard-size specimens.
Similar results were seen by Zink-Sharp and Price (2006)
in sweet gum (Liquidambar styraciflua L.), yellow pop-
lar (Liriodendron tulipifera) and maple (Acer rubrum)
wood. They found that the compression strength of the
micro-size specimens was close to but lower than hand-
book values for all studied species. They explained that
the exact cause of this difference was unknown, but that
there were at least two probable explanations. The size
effect was one possibility and the second was that dam-
age created by specimen preparation had a more signifi-
cant impact on the intra-ring specimens than on the
standard-size specimens. Another reason of the differ-
ences between the compression strength of micro- and
standard size samples can be the failure mode.
Schlotzhauer et al., (2015) concluded that the mode of
failure is also affected by the specimen dimensions.

The compression strength results of the present
study are contradictory to Weibull theory. Schneeweil3
(1964) concluded that the volume strength dependence
is a function of absolute specimen volume. He estab-
lished three different categories. At volumes below 10
cm® (Category 1) and above 1000 cm? (Category 3),
Weibull’s theory applies. In between (Category 2), the
volume is considered an influencing factor of low im-
portance. Schneeweill (1964) stated that the compres-
sion strength of Spruce wood first decreased with in-
creasing specimen volume then increased slightly to
maximum and finally decreased again. Madsen and
Buchanan (1986) stated that the size effect is depend-
ent on wood species. Schlotzhauer et al., (2015) ob-
served that the compression strength increased as spec-
imen volume increased in beech, oak and lime wood,
while the specimen dimensions did not influence the
compression strength of maple, birch and ash wood.

5 CONCLUSIONS
5. ZAKLJUCAK

Based on this study, the following conclusions
can be drawn:
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1. The compression strength of the micro-size speci-
mens were 17.1 % lower compared to the standard-
size specimens, while tensile strength was 19.0 %
higher in micro-size specimens.

2. The effects of specimen size, individual trees and the
interactions between size and trees on tensile and
compression strength were statistically significant,
except for the effect of the interaction of specimen
size and individual trees on tensile strength.

3. The regression analysis indicated that tensile and
compression strength of the micro-size specimens
was significantly correlated with the standard-size
specimens. A positive linear regression between the
micro- and standard-size specimens was found for
tensile and compression strength.

4. Micro-size test specimens can be used to estimate
the standard-size test results for the tensile and com-
pression strength of Scots pine wood.

5. Dog-bone shape micro-size tensile strength samples
at given dimensions can be used to determine tensile
strength of wood. For the loading rate, ISO stand-
ards can be used as a guide for the micro-size speci-
mens.

Acknowledgement — Zahvala

This work was supported by the Scientific and
Technological Research Council of Turkey (TUBITAK
Project Number: 1120815).

6 REFERENCE
6. LITERATURA

1. Cai, Z.; Wu, Q.; Han, G.; Lee, J. N., 2007: Tensile and
thickness swelling properties of strands from Southern
hardwoods and Southern pine: Effect of hot-pressing and
resin application. Forest Products Journal, 57(5): 36-40.

2. Deomano, E. C.; Zink-Sharp, A., 2004: Bending proper-
ties of wood flakes of three southern species. Wood Fiber
Sci., 36(4): 493-499.

3. Groom, L.; Shaler, S.; Mott, L., 2002: Mechanical prop-
erties of individual southern pine fibers. Part III. Global
relationships between fiber properties and fiber location
within an individual tree. Wood Fiber Sci., 34(2): 238-
250.

4. Hindman, D. P;; Lee, J. N., 2007: Modeling wood strands
as multi-layer composites: bending and tension loads.
Wood Fiber Sci., 39(4): 516-526.

5. Hunt, M. O.; Triche, M. H.; McCabe, G. P.; Hoover, W.
L., 1989: Tensile properties of yellow-poplar veneer
strands. Forest Products Journal, 39(9): 31-33.

6. Jeong, G. Y., 2008: Tensile properties of loblolly pine
strands using digital image correlation and stochastic fi-
nite element method. Doctoral dissertation, Virginia Pol-
ytechnic Institute & State University, Blacksburg, VA.

7. Jeong, G.Y.; Zink-Sharp, A.; Hindman, D. P., 2009: Ten-
sile properties of earlywood and latewood from loblolly
pine (Pinus taeda) using digital image correlation. Wood
Fiber Sci., 41(1): 51-63.

8. Kohan, N.; Via, B. K.; Taylor, S., 2012: A comparison of
geometry effect on tensile testing of wood strands. Forest
Products Journal, 62(3): 167-170.
https://doi.org/10.13073/0015-7473-62.3.167.

9. Madsen, B.; Buchanan, A. H., 1986: Size effects in timber
explained by a modified weakest link theory. Can. J. Civil
Eng., 13(2), 218-232. https://doi.org/10.1139/186-030.

135



Biiyiiksari, As, Diindar, Sayan: Micro-Tensile and Compression Strength of Scots Pine... «+ ..

10.

11.

12.

13.

14.

15.

16.

17.

136

Mott, L.; Groom, L.; Shaler, S., 2002: Mechanical proper-
ties of individual southern pine fibers. Part II. Comparison
of earlywood and latewood fibers with respect to tree
height and juvenility. Wood Fiber Sci., 34(2): 221-237.
Plagemann, W. L., 1982: The response of hardwood
flakes and flakeboard to high temperature drying. Mas-
ter’s thesis, Washington State University, Pullman, WA.
Price, E. W., 1976: Determining tensile properties of
Sweetgum veneer flakes. Forest Products Journal,
26(10): 50-53.

Schlotzhauer, P.; Nelis, P. A.; Bollmus, S.; Gellerich, A.;
Militz, H.; Seim, W., 2015: Effect of size and geometry
on strength values and MOE of selected hardwood spe-
cies. Wood Material Science & Engineering.
https://doi.org/10.1080/17480272.2015.1073175.
Schneeweil3, G., 1964: Compressive strength and Hoeft-
gen Hardness. Holz als Roh-und Werkstoff, 22 (7), 258-
264. https://doi.org/10.1007/BF02608291.

Schneeweil3, G.; Felber, S., 2013: Review on the bending
strength of wood and influencing factors. American Jour-
nal of Materials Science, 3(3), 41-45.

Weibull, W., 1939: A statistical theory of the strength of
material. Proc. Roy. Swedish Inst. Eng. Res., 45 p.

Wu, Q.; Cai, Z.; Lee, J. N., 2005: Tensile and dimensional
properties of wood strands made from plantation southern
pine lumber. Forest Products Journal, 52(2): 1-6.

18.

20.

Zink-Sharp, A.; Price, C., 2006: Compression strength
parallel to the grain within growth rings of low density
hardwoods. Maderas: Ciencia y Technologia, 8(2): 117-
126. https://doi.org/10.4067/S0718-221X2006000200005.

. ISO 13061-6: 2014: Physical and mechanical properties

of wood: Test methods for small clear wood specimens.
Part 6: Determination of ultimate tensile stress parallel to
grain. International Organization for Standardization,
Geneva, Switzerland.

ISO/DIS 13061-17: 2014: Physical and mechanical prop-
erties of wood: Test methods for small clear wood speci-
mens. Part 17: Determination of ultimate stress in com-
pression parallel to grain. International Organization for
Standardization, Geneva, Switzerland.

Corresponding address:

Assoc. Prof. UMIT BUYUKSARI, Ph. D.

Duzce University

Faculty of Forestry, Forest Industrial Engineering
81620, Diizce, TURKEY

e-mail: umitbuyuksari@duzce.edu.tr

DRVNA INDUSTRIJA 68 (2) 129-136 (2017)



e e o oees Albrektas, Navickas: An Evaluation of Modulus of Elasticity, Dimensional Stability...

Darius Albrektas, Povilas Navickas'

An Evaluation of Modulus
of Elasticity, Dimensional
Stability and Bonding
Strength of Bonded Heat-
Treated Wood

Procjena modula elasti¢nosti, dimenzijske
stabilnosti i ¢vrstoce lijepljenja toplinski
obradenog drva

Original scientific paper ¢ Izvorni znanstveni rad
Received — prispjelo: 14. 9. 2016.

Accepted — prihvaceno: 11. 5. 2017.

UDK: 630*812.701; 630*812.23; 630%824.324, 630*844.53
doi:10.5552/drind.2017.1641

ABSTRACT ¢ In this study, the effects of heating on the mechanical and sorption properties of pine and spruce
wood were investigated. The study was carried out using wood heated in laboratory. Specimens were divided into
the following three groups: specimens of one group were not exposed to heating, whereas specimens of two other
groups were subjected to heating at the temperature of 190 °C and 215 °C, in the air under atmospheric pressure.
Specimens were then bonded together using a cold press and four different systems of not heated and heated (at
different temperatures) samples were formed: two not heated samples and two samples heated at different tem-
peratures. After that, newly formed systems were moistened and dried in a climatic chamber and measurements of
dimensional changes were carried out. Then the mechanical properties were observed again using two different
methods - method of transverse vibrations and method of three point static bending. A positive and strong cor-
relation coefficient was determined between static and dynamic MOE values, however, dynamically determined
MOE was up to 16 % higher. None of the bonded specimens became loosened during soaking and drying, which
means that wood, heated at the different temperatures, could be bonded together thereby obtaining a system of
heat-treated wood that may have better mechanical or sorption properties than solid wood.

Key words: heat-treated wood, pine, spruce, mechanical properties, nondestructive evaluation method, three point
static bending, bonding

SAZETAK * U radu je prikazano istraZivanje utjecaja toplinske obrade drva na mehanicka i sorpcijska svojstva
borovine i smrekovine. IstraZivanje je provedeno na drvu koje je toplinski obradeno u laboratoriju. Uzorci su
podijeljeni u sljedece tri skupine: uzorci koji nisu bili izlozeni toplinskoj obradi, uzorci toplinski obradeni u zraku
— pri atmosferskom tlaku i temperaturi 190 °C, te na uzorke obradene na temperaturi 215 °C. Zatim su uzorci sli-
Jepljeni u hladnoj presi tako da su izradena Cetiri slijepljena spoja: od uzoraka toplinski neobradenog drva i top-
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ment of Materials engineering, Kaunas, Lithuania.
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linski obradenog drva pri 190 °C, od uzoraka toplinski neobradenog drva i toplinski obradenog drva pri 215 °C,
od dva uzorka toplinski neobradenog drva i od uzoraka drva toplinski obradenoga pri dvije razlicite temperature.
Nakon toga novonastali su spojevi navlazeni i osuseni u klimatskoj komori te su provedena mjerenja dimenzijskih
promjena. Zatim su dvjema razlic¢itim metodama — metodom transverzalnih vibracija i metodom trotockastoga
statickog savijanja — ispitana njihova mehanicka svojstva. Utvrden je pozitivan i visok koeficijent korelacije
izmedu vrijednosti statickoga i dinamickog modula elasticnosti, pri cemu je dinamicki modul elasticnosti bio do
16 % veci od statickoga. Nijedan od slijepljenih spojeva pri navlazZivanju i suSenju nije izgubio ¢vrstocu, Sto znaci
da se drvo toplinski obradeno pri razlicitim temperaturama moze lijepiti. Tako dobiven slijepljeni spoj toplinski
obradenog drva moze imati bolja mehanicka ili sorpcijska svojstva od masivnog drva.

Kljucéne rijeci: toplinski obradena drvo, borovina, smrekovina, mehanicka svojstva, nerazorne metode ispitivanja,

trotockasto staticko savijanje, lijepljenje

1 INTRODUCTION
1. UVOD

Wood is a natural, renewable and environmen-
tally friendly material, which consists mainly of cellu-
lose, hemicellulose, lignin and extractive substances. It
is one of the strongest and most widely used organic
materials in furniture and construction industry. Al-
though wood is an excellent renewable building mate-
rial, it has some disadvantages, such as its degradation
under outdoor conditions and hygroscopicity. Wood
based materials absorb and desorb moisture from the
surrounding environment resulting in dimensional in-
stability. Numerous methods have been tested in order
to improve the durability and stability of wood dimen-
sions avoiding the use of chemicals. One of the most
effective methods used to enhance wood dimensional
stability is thermal treatment. (Rowell et al., 2009;
Priadi and Hiziroglu, 2013; Akyildiz and Ates, 2008;
Bekhta and Niemz, 2003)

Thermal wood processing involves the use of
only three components - water, steam and high tem-
perature, and, therefore, makes heated wood an eco-
friendly alternative to chemically impregnated wood.
During heat treatment, a large number of chemical
changes occur, including the esterification of hydroxyl
groups and reduction of hemicellulose and the number
of accessible OH groups within wood. Consequently,
heat treatment can improve the natural quality and
properties of wood, such as resistance to biological de-
terioration. Nevertheless, the level of modification de-
pends on temperature and time of treatment, atmos-
phere, wood species and its properties, wood initial
humidity and dimension of the samples. It is also indi-
cated that heat treated wood is more resistant to natural
weathering. Surface damages such as cracking and
mould growing on coated heat treated wood were
found to be less than on the painted control wood. Al-
though resulting in improved dimensional stability and
biological durability, the main drawback of this meth-
od is the poor mechanical performance of the final
wood product (Korkut and Hiziroglu, 2014; Li ef al.,
2011; Missio et al., 2015; Tomak et al., 2014).

Heat treatment generally results in an apparent
reduction of mechanical properties of the members due
to material losses in the cell wall, hemicellulose degra-
dation and modification of long chain molecules. The
strength properties begin to deteriorate at temperatures
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over 150 °C. The wood becomes more brittle, and
bending and tensile strength decrease by 10 — 30 %.
Therefore, in general heat treated wood would not be
an ideal product where high strength properties for
constructional applications are desired. However, heat
treated wood can be used for aesthetic places such as
garden, kitchen, and sauna furniture, cladding on
wooden buildings, bathroom cabinets, floor material,
musical instruments, ceilings, inner and outer bricks,
doors and window joinery, and a variety of other out-
door and indoor wood applications (Korkut et al.,
2008; Ozcan, et al., 2012; Korkut 2008).

Some earlier experiments demonstrated that heat
treatment did not cause any significant changes in the
values of modulus of elasticity. In addition, it was ob-
served that the modulus of elasticity of heat treated
specimens was slightly higher than the one of untreated
wood and it was determined that the transverse tensile
strength of the specimens decreased by 26 % (Santos,
2000; Bal, 2014).

Wood is a biological material with a heterogene-
ous structure. Therefore, during the analysis of its me-
chanical properties, the extensive spread of data is ob-
tained. One of the possible solutions is to use a large
quantity of specimens and to subject data to statistical
processing. Another solution is to apply non-destructive
testing methods for the evaluation of mechanical proper-
ties. The main advantage provided by this method is that
specimens remain intact and there is no need to cut out
specimens with certain dimensions. In addition, the use
of dynamic methods for the analysis of specimens al-
lows quite accurate determination of their modulus of
elasticity (Baltrusaitis, et al., 2010; Santos, 2000).

Currently, there is a lack of information on
strength properties of bonded heat treated wood. There-
fore, the objective of this study is to develop different
systems by bonding natural and thermally modified
wood and to evaluate their mechanical and sorption
properties.

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

Studies were carried out using specimens of
spruce and pine wood cut out of planed beams with the
following measurements: 250x20x6 mm. Each group
contained 20 pieces of specimens. The average density
of pine specimens was 595 kg/m?, and of spruce - 417
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Figure 1 Specimens cutting and bonding scheme. 1, 3, 5, 7 — non heat-treated; 2, 6 — for treatment at the temperature of 190 °C;
4, 8 - for treatment at the temperature of 215 °C; x — cutout edges; A, B, C, D — systems of bonded specimens

Slika 1. Shema rezanja i lijepljenja uzoraka: 1, 3, 5, 7 — toplinski neobradeni uzorci; 2, 6 — uzorci za toplinsku obradu pri
temperaturi 190 °C; 4, 8 — uzorci za toplinsku obradu pri temperaturi 215 °C; x — rubovi za izrezivanje; A, B, C, D — sustavi

slijepljenih uzoraka

kg/m?. Specimens were heated in the air under atmos-
pheric pressure for 2 hours. When specimens have an
excessive moisture content (>10 %), wood can develop
cracks during the heating process and uneven color af-
ter the heating (Akyildiz et al., 2009). In order to pre-
vent this before the beginning of the heating process
specimens underwent conditioning at the temperature
of 25 = 2 °C and 35 + relative humidity of 5 % for 10
days and after that their moisture content was about 8
%. Before the determination of mechanical properties,
conditioning was carried out at the temperature of 20 +
2 °C and relative humidity of 65 + 5 %.

Subsequently, using a cold press, specimens were
bonded with a polyurethane adhesive and the following
four different systems, with the following dimensions
250x20x12 mm, were formed: A — unheated specimens
and specimens heated at 190 °C, B — unheated speci-
mens and specimens heated at 215 °C, C — unheated
specimens and unheated specimens, and D — specimens
heated at 190 °C and 215 °C (Figure 1). Bonding condi-
tions were applied according to the specifications of the
adhesive manufacturer: the minimum pressure of 0.6 N/
mm? and bonding time of 60 minutes at the temperature
of 20 °C. Specimens moisture content before bonding
was as follows: unheated specimens — from 9 % to 9.5
%, heated at 190 °C — about 6 %, heated at 215 °C —
about 4 %.

After completing the adhesive bonding process,
specimens were moistened at the temperature of 23 °C +
1 °C and relative humidity of 80 % + 5 %, and dried at the
temperature of 23 °C £ 1 °C and relative humidity of 40 %
+ 5 % in a climatic chamber. It took 10 days to complete
each cycle, and after then measurements of dimensional
changes and weight were carried out. The width of differ-
ent bonded parts of specimens were measured in order to
estimate dimensional stability, to determine how un-heat-
ed and heated, at different temperatures, parts of speci-
mens affected each other to establish their mutual dimen-
sional changes.

Then the mechanical properties of newly formed
heated wood systems were established, using two differ-
ent methods: non-destructive method of transverse vibra-
tions and three point static bending test, according to
standard EN310. The special test stand (Vobolis and Al-
brektas, 2007) was used to determine the modulus of elas-
ticity (MOE) on the basis of the non-destructive testing
method, which also allowed assessing the mechanical
properties of specimens (Figure 2).

For three point static bending test, a universal ten-
sile/bending testing machine was used. During the deter-
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Figure 2 The scheme of the non-destructive MOE test stand:
1 — specimen; 2 — vibration damping material (foam rubber);
3 —massive supports; 4 — loudspeaker; 5 — vibration
generator; 6 — sensor; 7 — measuring instrument; 8 — oscillo-
graph; 9 — phase meter

Slika 2. Shema uredaja za nerazorno ispitivanje modula
elasti¢nosti: 1 —uzorak; 2 — materijal za priguSenje vibracija
(pjenasta guma); 3 — masivni nosaci; 4 — zvucnik; 5 — genera-
tor vibracija; 6 — senzor; 7 — mjerni instrument; 8 — oscilo-
graf; 9 — fazni mjerac

mination of three point static bending and non-destructive
MOE, the load was applied and the sensor was fastened
on the unheated side of the specimen.

Other specimens were prepared to establish the
bonding strength: fracture zone was removed and from
the remaining two parts, samples of 100 mm length
were formed (Figure 3).

One part of the specimen was placed in a dry
place, while other underwent moistening and drying cy-
cles. Moistening was carried out in a water bath and dry-
ing was performed in a kiln at the temperature of 45 °C
+ 2 °C and relative humidity of 10 % = 2 %. It took 7

A

100mm B
20mm \

10mm "®

Figure 3 The scheme of preparation of specimens for bonding
strength. A — group for moistening and drying, B — control
group

Slika 3. Shema pripreme uzoraka za ispitivanje ¢vrstoce
slijepljenog spoja. A — skupina za navlazivanje i suSenje, B

— kontrolna skupina
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days for each cycle. The shear test of the bond line was
performed on the basis of the standard EN205 using a
universal tensile/bending testing machine.

Finally, statistical analysis of data (Pekarskas,
2007) was performed.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The obtained results demonstrate that thermal
modification influenced the sorption properties and di-
mensional stability of specimens. It was also estab-
lished that thermal modification had a greater impact
on pine specimens. This is related to wood density -
higher density wood is known to be less resistant to the
effect of heat. The obtained data are in line with the
literature data (Chaouch ef al., 2010). Figure 2 shows a
change in the weight of specimens during the moisten-
ing and drying cycles.

It was determined that, during the moistening and
drying cycle, the greatest shift in weight occurred in
the case of spruce specimens of group C. There was an
almost identical change in the weight of the spruce
specimens of groups A, B and D. Such result may have
been influenced by the density of specimens: higher
density wood contains more cellulose, which is a hy-
drophilic wood component. This means that higher
density wood contains more free OH groups to which
water molecules are connected when wood undergoes
moistening (Jakimavicius, 2008). The density of the
section of group D specimens, which was heated at
temperatures of 190 °C and 215 °C, was only 0.3 % and
0.7 % lower, respectively, than the density of the un-
heated section of group B specimens. The density of
the section of group B specimens, which was heated at
a temperature of 215 °C, was 5.4 % lower than the den-
sity of the section of group D specimens, which was
heated at the same temperature.

S
-
i g
S g
EES
A B C D
B Spruce 4.1 4.2 5.1 4.1
OPine 5.2 5.1 5.5 4.0

Figure 4 The average change in the weight of specimens, %:
A —unheated and heated at 190 °C, B — unheated and heated
at 215 °C, C — unheated and unheated, D — heated at 190 °C
and 215 °C

Slika 4. Prosjec¢na promjena mase uzoraka, %: A — toplinski
neobraden i toplinski obraden uzorak drva pri 190 °C, B

— toplinski neobraden i toplinski obraden uzorak drva pri 215
°C, C — dva toplinski neobradena uzorka drva, D — toplinski
obradeni uzorci drva pri 190 °C 1 215 °C
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When analyzing a change in the weight of pine
specimens, one can observe that the largest and small-
est shift in weight occurred in the case of the specimens
of groups C and D, respectively (Figure 4). Meanwhile,
the changes were almost identical in the weight of the
specimens of groups A and B. It can be stated that the
section of the specimen, which was heated at a tem-
perature of 215 °C and included in system B, did not
have any significant impact on sorption properties in
comparison to system A. Tables 1 and 2 provide data
about a shift in the width measurement of the different
sections of bonded specimens.

When comparing the change in the measure-
ments of the unheated section, it was found that the
smallest shift in width occurred in the case of speci-
mens of unheated group A. The change in the width of
the unheated sections of group A of specimens of
spruce and pine was ~1.3 and 1.06 - 1.18 times smaller,
respectively, than that of groups B and C. The smallest
shift in the width of the section heated at a temperature
of 190 °C was also recorded in the case of system A.
The change in the width of the section of this system,
heated at a temperature of 190 °C, was 1.43 and 1.16
times smaller, respectively, in the case of spruce and
pine specimens. In the case of specimens of spruce and
pine, the most stable section of the specimen heated at
a temperature of 215 °C was in systems B and D, re-
spectively. However, in terms of width change, the dif-
ference in the sections of spruce specimens heated at a
temperature of 215 °C (1.4-fold) was greater than the
one of pine specimens (1.1-fold). In summary, it can be
concluded that the lowest and highest dimensional sta-
bility was recorded in the case of groups C and A of
both types of wood specimens, respectively

Having established the MOE of specimens, it
was determined that values obtained by means of the

Table 1 The average shift in the measurement of spruce
specimens, %

Tablica 1. Prosjecna promjena dimenzija smrekovih
uzoraka, %

System | Non-heated part | 190 °C part | 215 °C part
Spoj Toplinski Toplinski Toplinski
neobradeni dio | obradeni dio | obradeni dio
pri 190 °C | pri2l5 °C
A 0.82 0.67
B 1.09 0.61
C 1.10
D 0.96 0.85

Table 2 The average shift in the measurement of pine

specimens, %

Tablica 2. Prosjec¢na promjena dimenzija borovih uzoraka, %
System | Non-heated part | 190 °C part | 215 °C part
Spoj Toplinski Toplinski Toplinski

neobradeni dio | obradeni dio | obradeni dio
pri 190 °C | pri2l5 °C
A 1.06 0.86
B 1.12 1.05
C 1.25
D 1.00 0.94

DRVNA INDUSTRIJA 68 (2) 137-144 (2017)




e oo ssee Albrektas, Navickas: An Evaluation of Modulus of Elasticity, Dimensional Stability...

<
a
=
o
=
=

A B C D

| 8310.7 75573 8370.9 8526.1

02  8941.83 9090.6 9976.8 10260.0

Figure 5 MOE of spruce specimens, MPa: 1 — static MOE,
2 — dynamic MOE. A — unheated and heated at 190 °C, B —
unheated and heated at 215 °C, C — unheated and unheated,
D —heated at 190 °C and 215 °C

Slika 5. Modul elasti¢nosti smrekovine, MPa: 1 — staticki
modul elasticnosti, 2 — dinamicki modul elasti¢nosti; A — top-
linski neobraden i toplinski obraden uzorak drva pri 190 °C,
B — toplinski neobraden i toplinski obraden uzorak drva pri
215 °C, C — dva toplinski neobradena uzorka drva, D — top-
linski obradeni uzorci drva pri 190 °C 1215 °C

dynamic method are 7 — 16 % higher than the values
obtained by means of the static method. This was ex-
pected, because it is well know that the dynamic MOE
values are higher than the static MOE values. Other
researches (Shan-qing and Feng, 2007; Divos and Tan-
aka, 2005; Nzokou et al., 2006) also obtained similar
results. Figures 5 and 6 present the values of the MOE
of spruce and pine specimens, which were obtained us-
ing the static and dynamic methods.

The obtained data reveal that, when spruce speci-
mens were researched by means of both the static and
dynamic methods, the highest values of the MOE were
obtained in the case of specimens of group D. The

MOE, MPa

A B C D
|1 12388.0 13388.9 13566.9 12984.7
02  14196.2 15526.0 16029.7 15423.6

Figure 6 MOE of pine specimens, MPa: 1 — static MOE, 2

— dynamic MOE. A —unheated and heated at 190 °C, B —un-
heated and heated at 215 °C, C — unheated and unheated, D
—heated at 190 °C and 215 °C

Slika 6. Modul elasti¢nosti borovine, MPa: 1 — staticki modul
elasti¢nosti, 2 — dinamicki modul elasti¢nosti; A — toplinski
neobraden i toplinski obraden uzorak drva pri 190 °C, B

— toplinski neobraden i toplinski obraden uzorak drva pri 215
°C, C — dva toplinski neobradena uzorka drva, D — toplinski
obradeni uzorci drva pri 190 °C 1 215 °C
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lowest dynamic and static values of the MOE were es-
tablished in the case of specimens of group A and B,
respectively. However, the dynamic values of the MOE
of specimens of group A and B differ insignificantly -
only by 1.7 %. In addition, when the statistical analysis
of data was performed, two values were excluded as
statistically unreliable from the calculations of the
MOE of specimens of group A and such value was re-
moved from specimens of group B. This also may have
influenced such result. The highest value of the MOE,
obtained in the case of specimens of group D, can be
explained by the fact that prior to heating, the MOE of
the unbonded specimens of this group, which was
measured using the dynamic method, was 1 % higher
in comparison to specimens of group C. When the
MOE is measured by means of the dynamic method
after heating and bonding, a similar result is obtained
- the MOE of group D specimens is 2.8 % higher in
comparison to group C specimens. Denser and dryer
wood is known to have better mechanical properties in
most cases (Spatz et al., 2013). The equilibrium mois-
ture content of heated wood is lower in comparison to
unheated wood, thus this also may have had an impact
on such results.

When pine specimens were analyzed, it was found
that there was a coincidence between the highest and
lowest values of the MOE, which was determined using
both the static and dynamic method. The highest value
of the MOE was recorded in the case of specimens of
group C and the lowest value of the MOE was registered
in the case of specimens of group A. The values of the
MOE of these groups, which were established by means
of the static and dynamic method, differed by 8.7 % and
11.4 %, respectively. The lowest value of the MOE of
specimens of group A can be explained by the fact that,
before the heating and bonding, this group of specimens
had the lowest value of the MOE, which was determined
by the dynamic method, in all specimens of pine: in
comparison to specimens of group C, the MOE of speci-
mens of group A was ~8.1 % lower.

In order to evaluate the reliability of the MOE
data, the coefficient of variation was calculated. The ob-
tained data demonstrate that the results are reliable and
that their dissemination is insignificant. In the case of the
values of the MOE of spruce and pine specimens, which
were established by means of the static method, the co-
efficient of variation was 6.5 - 12.5 % and 3.9 - 7.9 %,
respectively. In the case of the values of the MOE of
spruce and pine specimens, which were established us-
ing the dynamic method, the coefficient of variation was
4.5-10.9 % and 5.0 - 9.1 %, respectively.

In order to compare the statically and dynamically
obtained values of the MOE of specimens, a correlation
coefficient was determined (Table 3). Although, there is
a7 — 16 % difference between the statically and dynam-
ically obtained values of the MOE of specimens, the
correlation coefficients obtained between them display a
strong relationship. Only the correlation coefficient of
specimens of group D spruce was ~12 % lower in com-
parison to the correlation coefficients of other speci-
mens. However, it is still included in the concept of a
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Table 3 Correlation coefficient between static and dynamic
MOE values

Tablica 3. Koeficijent korelacije izmedu vrijednosti
statickoga i dinami¢kog modula elasti¢nosti

Correlation coefficient / Koeficijent korelacije

Group / Skupina A B C D
Spruce / Smrekovina 0.85 | 0.86 | 0.88 | 0.76
Pine / Borovina 0.84 | 0.88 | 0.88 | 0.83
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Figure 7 Spruce weight after moistening—drying cycles, g: 1
— primary, 2, 4 — after moistening, 3, 5 — after drying. A
—unheated and heated at 190 °C, B — unheated and heated at
215 °C, C — unheated and unheated, D — heated at 190 °C
and 215 °C

Slika 7. Masa smrekovih uzoraka nakon ciklusa
navlazivanja i suSenja, g: 1 — prije navlazivanja; 2, 4 — na-
kon navlazivanja; 3, 5 — nakon suSenja; A — toplinski
neobraden i toplinski obraden uzorak drva pri 190 °C, B

— toplinski neobraden i toplinski obraden uzorak drva pri
215 °C, C — dva toplinski neobradena uzorka drva, D — top-
linski obradeni uzorci drva pri 190 °C 1215 °C
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Figure 8 Pine weight after moistening — drying cycles, g: 1
— primary, 2, 4 — after moistening, 3, 5 — after drying. A —
unheated and heated at 190 °C, B — unheated and heated at
215 °C, C — unheated and unheated, D — heated at 190 °C
and 215 °C

Slika 8. Masa borovih uzoraka nakon ciklusa navlazivanja i
suSenja, g: 1 — prije navlazivanja; 2, 4 — nakon navlazivanja;
3, 5 —nakon susenja; A — toplinski neobraden i toplinski
obraden uzorak drva pri 190 °C, B — toplinski neobraden i
toplinski obraden uzorak drva pri 215 ° C, C — dva toplinski
neobradena uzorka drva, D — toplinski obradeni uzorci drva
pri 190 °Ci 215 °C

strong correlation relationship. The correlation between
static and dynamic MOE values were compared by sev-
eral authors and strong correlation was also established
between these two MOE values (Perstorper 1994; Jugo
and Ozarska 1996).

After the cycle of soaking and drying, none of the
bonded specimens became loosened, though the
weights of some groups of specimens changed nearly
twice (Figure 7 and 8). The obtained data reveal that
the weights of spruce specimens shifted 1.3 — 1.5 times

Figure 9 Specimens after bond line test

Slika 9. Uzorci nakon ispitivanja ¢vrstoce slijepljenog spoja
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Table 4 Part which failed, %: A — unheated and heated at 190 °C, B — unheated and heated at 215 °C, C — unheated and

unheated, D — heated at 190 °C and 215 °C

Tablica 4. Udjel uzoraka na kojima je nastao lom, %: A — toplinski neobraden i toplinski obraden uzorak drva pri 190 °C, B
— toplinski neobraden i toplinski obraden uzorak drva pri 215 ° C, C — dva toplinski neobradena uzorka drva, D — toplinski

obradeni uzorci drva pri 190 °C i 215 °C

Spruce / Smrekovina Pine / Borovina
A B C D A B C D
Unheated / Toplinski neobradeno 75% | 0% | 100 % 5% 0% | 100 %
Heated at 190 °C / Toplinski obradeno pri 190 °C 92.5 % 40% | 95% 22.5%
Heated at 215 °C / Toplinski obradeno pri 215 °C 100 % 60 % 100 % 77.5 %

more than the ones of pine. This is related to wood den-
sity. Similar results were obtained in previous research
(Navickas and Albrektas, 2013).

Having performed the testing of the strength of
the bond line of specimens, it was established that the
specimens of all groups cracked through the wood (fig-
ure 9). None of the specimens cracked through the
bond line, therefore it can be claimed that a polyure-
thane adhesive is suitable for the bonding of both natu-
ral and thermally modified wood.

Spruce and pine specimens of group A and B
mostly failed in the heat treated part, while specimens
of group D mostly failed in the part heated at 215 °C
(Table 4).

4 CONCLUSIONS
4. ZAKLJUCAK

1. During the cycle of moistening and drying, the high-

est and lowest dimensional stability was established

in the case of groups A and C of both types of wood,
respectively.

. The dynamically determined MOE was up to 16 %
higher than the statically determined MOE. Howev-
er, the correlation coefficient between these values
was 0.76 - 0.88.

. The highest value of the MOE was statically and dy-
namically established in the case of spruce speci-
mens of group D and pine specimens of group C.

. During the cycle of soaking and drying, the weights
of spruce and pine specimens changed by 69 — 96 %
and 45 — 67 %, respectively. However, none of the
bonded specimens became loosened.

. When performing the testing of the strength of the
bond line of specimens, 100 % of specimens cracked
through the wood, which implies that the bond line
was stronger.

.PUR adhesives are suitable for ensuring reliable
bonding of wood subjected to thermal modification
at different temperatures.
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ABSTRACT e This paper presents the results of a simulation model for the prediction of sale prices of common
beech (Fagus sylvatica L.) and silver fir (Abies alba Mill.) assortments in the case study of Brinje Forest Office
in Croatia. The survey covers the future time frame of 140 years (starting from the year 2013). The database of
realized selling prices of assortments in the period from 1997 to 2013 was used in this research. On the basis of
statistical analysis of realized selling prices in the past and using the Monte Carlo method, a simulation of future
prices with 500, 100, 50 and 30 simulation repetitions was made. The result of this research is the methodological
basis for future forest management economic planning in the case study of Brinje Forest Office, as well as in other
case studies with similar forest management characteristics. Although, in this research, timber prices applicable
in Croatia have been used, the same methods could be applied in other countries, too.

Key words: timber assortment price, price fluctuations, Monte Carlo simulation

SAZETAK * Clanak se bavi prognoziranjem prodajnih cijena sortimenata obicne bukve (Fagus sylvatica L.)
i obicne jele (Abies alba Mill.). Istrazivanje se odnosi na studij slucaja Sumarije Brinje u Republici Hrvatskoj
i obuhvaéa buduce vremensko razdoblje od 140 godina (pocevsi od 2013.). U istrazivanju je prikupljena baza
podataka o ostvarenim prodajnim cijenama sortimenata drva u razdoblju 1997. — 2013. Na temelju statisticke
analize ostvarenih prodajnih cijena u proslosti te primjenom metode Monte Carlo, napravijena je simulacija bu-
ducih cijena s 500, 100, 50 i 30 simulacijskih ponavljanja. Rezultat ovog istrazivanja svojevrsna je metodoloska
podloga za buduce ekonomsko planiranje gospodarenja Sumama Sumarije Brinje, kao i za ostale studije slucaja
slicnih sumskogospodarskih obiljezja. lako se cijene sortimenata drva odnose na Republiku Hrvatsku, prikazana
se metodologija moze primijeniti i u ostalim drzavama.

Kljucne rijeci: cijene sortimenata drva, prognoziranje cijena, simulacija Monte Carlo
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1 INTRODUCTION
1. UVOD

The knowledge, i.e. a more precise estimate of
possible future prices of goods and services is very im-
portant for the economics of forest management plan-
ning (Gong et al., 2005, Linehan and Jacobson, 2005,
Pukkala, 2015), similarly as for other economic
branches. Adequate investment analysis is not possible
without the involvement of elements of risk and uncer-
tainty during the planning of a business process. In-
vesting in the present is necessarily associated with a
certain degree of risk and uncertainty that the expected
effect of the project will not be achieved in the future
or will be achieved with a certain degree of variability
of results (Knoke et al., 2001; Kangas et al., 2008; KI-
emperer, 2003; Klemperer, 2001; Linehan and Jacob-
son, 2005; Gong et al., 2005). Forest management
plans, whose finances are based on the future price
fluctuations, are more realistic than those with fixed
future prices of products. Therefore, Knoke and Wurm
(2006) and Hildebrandt and Knoke (2011) recommend
using only this kind of planning. Price fluctuation of
timber assortments in the future makes a specific back-
ground in studies dealing with long-term economic
forest management planning, e. g. (Knoke et al.; 2001,
Knoke and Plusczyk; 2001, Haight, 1990; Brazee and
Mendelsohn, 1988; Knoke and Wurm, 2006; Beljan,
2015; Leskinen and Kangas, 1998). However, Knoke
et al. (2001) and Knoke et al. (2005) emphasize that
most of the research in forest economics do not take
into account the risk of future price changes.

Under ideal conditions (market competition), the
price of a product primarily depends on the relation-
ship between supply and demand on the market (mar-
ket-based approach). In most cases, the price changes
are the result of a large number of other interactions on
the market (Haight, 1990; Leefers and Ghani, 2014). In
planned economy, prices will not fluctuate at all, while
in market economy this is not the case. The forecast of
future price of timber assortments is not a deterministic
model and it is prone to certain deviations from the es-
timated value, while it depends on a large number of
factors (Leefers and Ghani, 2014; Leskinen and Kan-
gas, 1998). Based on the changes (fluctuations) of unit-
prices of assortments in the past, it is possible, with
certain degree of certainty, to assume the fluctuations
of these prices in future (Knoke et al., 2005; Knoke et
al., 2001; Clasen et al., 2011; Beljan, 2015; Orsag and
Dedi, 2011; Linehan and Jacobson, 2005; Pukkala,
2015). The risk of price changes is reflected in the
standard deviation of past price fluctuations and it is a
generally accepted measure of financial risk (Clasen et
al., 2011; Knoke and Wurm, 2006; Klemperer, 2003).
The smaller the standard deviation, the lesser is the in-
vestment risk, and, therefore, the lower is the risk of
price changes (fluctuations). For adequate analysis, it
is first necessary to take into account a longer time se-
ries of timber sale prices from the past sorted by assort-
ments. For this purpose, the Monte Carlo method is
widely used to describe the future stochastic processes

146

including the prediction of future timber assortment
prices (Knoke et al., 2001; Knoke and Plusczyk, 2001;
Knoke et al., 2005; Waller et al., 2003).

The aim of this paper is the forecast of future sell-
ing prices of assortments of common beech (Fagus syl-
vatica L.) and silver fir (4bies alba Mill.) based on the
example of Brinje Forest Office in the Republic of
Croatia. The study includes the future time frame of
140 years (starting from the year 2013) and can serve
as the basis for the long-term planning of forest man-
agement with the emphasis on economics.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Research site
2.1. Objekt istrazivanja

The research site is located in the hilly area of
Croatia (Brinje Forest Office) and covers an area of 18
019.36 ha divided into 7 Management Units. The forest
is state owned and managed as selective beech-fir for-
est with average allowable cut of 45 016 m*-year! (the
average in 1997-2013).

Table 1 shows descriptive statistical analyses of
the data on selling prices for timber assortments of
common beech and silver fir of Brinje Forest Office
(Croatia) for the period 1997-2013. These data are
owned by Croatian Forests Ltd. and are not shown in
this research. It must be mentioned that in the research
period the realized selling prices had notably small
fluctuations with a tendency not to change. The most
valuable timber assortments, according to the pricelist
of Croatian Forests Ltd. (HS, 1997-2013), achieved the
highest selling price. The analyzed time series of sell-
ing prices was limited to 17 years (data available for
the 17-year period), but part of the data for individual
assortments were made of ‘shorter’ time series because
in certain years some assortments were not produced.

In the observed period (1997-2013), silver fir ve-
neer logs achieved the highest selling price (114.55
EUR-m?), while the lowest selling price was achieved
for common beech firewood (OM) (12.61 EUR-m?).
The standard deviation for beech assortments (V, PV)
is 19.18 EUR -m, while for silver fir assortments (TR)
it totals 12.87 EUR-m>. In total, standard deviation for
common beech and silver fir assortments amounts to
approx 3.75 EUR m? (Table 1).

2.2 Applied methods
2.2. Metoda rada

The simulation of future price fluctuations is
based on the assumption of normal distribution, where
the variability of results, described with standard de-
viation and the average price in the past, are observed
(Clasen ef al., 2011; Knoke ef al., 2001; Beljan, 2015;
Orsag and Dedi, 2011). Past price fluctuations for eve-
ry assortment separately are linked with feedback con-
nections that have to be respected in future simulations
(Knoke et al., 2001; Knoke et al., 2005; Beljan, 2015;
Pukkala, 2015; Leskinen and Kangas, 1998). In other
words, if the prices of certain assortments were simu-
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Table 1 Results of descriptive statistics of selling prices of silver fir and common beech (1997-2013) for Brinje Forest Office
(middle exchange rate of Croatian National Bank on 7/10/2015 1 EUR=7.62 HRK)
Tablica 1. Rezultati deskriptivne statistike ostvarenih prodajnih cijena jelovine i bukovine (1997. —2013.) za Sumariju
Brinje (srednji tecaj HNB-a 7, listopada 2015 : 1 EUR = 7,62 HRK)

. . Average Minimum Maximum ..
Species Assortment* p Time series Prosjecna | Najmanja Najveca Standagll‘d d;Vl?l'tlo.l.l
Vista drva Sortiment remenska serija vrijednost | vrijednost vrijednost Standardna devijacija
years / god. EUR-m?* EUR'm? EUR-m?* EUR'm?

Fagus sylvatica L. V 15 104.13 80.31 154.66 19.09
Common Beech PV 17 81.28 53.41 117.71 19.18
bukva I 17 55.12 51.97 58.66 1.75
11 17 40.67 40.01 41.73 0.53

11 17 28.88 25.98 30.10 1.08

TR 17 29.31 17.99 33.07 4.91

LM 17 21.23 12.61 30.97 4.85

OM 10 20.80 12.34 29.66 5.09

altogether 17 30.85 24.92 39.07 3.76

Abies alba Mill. \Y% 7 114.55 109.58 117.05 2.49
Silver Fir / jela I 17 67.66 57.52 74.67 4.18
11 17 48.87 43.17 52.49 2.69

111 17 31.17 29.17 32.81 1.32
TR 8 23.74 14.57 54.47 12.87

LM 11 18.30 10.70 25.07 4.01

OM 6 22.57 13.65 27.69 6.18

altogether 17 35.31 26.25 40.81 3.75

*V — Veneer / furnirski trupci, PV — Peeled veneer (beech) / trupci za ljusteni furnir, 1 — 1% class sawlogs / pilanski trupci I. klase, 11 — 2" class
sawlogs / pilanski trupci I1. klase, 111 — 3" class sawlogs / pilanski trupci I1I. klase, TR — Thin roundwood / fanka oblovina, LM — Long-meter
firewood / visemetarsko ogrjevno drvo, OM — One-meter firewood / jednometarsko ogrjevno drvo

lated in the future independently of each other, in their
ultimate sum (at some point in the future), wrong val-
ues would be obtained. Therefore, first it is necessary
to mathematically describe feedback connections (uni-
variate linear regression) between one type of assort-
ment of one tree species in relation to all other assort-
ments of both tree species (Knoke ef al., 2001; Knoke
etal.,2005; Beljan, 2015). The assortment that is taken
as standard (independent variable) is, in principle, one
of the most produced, and its distribution of achieved
selling prices is described by normal distribution
(Knoke et al., 2001; Knoke et al., 2005; Clasen et al.,
2011). Shapiro-Wilks test (Shapiro and Wilk, 1965)
was used for a test of normality and Durbin-Watson
(Durbin and Watson, 1971) test for a test of autocorre-
lation. After the definition of the independent variable,
a univariate linear regression analysis was made in re-
lation to other types of assortments of both tree species.
Univariate linear regression analysis was done
with Statistica 8 software (StatSoft, 2007) using the
expression according to Knoke et al. (2005):

passon =a+t b .pindep. variable (1)

D, — achieved selling price of assortment
Pindopendent vecisble — achieved selling price of beech long-
meter firewood (LM) assortment
a,b — univariate linear regression analysis coefficient
In this way, the feedback connections between the
independent variable and other common beech and sil-
ver fir assortments (dependent variables) were deter-
mined.
Future simulated price fluctuation was made by
using Monte Carlo simulation in Excel 2007. This
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method used an assumed normal distribution, a series
of random numbers, the arithmetic mean and standard
deviation from past data (Knoke et al., 2005; Waller et
al., 2003; Hildebrandt and Knoke, 2011; Nana and Lu,
2013). The expression according to Clasen et al. (2011)
was used:

= NORMINYV (probability;, mean; SD) (2)

p independent variable

Pindependent variable — simulated price of beech long-meter
firewood (LM) assortment

NORMINV —function name

probability --> RAND( ) — function that generates ran-
dom numbers

mean - arithmetic mean

SD - standard deviation

Part of the function probability is replaced with
function RAND( ) to generate random numbers. The
arithmetic mean and standard deviation refer to past
prices, and Monte Carlo simulations assume their fu-
ture values.

The process was first completed for the beech
long-meter firewood (LM) assortment (Equation 2). In
the same way, in the second step the simulation of pric-
es for other assortments was made, but the feedback
connections (the results of univariate linear regression
analysis) were included in the Monte Carlo simulation
using the expression according to (Clasen et al., 2011):

Poon = NORMINV (RAND(); a + b - p . SD) (3)

indep. variable®

D, — Simulated price of assortment

RAND( ) — function that generates random numbers
Pindependent variaie — Simulated selling price of beech long-
meter firewood (LM) assortment
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a,b —univariate linear regression analysis coefficient
SD — standard deviation

The process of price simulation of each assort-
ment was repeated 500, 100, 50 and 30 times and, on
this basis, an adequate number of simulations were se-
lected. Using the described method, the expected sell-
ing price of each assortment in every future period (for
each year) was obtained.

Investigation time frame was 140 years since, ac-
cording to Beljan (2015), this is the minimum time
needed to establish a normal (theoretical) forest and to
economically and adequately compare two basic forest
management practices (even aged and selective) in the
case study of Brinje Forestry Office.

3 RESULTS
3. REZULTATI

The normal distribution (Gauss, 1809) was com-
pared with the distribution of the past selling prices of
all assortments of common beech and silver fir. The
distribution of selling prices of common beech long-
meter firewood (LM) is closest to the normal distribu-
tion, which can be seen from p values (significance
level p<0.05) (Figure 1). Also, Durbin-Watson two-
sided test showed that there was no first-order autocor-
relation problem for common beech long-meter fire-
wood (DW=1.7595, p= 0.4505).

Figure 1a shows the LM assortment of common
beech as the best representative of the normal distribu-
tion and its deviation from the normal distribution using
Normal P-Plot (Figure 1b). The price values are ex-
pressed in Kunas, and not in Euros, for the purpose of a
more detailed sorting in price classes. The distribution of
the above mentioned common beech LM assortment is
“closer” to the normal distribution than that of any other
assortment. The assortment of one tree species, superior
in production quantity to all others and with the distribu-
tion of selling prices nearest to the normal distribution,
was used as an independent variable for univariate linear
regression analyses for comparison with other assort-

ments of the respective species (common beech) and all
assortments of the other species (silver fir). Therefore,
the assortment of common beech long-meter firewood
(LM) is used for this purpose (independent variable). In
gross production share for the period 1997-2013, this as-
sortment accounts for 54.71 % to 63.69 %.

Coefficients (a, b) were obtained by univariate
linear regression analyses between LM of common
beech (independent variable) and all other assortments
of common beech and silver fir (dependent variable)
(Table 2). Although the LM price data set is not equal
to other assortments in terms of quantity, the “missing
value” option was used, which uses only data with given
independent and dependent variable in regression anal-
yses. Coefficient of determination 7 varies between
0.34 and 0.79 depending on the assortment (Table 2).
By goodness of fit (Pr> F), it is evident that only few
assortments do not satisfy predefined null hypothesis
(Table 2). The same table shows that some of b coeffi-
cients are negative. Those assortments are in negative
correlation with common beech long-meter firewood.
In this sense, Monte Carlo simulation is not limited.
For future timber price simulation, Monte Carlo can be
used with positive and/or negative correlation as well,
e.g. Knoke et al. (2005).

The coefficients of univariate linear regression
pre-testing were then defined. The aim of pre-testing
was to define the appropriate number of simulation
processes (repetitions). Pre-testing was made for beech
long-meter firewood (Figure 2). Pre-testing includes
four groups of simulation processes, which are defined
by the number of repeated simulations. The larger the
number of repetitions of simulation results, the lower is
the variability of prices, and vice versa (Figure 2).
Therefore, the simulation process of 500 repetitions re-
sulted in noticeably little variability of arithmetic mean
of prices (Figure 2), so there was no need to repeat the
process with 1000 repetition in pre-testing, because its
variability would be negligible. In Figure 2 and Figure
3, darker area shows higher frequency of overlapping
and, therefore, greater probability, i.e. the value of the

Shapiro-Wilk W=.98723, p=.99551 (a) (b)
— Expected Normal
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Figure 1 Results of Shapiro-Wilks test for common beech long-meter firewood (a). Deviations from normal distribution are

shown by P-Plot chart (b)

Slika 1. a) Rezultati Shapiro-Wilkova testa za viSemetricu bukve; b) odstupanja od normalne distribucije prikazana P-Plot

grafikonom
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Figure 2 Pre-testing simulation of future prices repeated 500 (a), 100 (b), 50 (c) and 30 (d) times on the example of common
beech long-meter firewood with average price of 21.23 EUR m™ and standard deviation 4.85 EUR-m? for the period of 140

years (darker area shows a higher frequency of overlapping)

Slika 2. Predtestiranje simulacije buduéih cijena ponovljenih 500 (a), 100 (b), 50 (c) i 30 puta (d) na primjeru viSemetrice
obi¢ne bukve prosjeéne cijene 21,23 EUR m? i standardne devijacije od 4,85 EUR-m™ za razdoblje od 140 godina (tamnije

podrugje prikazuje vecu frekvenciju preklapanja)

most frequent overlapping of repeated simulations is
shown in thick solid line.

The variability of prices over time is not regular
and it varies depending on average selling price and
standard deviation of each assortment in the past. The
comparison of one simulation of achieved selling pric-
es (Figure 3) shows that the Monte Carlo process dras-
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tically deviates from the arithmetic mean of thirty
simulation repetitions.

The reason is that one Monte Carlo simulation
regularly generates marginal selling prices. Only one
simulation creates sudden price changes in a relatively
short period of time, which cannot be expected in the
actual conditions. Simulation repetition of thirty times
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Table 2 Results of univariate linear regression analyses between common beech long-meter firewood and all other assort-

ments of silver fir and common beech

Tablica 2. Rezultati univarijatne linearne regresijske analize izmedu visemetrice bukve i svih ostalih sortimenata jele i bukve

Species Assortment® Time series Coefficient
P . Vremenska serija Koeficijent r Pr>F
Vrsta drva Sortiment
year / god. a b
Vv 15 1168.918 -2.38514 0.61 0.000001
PV 17 1122.703 -3.11171 0.79 <0.000001
) 1 17 440.0068 -0.123691 0.34 <0.000001
Fagus sylvatica L. 1 17 316.0228 | -0.037867 0.35 | <0.000001
Common Beech / bukva
111 17 222.7339 -0.016533 0.74 <0.000001
TR 17 156.1193 0.415658 0.41 0.001275
OM 10 106.6529 0.332205 0.37 0.053188
\% 7 1000.401 -0.865067 0.87 0.000001
1 17 451.0274 0.399157 0.46 < 0.000001
) ) 11 17 337.0305 0.218366 0.39 < 0.000001
Abies alba Mill. I 17 218.9987 | 0.114495 042 | <0.000001
Silver Fir / jela
TR 8 -104.923 2.190761 0.44 0.067840
LM 11 7.9517 0.726147 0.69 0.086863
OM 6 143.0897 0.149279 0.75 0.050195

*V — Veneer / furnirski trupci, PV — Peeled veneer (beech) / trupci za ljusteni furnir, | — 1% class sawlogs / pilanski trupci I. klase, 11 — 2™ class
sawlogs / pilanski trupci I1. klase, 111 — 3 class sawlogs / pilanski trupci I1I. klase, TR — Thin roundwood / tanka oblovina, LM — Long-meter
firewood / visemetarsko ogrjevno drvo, OM — One-meter firewood / jednometarsko ogrjevno drvo
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Figure 3 Comparison of one simulation (solid line) and arithmetic mean of 30 repetitions on the example of common beech

long-meter firewood (grey area).

Slika 3. Usporedba jedne simulacije (debela linija) i aritmeticke sredine od 30 ponavljanja na primjeru visemetrice bukve

(sivo podrucje)

was taken as a reference and used in simulations for all
other assortments of common beech and silver fir. The
end result of this research was the simulation of selling
prices of all assortments of common beech and silver
fir timber for the next 140 years (starting with the year
2013) including their mutual feedback connections.
Because of the large quantity of simulations for other
assortments (dependent variables), only the result of
the simulation for common beech LM assortment was
presented in this paper (Figure 2d).

4 DISCUSSION
4. RASPRAVA

It is normal for prices to increase over time at least
for the money inflation rate. Based on the analysis of
collected data on selling prices for the case study Brinje,
it is obvious that the price of timber assortments did not

150

increase in the period 1997-2013. Quite the contrary, the
prices of some assortments were even reduced. The situ-
ation is similar on the entire market of timber assort-
ments in the Republic of Croatia (Posavec and Beljan,
2013). The situation is also similar in other European
countries, e.g. in Austria, where the prices showed the
constancy (stability) in the period 2001-2008 (Statistik
Austria, 2009) and 2008-2012 (Dundovi¢, 2013), re-
spectively. In many cases, the state governments regu-
late politically the prices of timber on the domestic
market (Leefers and Ghani, 2014). This is also the case
in Croatia, where an organized market, based on rela-
tionship between demand and supply, does not exist.
Statistical data (CBS, 2015) show that, although the
prices of other energy sources increased in the period
1997-2013, the price of timber remained the same. It can
be assumed that the establishment of timber stock ex-
change would cause the change of timber prices with an
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increasing tendency. The prices of timber assortments
were not constant in Croatia. Nenadi¢ (1922) described
the increase of timber assortments prices that would be
expected during the 20" century due to the population
growth and greater demand for timber, which was also
confirmed by Sabadi (1982). This can be confirmed by
an almost triple increase in oak timber prices in the pe-
riod 1881-1928, as stated by Nenadi¢ (1929). The pre-
sent situation (the last 25 years) on the timber assort-
ment market in the Republic of Croatia has the
characteristics of small fluctuations and this situation
will probably remain the same due to the lack of changes
in forest policies.

The overlapping of 30 simulation repetitions (Fig-
ure 2d) shows the most probable development trends of
the future prices. Some authors, like Knoke and Wurm
(2006) and Knoke et al. (2001), use simulations with
1000 repetitions for this purpose. It is clearly the respon-
sibility of the decision maker or the investor to decide
about an adequate number of simulation repetitions. If
the market is more stable, it is possible to apply a greater
number of repetitions and get fewer fluctuations. A simi-
lar procedure is applied when choosing the adequate for-
est interest rate for a certain area (Figure 2) and the com-
parison of single and thirtyfold repetition (Figure 3)
show that referent simulation repetition (30 times) ade-
quately describes the risk of future price changes. Al-
though this research deals with price simulation for dis-
tant future, it is appropriate when calculating e.g. Net
Present Value to use risk-adjusted discount rate (Klem-
perer, 2001; Klemperer, 2003; Price, 1997; Brukas et al.,
2001; Snowdon and Harou, 2013; Hahn et al., 2014,
Pukkala, 2015), which amounts to 2 % for the Croatian
forestry (Beljan, 2015). However, some authors like
Hahn et al. (2014) use for this purpose the fixed assort-
ment price with a certain discount rate. Both methods
are correct, but it is important to stress that higher dis-
count rates should be used with fixed prices.

In this paper, only one of numerous available
methods was used for the identification of price change
risks. Univariate linear regression, which describes the
feedback connections between the prices of timber as-
sortments, can be replaced by a more complex mathe-
matical function and thus increase the level of its ex-
planation. Linehan and Jacobson (2005) stated that
linear regression should be used for short and medium
periods. The methodology of price definition in the fu-
ture is a complex process prone to deviations from the
forecasted value (Leskinen and Kangas, 1998; Linchan
and Jacobson, 2005; Gong et al., 2005, Pukkala, 2015).
It is, however, indispensable for a more relevant eco-
nomic analysis of forest management planning.

5 CONCLUSION
5. ZAKLJUCAK

For successful planning of management of forest
resources, it is particularly important to predict the
trends of timber assortment prices. The fluctuations of
past prices of timber assortments can be simulated in
the future for a time frame required by the forest man-
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agement planning and provide opportunity for deci-
sion-makers to have insight into economic results of
future scenarios of forest management. It is up to the
decision-maker and investor to determine the risk level
(the number of simulation repetitions) of price changes
and select the interest rate and this decision depends on
various factors. Simulation repetition of thirty times
describes optimally the risk of price changes in the fu-
ture for this case study.

In the last 20 years, the prices of timber assort-
ments in Croatia have been stable and this is the result
of help provided by the state to a powerful state com-
pany aimed at supporting the domestic wood industry.
According to the results of predictions, stable prices
can also be expected in the future especially for assort-
ments of widely used timber species (common beech
and silver fir).
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ABSTRACT ¢ The aim of the research presented in this paper is to study the plywood tensile strength through a
change of the position of layers in the panel structure around the central axis, without changing the number and
thickness of veneers. So far, it has been known that the veneer layout in plywood structure has a significant impact
on plywood bending properties. Besides these mechanical properties, the tensile strength of plywood is also a
property that can define the use of plywood as a structural or non-structural panel.

For studying the impact of veneer layout on plywpood tensile strength, experimental models of nine-layer plywood
were made. The models were made from peeled beech veneer with the thickness of 1.2, 1.5, 2.2 and 3.2 mm. The
modelling was performed on the basis of changing the position of veneer, 3.2 mm thick, around the central axis.

Pure water-soluble phenol-formaldehyde resin was used as plywood binder.

The tensile strength of plywood panels was tested in five directions: parallel and perpendicular to the face grain,

as well as at the angle of 22.5°, 45° and 67.5° to the face grain of the plywood panel. On the basis of the obtained
data for tensile strength in different directions of plywood panel, the coefficient of equality of tensile strength of
plywood models was calculated (K,). The coefficient of mass quality (K J was calculated, too.

The research results showed that different veneer layouts in plywood structure have a significant impact on plyood
tensile strength. All tested plywood models meet the defined values of tensile strength in accordance with the
requirements of the national (MKC) standard for structural plywood for use in construction. Different layouts of
veneer sheets in panel structure give opportunities for production of panels with different strength characteristics.

Key words: plywood, veneers, tensile strength, changes, position, layers

SAZETAK * U radu su opisana istrazivanja ¢iji je cilj bio prouciti viacnu évrstoéu furnirskih ploca s obzirom na
promjenu polozaja furnira u strukturi ploce oko sredisnje osi, bez promjene broja i debljine furnira. Do danas je
poznato da polozaj furnira u strukturi furnirskih ploca ima znatan utjecaj na savojna svojstva furnirskih ploca.
Osim savojnih svojstava furnirskih ploca, vazna je i njihova vlacna cvrstoca, koja mozZe utjecati na to hoce li
furnirske ploce biti primijenjene kao strukturni ili kao nestrukturni element. Za proucavanje utjecaja polozaja
furnira na vlacnu cvrstocu furnirske ploce izradeni su eksperimentalni modeli devetoslojnih furnirskih ploca.
Modeli su napravljeni od bukovih ljustenih furnira debljine 1,2; 1,5; 2,2 i 3,2 mm. Modeliranje je obavljeno na
temelju promjene polozaja furnira debljine 3,2 mm oko sredisnje osi. Kao vezivo je upotrijebljena cista vodotoplji-
va fenol-formaldehidna smola. Viacna ¢vrstoca furnirskih ploca ispitana je u pet smjerova: paralelno i okomito na
smjer viakanaca vanjskih furnira te pod kutom od 22,5° 45°i 67,5° s obzirom na smjer viakanaca vanjskih furnira

! Authors are assistant professor and professors at the University of SS. Cyril and Methodius in Skopje, Faculty of Design and Technologies
of Furniture and Interior, Skopje, Republic of Macedonia

! Autori su docentica i profesori Sveugilista Sv. Ciril i Metodij u Skoplju, Fakultet dizajna i tehnologije namjestaja i enterijera, Skoplje, Repu-
blika Makedonija.
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ploce. Na temelju dobivenih podataka o vlacnoj cvrstoci u razlic¢itim smjerovima ploce, izracunan je koeficijent
Jjednakosti viacne ¢vrstoce modela furnirskih ploca (K ). Takoder je izracunan i koeficijent masene kvalitete (K q)
Rezultati istrazivanja pokazali su da razlicit polozaj furnira u strukturi furnirskih ploca znatno utjece na njihovu
vlacnu cvrstocu. Svi ispitani modeli furniskih ploca zadovoljavaju vrijednosti viacne cvrstoce definirane u skladu s
makedonskim normama za strukturne furnirske ploce namijenjene uporabi u graditeljstvu. Razlicit polozaj furnira
u strukturi ploce omogucuje proizvodnju ploca razlicitih svojstava cévrstoce.

Kljuéne rijeci: furnirske ploce, furniri, vlacna ¢vrstocéa, promjena polozaja furnira

1 INTRODUCTION
1. UVOD

The wide range of wood-based composites in-
cludes materials for structural or non-structural use for
indoor and outdoor application (Youngquist, 1999).
Plywood is one of the major types of wood-based com-
posite materials for structural use. It represents a flat
panel made of odd number of layers made of veneer
sheets, where the grain direction of the adjacent layers
is at right angles.

The cross-laminated layup of veneer layers gives
plywood excellent strength characteristics, stiffness
and dimensional stability (Youngquist, 1999). Plywood
is used in a variety of structural applications, such as
flooring, siding, roofing, shear walls, formwork and
engineered wood products (prefabricated I-joists, box
beams, stressed-skin panels and panelized roofs) (Stark
etal., 2010).

Plywood properties depend on the quality of the
veneer, wood species, number and order of layers, as
well as of the adhesive used for plywood bonding
(Youngquist, 1999; Hrasky and Kral, 2005; Stark et al.,
2010; Bal and Bektas, 2014).

Dimensional uniformity and reliable, consistent
structural properties make plywood an attractive choice
of material from both a design and construction per-
spective. Because of its lightness, directional strength
properties and inherent stiffness, plywood is an excel-
lent material for fixing beam elements to timber so as
to produce a composite construction (EWPAA, 2009).

The performance of wood composite materials is
characterized by a wide range of engineering proper-
ties. The proper use of plywood requires a bigger un-
derstanding of mechanical properties of this material
(Cai and Ross, 2010). These properties are some of the
most important characteristics of plywood that are
commonly considered (Kljak and Brezovic, 2007).
Thensile strength of plywood is also an important
property that shoud be taken into consideration when
selecting materials for construction purposes.

The tensile strength of plywood is of a particular
importance in stress-skin panels and sandwich-type
structures, where plywood facings are the load-bearing
members (ASTM Technical publication No. 194).

In order to produce stable panels that can meet the
modern exploitation requirements, plywood is constant-
ly subjected to research. Improving of mechanical prop-
erties of plywood can be done by changing the position
of veneer in plywood structure (Jakimovska Popovska
and Iliev, 2013), as well as by changing the thickness of
the outer layers (Kljak ef al., 2006). Research on the in-
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fluence of composition and number of plywood leayers
on panel isotropy was carried on by Lovri¢ ef al. (2015).
By combining veneers of different thickness, plywood
with adequate characteristics for the intended applica-
tion can be obtained (Hrasky and Kral, 2006).

The research of the characteristics of plywood
properties in different directions is important for the
proper application of these materials as load-bearing
panels in different structures in construction (Jakimo-
vska Popovska, 2011).

Previous research has shown that the veneer lay-
outs in plywood structure have a significant impact on
plywood bending properties (Jakimovska Popovska and
Iliev, 2015). Plywood models, with more veneers in
their structure, that run parallel to the span of the loaded
panel have higher bending strength and modulus of elas-
ticity in bending (Jakimovska Popovska and Iliev, 2015).
The position and orientation of veneers in plywood also
have a significant impact on plywood compressive
strength (Jakimovska Popovska and Iliev, 2013). Be-
sides these mechanical properties, the tensile strength of
plywood is also a property that can define the use of ply-
wood as a structural or non-structural panel.

The aim of the research presented in this paper is
to study the impact of veneer layouts on plywood ten-
sile strength, trough the change of the position of ve-
neers in plywood structure around the central axis of
the plywood panel, without changing the number and
thickness of veneers.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

For the realization of the research, four experi-
mental nine-layer plywood models were made. Each
model had the same number of veneers of each thick-
ness class: three veneer sheets with a thickness of 3.2
mm and two veneer sheets with a thickness of 2.2, 1.5
and 1.2 mm.

The modeling was made on the basis of changing
the position of veneers with the thickness of 3.2 mm
around the central axis of the panel. The central layer
of each model represents a veneer sheet with the thick-
ness of 3.2 mm, oriented parallel to the face grain of
the panel.

In the first model, the veneers with the thickness
of 3.2 mm were positioned next to the central veneer
sheet. In the other models, their position moved to-
wards the surface of the panel, so that in the fourth
model these veneers built the surface layers of the pan-
el (Figure 1).
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Figure 1 Pattern and cross-section of plywood models
Slika 1. Kompozicija i presjek modela furnirskih ploca

Table 1 Veneer arrangement and orientation in plywood compositions
Tablica 1. Raspored i orijentacija furnira u kompoziciji furnirskih modela

Layouts and orientation of veneers in plywood models

Raspored i orijentacija furnira u kompoziciji furnirskih modela

Model I 1.2/ 1.5, /22,1 32,/3.2,,/3.2,,/22,/1.5,,/12,
Model II 1.2/ 1.5,/ 32,,/1220,/32,,/2.2,,/32, /1.5,,/12,
Model IIT 1.20,/3.2,,/1.5,/220,/32,/2.2,,/1.5,/32,,/12,
Model IV 320,/ 120,/ 1.5,/22,,/32,/2.2,,/1.5,/12,/3.2,

The orientation of adjacent layers in plywood
structure is at the right angle. In all models, the grain
direction of the surface layers is parallel to the longitu-
dinal axis of the panel.

The layots of plywood models and the orienta-
tion of the veneers in plywood compositions are de-
scribed in Table 1.

Pure water-soluble phenol-formaldehyde resin
with the concentration of 47.10 % was used as ply-
wood binder, in the quantity of 180 g/m?.

The panels were pressed in a hot press using the
following parameters: specific pressure of 18 kg/cm?,
pressing temperature of 155 °C and pressing time of 20
min.

The panels were overlaid with phenol formalde-
hyde-resin impregnated paper with a surface weight of
120 g/m?. The paper was bonded during the hot press-
ing process. Plywood overlaying with this paper was
made in order to improve the water resistance of ply-
wood, having in mind the fact that these plywood pan-
els were intended for construction purposes, where
they can be exposed to high humidity conditions.

The plywood models were made with the follow-
ing dimensions: 580x580x17 mm. The moisture con-
tent of the panels was 8 %.

The denotations of the experimental plywood
models have the following meaning:

—model I — nine-layer plywood in which the veneers
with the thickness of 3.2 mm are positioned in the
fourth, fifth (central) and sixth layer of the panel
(d=16.59 mm; y=761.70 kg/m?);

—model II — nine-layer plywood in which the veneers
with the thickness of 3.2 mm are positioned in the
third, fifth (central) and seventh layer of the panel
(d=16.77 mm; y=759.99 kg/m?);
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— model III — nine-layer plywood in which the veneers
with the thickness of 3.2 mm are positioned in the
second, fifth (central) and eighth layer of the panel
(d=16.66 mm; y=782.34 kg/m?);

—model IV — nine-layer plywood in which the veneers
with the thickness of 3.2 mm are positioned in the
surface layers and in the central layer of the panel
(first, fifth-central and ninth layer) (d=16.50 mm,;
v=785.90 kg/m?).

The plywood tensile strength was tested accord-
ing to the national standard MKC D.A8.066/85. This
property was tested in five directions, i.e., parallel and
perpendicular to the face grain, and at the angles of
22.5°% 45° and 67.5° to the face grain of the panel. The
dimensions and shape of the test specimens for the de-
termination of plywood tensile strength are shown in
Figure 2.

On the basis of the obtained data for tensile
strength in different directions of plywood panel, the
coefficient of equality of the tensile strength of ply-
wood models was calculated (K ). This coefficient was
calculated by a graphical method, inputting the values
of tensile strength in polar coordinate system (Figure
3) and using the equation (Krpan, 1971). A circle with
the radius of the highest value of tensile strength was
drawn in a polar coordinate system. The area under this
circle was calculated. The values of tensile strength in
all tested directions were input in the polar system and
connected to each other so as to make a diagram with a
certain area that was calculated, too. The ratio between
the area under the diagram and the area under the circle
represent the coefficient of equality of the tensile
strength of plywood (Eq. 1).

The curves of the diagram obtained by this kind
of tests are symmetrical in all four quadrants of the po-
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Figure 2 Dimensions and shape of the test specimens for the determination of plywood tensile strength: a) test specimens for
the determination of tensile strength parallel and perpendicular to the face grain of plywood; b) test specimens for the
determination of tensile strength at different angles to the face grain of plywood

Slika 2. Dimenzije i oblik epruveta za ispitivanje vlacne ¢vrstoce furnirske ploce: a) epruvete za ispitivanje vlacne ¢vrstoce
paralelno i okomito na smjer vlakanaca vanjskih furnira ploce; b) epruvete za ispitivanje vla¢ne ¢vrstoce ploca pri razli¢itim

kutovima s obzirom na smjer vlakanaca vanjskih furnira ploce

lar coordinate system, so it is appropriate to test the
tensile strength of plywood only in one quadrant and
mirror it in the other three quadrants (Krpan, 1971).

K, = (1)

et AC

Where, 4, — area under the diagram; 4_ — area
under the circle with the radius of the highest value of
tensile strength.

The coefficient of equality of the tensile strength
(K,) and the coefficient of mass quality (K q) define the
quality and usability of the plywood panel.

The coefficient of mass quality (K q) was calcu-
lated by the following equation:

Oy, +0O

K,, = % )
Where, o, — tensile strength parallel to the face
grain of the plywood panel; 6, — tensile strength per-
pendicular to the face grain of the plywood panel; y —

plywood density.
The obtained data were statistically analyzed. One
way ANOVA (analysis of variance) was used to deter-
mine the significance of the effect of veneer layouts on

Circle with radius of highest
obtained value of tensile strength
kruznica radijusa najvece
vrijednosti vlacne cvrstoce
Area undes the diagram (Ad)
povrsina ispod dijagrama (Ad)

plywood tensile strength. Shapiro-Wilk test for normal-
ity of the obtained data was applied as well as Levene’s
test for homogeneity of variances. Tukey’s test was ap-
plied to evaluate the statistical significance between
mean values of the tensile strength of plywood with dif-
ferent veneer layouts (different plywood models). The
tests were conducted at 0.05 probability level.

Statistical software SPSS Statistic was used for
the statistical analysis of the obtained data.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The results of tensile strength in all tested direc-
tions of plywood panel are shown in Table 2.

According to the test results of the tensile strength
parallel to the face grain of the panel (Table 2), the fol-
lowing grouping can be done. The values of these
properties of models I and III are within similar limits,
as well as the values of models II and IV, while the dif-
ference in values between the two groups is obvious.
The mean value of tensile strength in models II and IV
are higher by 32.96 to 62.33 % compared to the mean

o,l
IN/mm?] 5 .67.5°

Figure 3 Graphical method for the determination of coefficient of equality of tensile strength of plywood
Slika 3. Graficka metoda za odredivanje koeficijenta jednakosti vlaéne cvrstoce furnirske ploce
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Table 2 Statistical data for tensile strength of plywood in all tested directions
Tablica 2. Statisticki podaci o vla¢noj ¢vrsto¢i furnirskih plo¢a u svim istrazivanim smjerovima

95 % Confidence Interval for
Tensile N Mean Std. Std. Error Mean
strength | Model Broi Sredni Deviation Greska 95-postotni interval pouzdanosti | Min | Max
Vlacna Model Y ”e "We Standardna srednje srednje vrijednosti Min. | Maks.
. i epruveta | vrijednost L .. .
¢vrstoca devijacija | vrijednosti | Lower Bound | Upper Bound
Donja granica | Gornja granica
2 1 5 60.55° 5.57 2.49 53.63 67.47 52.92 | 66.29
= ::3’ g 11 5 80.51° 2.74 1.23 77.11 83.91 76.32 | 83.50
g 2 & 111 5 54.10° 4.08 1.83 49.04 59.17 49.36 | 59.55
- v 5 87.82° 9.01 4.03 76.64 99.00 73.40 | 97.65
LS e I 5 73.17° 6.65 2.97 64.91 81.43 66.59 | 81.43
5 5 é E 11 5 57.73% 1.97 0.88 55.28 60.17 54.96 | 60.44
E.a 2 & 11 5 74.63° 8.03 3.59 64.66 84.60 63.53 | 84.11
° v 5 46.98¢ 5.08 2.27 40.67 53.28 39.18 | 52.26
- £ s 1 5 34.16* 2.32 1.04 31.28 37.04 31.54 | 36.86
j_go ; 9 ?D 1T 5 35.38° 1.01 0.45 34.13 36.64 34.21 | 36.64
< %D?q § 11 5 36.53% 2.39 1.07 33.56 39.50 33.92 | 38.78
N v 5 33.69° 2.61 1.17 30.45 36.93 29.76 | 36.37
- I 5 27.18 1.39 0.62 25.45 28.90 25.58 1 28.93
2o%CE [ I 5 25.90° 1.28 0.57 2431 27.49 24.67 | 27.51
= %"g § 11 5 27.490 0.42 0.19 26.97 28.01 26.93 | 27.97
= v 5 27.97° 0.99 0.44 26.74 29.20 27.06 | 29.45
- L8 1 5 35.47° 2.08 0.93 32.89 38.05 33.66 | 37.86
j_go ; 9 ?D 1T 5 36.04° 0.97 0.43 34.83 37.24 35.01|37.09
< %D?q § 111 5 35.96° 2.47 1.10 32.90 39.03 32.85(39.26
&= v 5 28.50° 2.25 1.00 25.71 31.29 26.34 | 31.98

Note: The mean values marked with the same letters are not significantly different at 0.05 probability level.
Napomena: Srednje vrijednosti oznacene istim slovom nisu signifikantno razlicite pri razini signifikantnosti 0,05.

value in models I and III. The highest value of tensile
strength parallel to the face grain of the panel is
achieved in model IV.

The analysis of variance of data obtained for ten-
sile strength parallel to the face grain (ANOVA: F (3,
16) = 37.551; p = 0.000) showed that the differences
between the mean values of these properties of (at
least) two plywood models are statistically significant.
The conducted post-hoc Tukey’s test for multiple com-
parison between models showed that there are statisti-
cally significant differences in the mean values of this
property of models I and III compared to models I and
IV. The difference in the values of tensile strength par-
allel to the face grain between the two groups of mod-
els results from the orientation of the veneers in the
plywood structure, particularly of the veneers with the
thickness of 3.2 mm, as they account for the highest
percentage of the panel thickness. In models I and 111,
two of the three veneer sheets with the thickness of 3.2
mm are oriented perpendicular to the length of the test
specimen (perpendicular to the direction of tensile
force), while in models I and IV all three veneers with
the thickness of 3.2 mm are oriented parallel to the di-
rection of tension load. The reason for the higher val-
ues of tensile strength parallel to the face grain in mod-
els I and IV compared to models I and III lies in a
higher number of longitudinally oriented veneers with
the thickness of 3.2 mm. In models II and IV, the ve-
neers oriented parallel to the direction of tensile force
account for a higher percentage of panel thickness.

DRVNA INDUSTRIJA 68 (2) 153-161 (2017)

Having in mind the fact that the total number of ve-
neers, oriented in the same direction, has the main in-
fluence on tensile strength, it is clear why this property
is higher in models II and IV. In fact, the highest thick-
ness ratio of the veneers that run parallel to the panel
length (the veneers that run parallel to the panel length
account for 64.9 % of panel thickness) is found in mod-
el IV, and this contributes in the acchievemnt of the
highest value of tensile strength parallel to the face
grain of the panel. In model II, the veneers that run
parallel to the direction of tensile force account for
61.9 % of panel thickness. In models I and III veneers
that run parallel to the direction of tensile force account
for 48.5 % and 44.3 % of the plywood nominal thick-
ness, respectively.

The differences in the mean values of tensile
strength between model I and model 111, as well as be-
tween model II and model IV, are small and they are
not statistically significant.

According to the results of tensile strength per-
pendicular to the face grain of plywood (Table 2), mod-
els I and III have higher values of tensile strength in
cross-grain direction compared to the models II and I'V.
The highest value of this property is achieved in model
111, which is higher for 29.27 % compared to model 11
and for 58.85 % compared to model IV. The analysis of
variance of the obtained data (ANOVA: F (3, 16) =
25.223; p = 0.000) and post-hoc Tukey’s test showed
that these differences are statistically significant. Mod-
els I and IIT have similar values of tensile strength in
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cross-grain direction, whereas the differences between
them are not statistically significant. The lowest value
of this property is achieved in model IV and this value
statistically differs from the values of all other ply-
wood models.

The differences in the values of tensile strength
in cross-grain direction in different models are also a
result of the orientation of the veneers with thickness
of 3.2 mm in plywood structure. The highest values of
tensile strength perpendicular to the face grain of the
panel are achieved in models that have more veneers
with thickness of 3.2 mm running parallel to the direc-
tion of tensile loading (model I and III). Models II and
IV have all three veneers with thickness of 3.2 mm run-
ning perpendicular to the tensile force. In fact, the
higher values of tensile strength in cross-grain direc-
tion are achievd in models that have higher thickness
ratio of the veeers that run parallel to the tensile force
(model I and IIT which have 48.5 % and 44.3 % of pan-
el thickness occupied by the veneers that run parallel to
the direction of tensile force, compared to models II
and IV which have 38.1 % and 35.1 % of panel thick-
ness occupied by the veneers that run parallel to the
direction of tensile force).

The lowest value of this property that is achieved
in model IV, shows that positioning the veneers with
thickness of 3.2 mm as surface layers of the panel, has
a negative effect on the value of tensile strength in
cross-grain direction of the panel.

The results for the tensile strength at the angle of
22.5° to the face grain of plywood are also shown in
Table 2, where can be seen that all plywood models
have similar values of this property. The analysis of
variance of the obtained data (ANOVA: F (3, 16) =
1.727; p = 0.202) showed that there is no statistically
significant differences in the mean values between all
plywood models, which means that the orientation and
position of the veneers with thickness of 3.2 mm has no
significant impact on the tensile strength when the pan-
els are stressed in tension at the angle of 22.5° to the
face grain of plywood.

When plywood panels are exposed on tension at
the angle of 45° to the face grain there are statistically
significant differences in the mean values of tensile
strength between plywood models (ANOVA: F' (3, 16)
=3.305; p = 0.047). The post-hoc Tukey’s test showed
that there is a statistically significant difference in the
mean values only between model 11 and model IV. The
highest value of tensile strength in this direction of the
panel is achieved in model IV, with notation that all
plywood models have similar values of this property.
The maen value of model IV is higher compared to the
mean values of model I, IT and III for 2.91 %, 8 % and
1.75 %, respectively.

In case when plywood panels are stressed in ten-
sion at the angle of 67.5° to the face grain of the panel,
the highest value of tensile strength is achieved in
model II, which value is higher for 26.46 % compared
to model IV, which have the lowest obtained value of
tensile strength in this direction of the panel. The anal-
ysis of variance of the obtained data (ANOVA: F (3,
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16) = 16.405; p = 0.000) and the post-hoc Tukey’s test
showed that there are statistically significant differ-
ences in the mean values between model IV and all
other plywood models. The differences between mod-
els I, II and IIT are very small and they are not statisti-
cally significant.

The national standard MKC D.C5.043 for load-
bearing plywood for use in construction defines the
minimal values of tensile strength of 24 N/mm? paral-
lel to the face grain; 12 N/mm? perpendicular to the
face grain and 6 N/mm? at the angles of 30 and 60° to
the face grain of the plywood panel. According to this
standard the values of tensile strength in other direc-
tions of plywood can be obtained by linear interpola-
tion by the given values for tensile strength parallel,
perpendicular and at the angle of 30° and 60° to the face
grain of the plywood panel. The obtained minimal val-
ue by the linear interpolation for tensile strength at the
angle of 22.5° to the face grain is 10.5 N/mm? and at
the angle of 67.5° is 7.5 N/mm?. All experimental ply-
wood models exceed the minimal values defined bay
the standard in all tested directions of the panel.

The obtained values of plywood tensile strength
are within the limits of the values for this property list-
ed in available literature. Nikoli¢ (1988) for five-layer
beech plywood gives the values of 71.1 N/mm? for ten-
sile strength parallel to the face grain of the panel, 62.5
N/mm? for tensile strength perpendicular to the face
grain and 22.2 N/mm? for tensile strength at the angle
of 45° to the face grain of the plywood panel. Brezovié¢
et al. (2002) give the values 0f 49.12 and 28.63 N/mm?
for tensile strength parallel and perpendicular to the
face grain of poplar plywood. Arriga and Peraza (2004)
for pine plywood with thickness of 15 and 18 mm give
the values of 22.3 and 19.5 N/mm? for tensile strength
parallel to the face grain and the values of 15.0 and
17.5 N/mm? for tensile strength perpendicular to the
face grain of the panel. Kljak and Brezovic (2007a)
give the values of 53.5 N/mm? and 59.2 N/mm? for ten-
sile strength parallel and perpendicular to the face
grain of seven-layer beech plywood with thickness of
10.52 mm.

On the basis of the polar diagrams of tensile
strength showed on Figure 4 it can be noticed that
models I and III, as well as models IT and IV have sim-
ilar tendency of increment or decrement of tensile
strength in relation to the direction of tensile force re-
garding the orientation of the wood fibers of the sur-
face veneers.

In models I and III, the highest value of tensile
strength is achieved in direction perpendicular to the
face grain of plywood, while in models II and IV the
highest value of tensile strength is achieved in direc-
tion parallel to the face grain of the panel. The lowest
value of tensile strength in all plywood models is
achieved in direction at the angle of 45° to the face
grain of plywood. At the angles of 22.5° and 67.5°, the
values of tensile strength are higher compared to the
value of tensile strength at the angle of 45°, but lower
compared to the values of tensile strength parallel and
perpendicular to the face grain of plywood. With the
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Figure 4 Polar diagrams of plywood tensile strength
Slika 4. Polarni dijagrami vla¢ne ¢vrstoce furnirskih ploca

exception of model IV, the values of tensile strength at
the angels of 22.5° and 67.5° are similar to each other.

The differences in the values of tensile strength
in different directions of plywood panel are a result of
the orientation of wood fibers in plywood structure in
relation to the direction of the action of tensile force.
This means that the orientation of veneers in plywood
structure has direct impact on plywood tensile strength.

The tensile strength of wood is higher in the di-
rection of the wood fibers. By increasing the angle be-
tween the wood fibers and the direction of the tensile
force, the tensile strength of wood is decreasing. At the
angles between 60° and 90°, the tensile strength of
wood is almost equal to the tensile strength perpendic-
ular to the wood fibers (Luki¢-Simonovi¢, 1983).

The veneers with the thickness of 3.2 mm in ex-
perimental plywood account for the highest thickness
percentage of the plywood panel, so the value of tensile
strength depends on its orientation to the direction of the
tensile force. The orientation of these veneer sheets in
models I and IV is parallel to the face grain of the panel,
which results in the highest value of the tensile strength
in this direction of the plywood panel. In fact, the higher
values of tensile strength parallel to the face grain are
achievd in models that have higher thickness ratio of the
veneers that run parallel to the tensile force. For the
same reason, model I and III have higher values of ten-
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sile strength when the panels are stressed in tension per-
pendicular to the face grain of the panels. In this case, all
three veneers with the thickness of 3.2 mm are oriented
parallel to the direction of tensile force.

The values of the coefficients of equality of ten-
sile strength (Table 3) calculated on the basis of the
polar diagrams showed that differences in tensile
strength in different directions of plywood panel are
smaller in models I and III compared to models II and
IV. The lowest coefficient is obtained in model IV,
which means that the highest differences in tensile
strength in different panel directions appear in this ply-
wood model.

The coefficients of mass quality of plywood pan-
els (Table 3) represent the tensile strength to weight
ratio of plywood models. From the value of the coeffi-
cient of mass quality, the values of the material proper-
ties in relation to its density can be seen. The values of
this coefficient show that the highest tensile strength to
weigth ratio is determined in model II compared to
other plywood models. The increment of the value of
this coefficient speaks for a higher quality of plywood
structure. For comparison, the coefficient of steel mass
quality is 1026 (Nikoli¢, 1988).

The failure mode of the test specimens for the
determination of the tensile strength is shown in Figure
5. The visual analysis of test specimens, during testing
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Figure 5 Faliure modes of test specimens for the determination of tensile strength
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Figure 6 Force-stroke diagram during testing the tensile strength of representative plywood model
Slika 6. Dijagram sila — pomak pri ispitivanje vlacne ¢vrstoce reprezentativnog modela furnirske ploce

Table 3 Coefficients of equality of tensile strength (K ) and
coefficients of mass quality (K, of plywood

Tablica 3. Koeficijenti jednakosti vlacne ¢vrstoce (K) i
koeficijenti masene kvalitete (K, furnirskih ploca

Model / Model K, K,
I 0.30 1790

1l 0.26 1855

1l 0.29 1678

v 0.19 1749

of tensile strength, showed that the failure of the test
specimens occurred at once, whitout prior delamina-

tion of veneers.

The force-stroke diagrams, during testing of ten-
sile strength (Figure 6), showed that the failure of the
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material occurred at once without significant plastic
deformation.

4 CONCLUSION
4. ZAKLJUCAK

On the basis of the research, it can be concluded
that different veneer layouts in plywood structure have
significant impact on plywood tensile strength. The
difference in the values of tensile strength between dif-
ferent plywood models results from the orientation of
the veneers in the plywood structure, particularly of the
veneers with a thickness of 3.2 mm, as they account for
the highest thickness percentage of the panel.

The highest values of tensile strength are
achieved in plywood models in which the veneers with
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the thickness of 3.2 mm are oriented parallel to the di-
rection of tensile force. Therefore, the recommenda-
tion is to use the configuration of models II and IV in
cases when the panels are loaded in tension parallel to
the face grain of the panel.

When the panels are loaded in tension in cross
grain direction, or when a greater equality of the values
of tensile strength in different directions of the panel is
required, then the configurations of models I and I1I are
recommended.

The production of plywood with different veneer
layouts in panel structure gives opportunities for pro-
duction of panels that can meet different application
requirements. Trough the change of the veneer position
in plywood structure, without changing the number
and thickness of veneers, plywood panels with differ-
ent strength characteristics can be designed. Therefore,
the choice of a certain plywood configuration will de-
pends on the application area, i.e., the type of loads to
which the panel is exposed during its use.
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ABSTRACT ¢ The purpose of our article is to evaluate wood as a construction material in terms of the energy
required for its construction and operation, compared to other types of construction materials. First, the role of
construction and material manufacturing is evaluated within the full life cycle energy and CO, emissions of a
building, concluding that the issue of embodied energy justifies the use of less energy intensive materials. Then
the article reviews the literature dealing with the energy requirements of wood based construction, in order to
establish whether the use of this natural, low density construction material is more energy efficient than using
brick, reinforced concrete and steel structures. According to our analysis, the vast majority of the studies found
that the embodied energy is significantly lower in wood based construction when compared to inorganic materi-
als. According to several authors, wood construction could save much energy and significantly reduce the emis-
sions related to the building sector on the national level. Carbon sequestration, and the related mitigation of the
global climate change effect, can be significant if the share of durable wooden buildings can be increased in the
market, using sustainably produced raw materials that are handled responsibly at the end of their lifetime. Some
conflicting studies make important points concerning the heat storage, recycling and on-site labour demands
related to these structures. These sources contribute to a deeper understanding of the issue, but do not alter the
basic conclusions concerning the benefits of wood based construction. Some important aspects of wood extraction,
manufacturing and construction that can help minimising the embodied energy of wood based structures are also
discussed in the study.

Key words: climate change, embodied energy, emissions, carbon-dioxide, carbon sequestration, wood based con-
struction

SAZETAK -« Cilj rada bio je ocijeniti drvo kao gradevni materijal sa stajalista energije potrebne za proizvodnju
gradevnog materijala i operativne energije tijekom koristenja gradevina, u usporedbi s ostalim vrstama gradevnih
materijala. Najprije je procijenjena uloga proizvodnje drvnoga gradevnog materijala i izgradnje gradevine u uku-
pnoj energiji i emisiji CO, u Zivotnom ciklusu gradevine, te je zakljuceno da je, s obzirom na ugradenu energiju,
opravdana upotreba energetski manje intenzivnih materijala. Zatim je dan pregled literature koja se bavi energets-
kim zahtjevima gradnje na bazi drva, kako bi se utvrdilo je li upotreba toga prirodnoga gradevnog materijala male
gustoce energetski ucinkovitija od upotrebe opeke, armiranog betona i celicnih konstrukcija. Prema provedenoj
analizi, velik broj studija pokazao je da je ugradena energija znatno niza u konstrukciji utemeljenoj na drvu nego
u onoj od anorganskih materijala. Nekoliko je autora ustvrdilo da se gradnjom na bazi drva moze ustedjeti mnogo
energije i znatno smanjiti emisije ugljikova dioksida u gradevinskom sektoru na nacionalnoj razini. Vezanje uglji-

! Author is associate professor at University of West Hungary, Simonyi Karoly Faculty of Engineering, Wood Sciences and Applied Arts, So-
pron, Hungary.

! Autor je izvanredni profesor SveuiliSta zapadne Madarske, Fakultet inZenjerstva, znanosti o drvu i primijenjene umjetnosti, Sopron,
Madarska.
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ka i s tim povezano ublazavanje globalnog ucinka klimatskih promjena mogu biti veliki ako se poveca udio trajnih
drvenih gradevina na trzistu, izgradenih primjenom sirovina proizvedenih odrzivim gospodarenjem Sumama i
ako se s gradevinama na kraju njihova zivotnog vijeka odgovorno postupa. Neke studije Ciji autori ne podrzavaju
gradnju drvom smatraju vaznim naglasiti pitanja vezana za skladistenje topline i recikliranje te zahtjeve za rad-
nom snagom na terenu pri gradnji objekata na bazi drva. Te studije pridonose boljem razumijevanju problema,
ali ne mijenjaju osnovne zakljucke o koristima gradnje na bazi drva. U istrazivanju se takoder raspravlja o nekim
vaznim aspektima dobivanja drva te proizvodnje i ugradnje gradevnog drva, koji mogu pridonijeti smanjenju en-

ergije ugradene u drvene gradevine.

Kljucéne rijeci: klimatske promjene, ugradena energija, emisije, ugljikov dioksid, vezanje ugljika, gradnja na bazi

drva

1 INTRODUCTION
1. UVOD

In the EU and other parts of the world, the miti-
gation and prevention of anthropogenic environmental
impact, and especially greenhouse gas emission, is be-
coming an increasingly critical question. Building-re-
lated emission was identified as one of the most impor-
tant sources of pollution. Worldwide, much research
has been devoted and measures were introduced to
mitigate these problems through reducing the amount
of non-renewable energy and CO, emission in residen-
tial and commercial structures. The EU resolution that
all new buildings built after 2020 should be near-zero
operation energy structures (EP&C 2010) is part of this
effort.

The environmental performance and sustainabil-
ity of buildings is a complex issue. In Europe the CEN/
TC350 is responsible for the development of standard-
ized methods for the assessment of the sustainability
aspects of new and existing construction works. The
committee developed several standards for the com-
plex assessment of sustainability, including, but not
limited to EN 15978:2011 and EN 15804, on the build-
ing and product levels, respectively. Furthermore, ISO
14025:2006 deals with the questions of environmental
declarations. However, this article focuses primarily on
the energy consumption related to residential construc-
tion in general, and wood-based construction in par-
ticular.

The regulations introduced in and outside of the
EU put much emphasis on decreasing the energy used
for the operation of the building (the so-called opera-
tion energy, related to heating and cooling, as well as to
lighting and other processes). In the meantime, the en-
ergy used for producing and transporting the construc-
tion materials and for the construction process itself
(the so-called embodied energy), as well as the related
emission, receives much less attention.

The objectives of this article are to examine the
importance of embodied energy within the total life-
time energy of residential buildings, and to evaluate
wood as a construction material in terms of its lifetime
energy balance, compared to traditional inorganic ma-
terials. The energy use and emissions of wood based
construction is considered and compared to other
building materials, and the carbon sequestration poten-
tial of wooden buildings is discussed. The counter-ar-
guments of wood based construction are also analysed.
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Finally, we provide recommendations for maximising
the environmental advantages of wood through mini-
mising its embodied energy.

2 EMBODIED VS. OPERATIONAL ENERGY
2. UGRADENA ENERGIJA NASUPROT
OPERATIVNOJ

The determination of embodied energy (i.e. the
energy used for producing the building materials,
their transportation and construction of a building, as
well as the maintenance and demolition or decon-
struction-related energy) is a very complicated pro-
cess. There are several methods that may be em-
ployed. Process analysis (including the Life-Cycle
Assessment methodology widely used and accepted
in Europe) works well in known processes, but in
many cases, in-depth information is missing about
certain processes, and system boundaries are hard to
determine. Using different databases may lead to a
large variation in the results. Input-output analysis
examines the energy requirements and emissions of
an entire industry. This very practical, simple method
does not differentiate between products and technolo-
gies within the given industry, which may differ sig-
nificantly. Hybrid analysis may improve the precision
of the assessment (Hammond and Jones, 2008; Ste-
phan et al., 2011; Crawford and Stephan, 2013). De-
pending on the applied method, the calculated em-
bodied energy may vary significantly (Crawford and
Stephan, 2013).

Most studies focus on the resources invested be-
fore completing the construction (the so-called cradle-
to-gate approach). However, total embodied energy
should include maintenance and deconstruction pro-
cesses, as well. There are several further sources of un-
certainty in the determination of embodied energy, as
pointed out by Dixit ef al. (2010).

Based on the above, the objective determination
of the average embodied energy related to a given con-
struction material or a type of building is a very diffi-
cult task. This is one reason why, so far, more attention
has been paid to operation energy than to embodied
energy — especially in terms of government policies.
However, difficulties and uncertainties in determining
the embodied energy is not a good enough reason to
disregard this potentially important environmental fac-
tor when considering the environmental impact of a
building.

DRVNA INDUSTRIJA 68 (2) 163-172 (2017)



ceesssessssesssss Bejor Operational vs. Embodied Energy: a Case for Wood Construction

Total energy / ukupna energija

Life-cycle energy / energija Zivotnog ciklusa

Embodied energy
ugradena energija

Operation energy

operativha energija

Insulation thickness / debljina izolacije

Figure 1 The relationship between embodied, operation and total life-cycle energy as a function of improved thermal

insulation of buildings (based on Wind and Heschl 2008)

Slika 1. Odnos izmedu ugradene energije, operativne energije i energije ukupnoga zivotnog ciklusa u funkciji poboljsanja

toplinske izolacije zgrada (prema Wind i Heschl, 2008.)

Determining operation energy, while not without
its challenges, is much more straightforward than de-
termining embodied energy. Operation energy meas-
urement is done simply by measuring the amount of
energy sources entering the building. Life cycle energy
requirement is also simple to estimate with relatively
good precision. Nevertheless, as some authors point
out, there are certain uncertainties in determining op-
eration energy as well, including:

- Fuel or electricity production sometimes also requires
energy. The actual energy expenditure should include
this extra energy as well, as reflected in the concept of
primary energy;

- In addition to the quantity of energy, its ‘quality’ is
also significant. Various types or forms of energy are
not directly convertible into one another. Some au-
thors suggest that the concept of ‘exergy’, which
takes this into account, should be used instead (Her-
nandez and Kenny, 2011);

- Residents’ lifestyle is also important. The way the
residents use their dwelling, as well as some external
factors (e.g. the amount of commuting required) also
contribute to the energy use related to the given build-
ing (Dutil et al., 2011; Crawford and Stephan, 2013).

This shows that estimating or measuring the op-
eration energy of buildings is not totally straightfor-
ward either. Nevertheless, the uncertainties are much
smaller than in the case of embodied energy and CO,
emissions.

When comparing life cycle embodied to opera-
tion energy, most studies place their relative proportion
between 10:90 % and 20:80 %, (e.g. Cole and Kernan,
1996; Newton et al., 2000; Scheuer et al., 2003; Sartori
and Hestnes, 2007; Hernandez and Kenny, 2011; Ortiz
et al., 2009; Ramesh et al., 2010; Szalay, 2012). These
studies were conducted at different locations, using
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different building types and different assumptions, but,
by and large, came to similar conclusions.

Others point out that these ratios are not necessar-
ily valid today, and attribute an increasing significance
to embodied energy (Dixit ef al., 2011). Some research-
ers argue that the role of operation energy is overesti-
mated within the ecological impact of a building. Some
studies even found the significance of embodied energy
to be comparable to operation energy in many cases (e.g.
Thormak, 2002; Gustavsson and Joelsson, 2010).

The role of embodied energy is especially ampli-
fied in low-energy, and in the so-called “zero-energy”
buildings, that require thick walls and much (usually
very energy-intensive) insulation material. This can
mean that, after a point, improving the thermal proper-
ties (which leads to decreased operation energy, along
with increased embodied energy) does not lead to more
improvement in terms of total life-cycle energy and
emission, and could in fact start increasing it (Figure 1).

Several studies showed that passive houses have
much higher embodied energy content than traditional
buildings (Dahlstrom, 2011; Thiers and Peuportier,
2012; Crawford and Stephan, 2013). Depending on the
applied calculation method, their total life cycle energy
and CO, emission may be even higher than in standard
houses (Crawford and Stephan, 2013.) Other authors
maintain that passive houses are definitely more energy
efficient on the whole, but their total environmental
impact may not be as favourable (Brunklaus et al.,
2010). Even using more conservative calculation meth-
ods, the significance of embodied energy may be high
compared to the operation energy when the thermal
insulation is improved. Further improvement in the en-
ergy efficiency is possible using environment friendly
construction materials and technologies only (e.g. Du-
til et al., 2011; Szalay, 2012).
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3 ENERGY BALANCE OF wWOOD
EXTRACTION AND BUILDING MATERIAL
PRODUCTION COMPARED TO OTHER
MATERIALS

3. ENERGETSKA BILANCA PRIDOBIVANJA
DRVA | PROIZVODNJE GRADEVNOG
MATERIJALA U USPOREDBI S DRUGIM
MATERIJALIMA

Many studies available in the literature discuss
the environmental impact of wood based construction.
Unfortunately, these studies often use different meth-
ods and databases, and vary in terms of time, geogra-
phy and technological capabilities of the analysed con-
struction process. Accordingly, the calculated embodied
energy and emission values can greatly diverge (e.g.,
according to a 2008 study by Hammond and Jones, lit-
erature values for the embodied energy of sawnwood
range between 0.3 and 61.3 MJ/kg, and other materials
show similar variations). Nevertheless, there is a very
straightforward tendency when wood and wood based
construction is compared to other materials.

In terms of the environmental impact of wood,
most authors agree that wood is generally more envi-
ronmentally friendly than other building materials. Al-
most all of the studies conclude that wood building ele-
ments and buildings require less embodied energy and
cause lower CO, emissions than equivalent brick, con-
crete or steel structures (Richter and Sell, 1993; Peir-
quet ef al., 1998; Buchanan and Levine, 1999; Dias and
Pooliyadda, 2004; Borjesson and Gustavsson, 2000;
Lenzen and Treloar, 2002; Sharai-Rad and Welling,
2002; ASMI 2004; Lippke et al., 2004; Perez-Garcia et
al., 2005, Puettmann and Wilson, 2005; Gustavsson
and Sathre, 2006; Gustavsson et al., 2006; Dutil et al.,
2011). One study (Sarri, 2001) found metal to have
somewhat lower embodied energy, but in terms of non-
renewable energy and CO, emissions, wood was still
found to have a lower environmental impact.

The production of sawnwood is definitely less
energy intensive than that of other materials. Due to its
lower density, the extraction as well as the transporta-
tion, handling and processing of the raw material re-
quires less energy. In addition, sawmilling by-products
(like bark, sawdust, wood chips and trimming) can be
used for heat or even electric energy production to
partly cover the energy requirements of the mill. Also,
used wood can be used at the end of its life cycle to
produce more energy, which further improves the en-
ergy balance of wooden buildings.

Depending on the particular construction system,
wood can be used as glued structural members, rather
than solid wood. Because of the embodied energy of
the adhesive, as well as the energy requirement of hot
pressing, the embodied energy of glued structural
members may be 1.5 to 2 times as high, and that of
wood based composites may be 3 times of that of
sawnwood, according to a North American study (Pu-
ettmann and Wilson, 2005). The database of Bath Uni-
versity in Great Britain shows similar differences
(Hammond and Jones, 2008): glulam and MDF contain
1.5 times as much embodied energy, plywood and
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hardboard twice as much, and veneered chipboard 3
times as much as sawn timber. Other modification
methods, including preservative and heat treatment, or
the fire retardant included in cellulose fibre insulation,
can significantly affect the embodied energy (Dutil et
al.,2011). According to Puettmann and Wilson (2005),
however, the production of wood and wood based
products still requires less energy than their inorganic
counterparts. Naturally, these processes have other en-
vironmental implications, but these are beyond the
scope of this review.

As evidenced above, there is a basic consensus
regarding the relatively low embodied energy of
wood products. In their case study of several build-
ings, Borjesson and Gustavsson (2000) concluded
that the same building contains 60-80 % more embod-
ied energy when built with a concrete structure, as
compared to a wood based structure. CO, emission is
at least 1.5 times higher, but may even be several
times higher. Lenzen and Treloar (2002) later cor-
rected this study, but they agreed with the conclusions
concerning the relative impact of concrete and wood.
Szalay (2003) calculated that the embodied energy of
concrete and steel buildings is, respectively, 68 % and
136 % higher per square metre, than that of wooden
buildings. North American case studies by Lippke et
al. (2004), as well as Swedish and Finnish ones by
Gustavsson ef al. (2005) showed much lower differ-
ences of 16-32 %, but wood was still found more ad-
vantageous.

Petersen and Solberg (2005) point out that the re-
sults of various studies differ significantly depending
on system boundaries, reuse or recycling at the end of
the building service life, and other factors, but state
that substituting wood for concrete or steel significant-
ly decreased the production-related CO, emissions in
all cases. Based on the ISO 14040 standard and the
PAS 2050 ecological footprint determination method-
ology, Murphy (2009) regards wood as a green build-
ing material that has a positive effect on the climate
change. He also points out that some information con-
cerning the effect of wood needs to be refined. Gus-
tavsson and Joelsson (2010) emphasise the importance
of embodied energy and argue that the application of
wood can significantly reduce the detrimental environ-
mental effect of buildings.

Several studies examined the effect of the prolif-
eration of wood construction on a larger region. Bu-
chanan and Lavine (1999) estimated that, in New-Zea-
land, the CO, emission of the construction industry,
and the total national emission could be decreased by
20 % and 1.5 %, respectively, by increasing the share
of wood and wood based materials in the building in-
dustry by 17 %. Upton et al. (2008) calculated that the
total life cycle energy of wooden residential buildings
is 20-50 % lower, and, if all residential buildings were
wood frame structures in the US, the embodied energy
and the related CO, emissions could be decreased by
22 % and 27 %, respectively (and this in a country
where most residential buildings are already built with
a wooden structure).
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Figure 2 Annual increment and harvest in Hungarian forests (based on NEBIH 2013)
Slika 2. Godisnji prirast i sjeca u madarskim Sumama (prema NEBIH, 2013.)

4 THE ROLE OF CARBON SEQUESTRATION
IN WOODEN BUILDINGS

4. ULOGA VEZANJA UGLJIKA U DRVENIM
GRADEVINAMA

Some of the studies consider the role of wood in
carbon sequestration (Buchanon and Levine 1999,
Borjesson and Gustavsson 2000, Lippke et al. 2004,
Szalay 2004). However, this factor is often disregarded
as one that is hard to compare with other indicators
(Hammond and Jones 2008), or because the carbon
stored in wood will eventually return to the atmos-
phere. Thus, the architectural use of wood is only ad-
vantageous compared to other wood products (Bu-
chanan and Levine, 1999). Other studies state that the
energy balance of “wood-intensive” buildings may be
positive if wood comes from sustainable sources and is

used for energy production at the end of its life cycle

(Szalay, 2004; Salazar and Meil, 2009). According to

Murphy (2009), carbon sequestration results in nega-

tive global warming potential, although he points out

that this is very much a function of its reuse or recy-
cling at the end of its life cycle (which is seldom actu-
ally studied; most models rely on assumptions).

Based on Hungarian studies by Schoberl et al.
(2011) and Schoberl (2012), and also the above consid-
erations, the following conclusions can be drawn, con-
cerning carbon sequestration:

- The carbon sequestration effect of wood is useful only
if the harvested material is continuously replenished,
i.e., if it comes from sustainable forests. Fortunately,
this is true in most of Europe. In Hungary, for example,
the yearly increment shows a generally increasing
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Figure 3 The amount of carbon stored in wood and paper products in Hungary

(based on Schoberl, 2011)

Slika 3. Koli¢ina ugljika pohranjena u drvnim proizvodima i proizvodima od papira u Madarskoj (Schoberl, 2011.)
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trend, while the harvest amounts to only about 50 % of

the increment (Schiberna, 2011, Figure 1.).
- On the regional or national level, positive carbon se-
questration requires the amount of wooden tools or
products, and therefore the volume of carbon stored
in them, to increase. According to the statistics, al-
though it used to show a steady increase in Hungary
until the mid-1990s, right now it is stagnating, or only
slightly increasing (Figure 2). According to Schoberl
et al. (2011), one way of increasing the stock of car-
bon stored in wood in Hungary would be to increase
the share of wood within the construction industry.
The service life of buildings, and the handling of
building materials at the end of their life cycle is a key
issue (Borjesson and Gustavsson, 2000). Wood fibres
in construction wood constitute an important re-
source. The deconstructed material may be reused as
construction wood or recycled into other materials
(e.g. wood based panels, composites or paper). Thus,
the carbon may not be released into the atmosphere as
carbon-dioxide for a long time. Energy use also has a
positive effect, but it results in a rapid release of the
carbon into the atmosphere. Therefore, it should be
encouraged, but only when wood is no longer ser-
viceable in any other capacity. Depositing wood in
landfills is the worst possible solution, since there the
carbon will turn into CO, relatively quickly (depend-
ing on the durability of the wood species), and there
is no energy gain. One should strive to reuse or recy-
cle the deconstructed material at the highest possible
level, and preferably several times.

An increased proportion of wooden buildings,
built of material coming from sustainable forests, and
handled responsibly at the end of their lifetime, can
significantly contribute to the long term sequestration
of atmospheric carbon, and, consequently, to the miti-
gation of global climate change.

5 POTENTIAL PITFALLS OF WOOD
BASED CONSTRUCTION

5. MOGUCI NEDOSTACI DRVA KAO
GRADEVNOG MATERIJALA

Some authors bring forth arguments that may
counteract the perceived benefits of wood construc-
tion, compared to inorganic materials.

The surface mass and the related daily and sea-
sonal heat storage capacity of buildings are generally
disregarded when comparing wood to traditional build-
ing materials. Hacker ef al. (2008) calculate that, al-
though the amount of CO, released during wood con-
struction is much lower, considering the seasonal heat
equalization coming from the higher thermal mass of
concrete buildings, and the resulting savings in heating
and cooling, the difference may be balanced in terms of
life-cycle energy. Several other studies, financed by the
American Portland Cement Association, also empha-
sise the energy saved due to the thermal mass of con-
crete buildings (Gajda, 2001; Marceau and Van Geem,
2002a, b, c). In Upton’s (2008) evaluation, however,
the embodied energy calculations are not detailed in
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these studies, and the thermal insulation of systems
compared is not equivalent.

These studies are important in terms of pointing
out the significance of thermal mass (which is espe-
cially important in areas with high seasonal tempera-
ture fluctuation, like most of Europe). Nevertheless,
due to the above mentioned deficiencies, it is question-
able whether the higher thermal mass provides enough
of a benefit to make concrete a more energy efficient
building material than wood. In addition, some wood
construction systems may also possess a relatively
high thermal mass. Several studies (Crespell and Gag-
non 2010, TRADA 2010) mention the high thermal
mass of CLT (Cross-Laminated Timber), for example.
The examination of the Holz100 system by the Erwin
Thoma GmbH, for example, revealed that the cool-off
time of a building manufactured from their product
may be three times as long as that of an equivalent
brick building, based on a TRYNSYS simulation mod-
el (Kouba, 2001). Szalay (2004b) published a theoreti-
cal study, where she calculated that the daily heat
equalization may be significantly better in solid wood
buildings than in the case of insulated brick buildings,
and even claimed that lightframe walls are not much
worse than AAC (cellular concrete) walls in this re-
spect.

Other publications (Anderson, 1998; SCI, 1998;
de Spot, 1999; Adalbert et al., 2001; SCSSC, 2002)
emphasise the advantage of steel. These are mostly
based on the recyclability of steel, downplaying the
significance of embodied energy, lower needs for steel
maintenance and land use issues concerning wood. Up-
ton (2008) counters that, in studies comparing equiva-
lent thermal insulation systems, the embodied energy
of wood structures is almost always lower than that of
steel framing. In addition, the proponents of steel usu-
ally disregard the fact that other materials (like wood)
may also be reused or recycled to a certain extent.

Dutil et al. (2011) estimate that wood based con-
struction often requires more on-site labour than steel.
The related transportation of workers may diminish the
positive ecological effect of wood. Thus the energy
balance of steel construction may even be better than
wood (although they do acknowledge that wood-relat-
ed CO, emissions are still lower). Evaluating the ener-
gy balance of on-site construction, Cole (1998) shows
that, for concrete buildings, embodied energy and CO,
emissions related to worker transportation is much
higher than that of either wood or steel. In his com-
parison, steel is somewhat better than wood, but it
would be a gross exaggeration to say that this may
cause steel structures to have lower embodied energy
than wood. In addition, these comparisons are highly
dependent on the particular technology employed (es-
pecially on the level of prefabrication, which may be
very high in wood buildings).

In summary, these considerations aid a better un-
derstanding of the benefits of wood, but do not change
the basic conclusion that wood based construction
leads to much lower embodied energy and CO, emis-
sions than in the case of inorganic building materials.
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6 TAKING BEST ADVANTAGE OF THE
ENERGY BENEFITS OF WOOD

6. ISKORISTAVANJE ENERGETSKIH |
PREDNOSTI DRVA NA NAJBOLJI NACIN

Based on the review of the available literature,
wood based construction uses less energy than other
construction technologies. In the meantime, the details
of this technology, like the acquisition, handling, trans-
portation of the resources and workers, can be opti-
mised to further improve the energy efficiency. Some
of these are listed, as follows:

Certification

As mentioned earlier, some advantages of wood
cannot be realised only if it comes from sustainable
forests. European raw materials are typically like this,
since most of Europe practices sustainable forestry. In
the meantime, full certainty of sustainability is guaran-
teed only through buying certified materials. Soon, all
of Europe will move toward accepting FSC or PEFC
(Forestry Stewardship Council, Programme for the En-
dorsement of Forest Certification, respectively) certi-
fied materials only.

Transportation

Since wood is produced with relatively low CO,
emission, the importance of processes that release CO,
increases. This includes the shipping of material. Since,
in Hungary, construction wood is typically bought
from abroad, transportation may significantly increase
CO, emissions, depending on the country of origin.

Assuming that an average diesel truck is used,
4.5x107 kg of CO, is released when hauling one kg of
wood over a one kilometre distance'. According to the
embodied carbon and energy inventory of the British
Bath University, the embodied carbon of softwood lum-
ber is 0.123 kg/kg, i.e. 0.45 kg of CO, is released when
producing one kg of wood. Accordingly, the emissions
related to transporting the material one kilometre is four
orders of magnitude lower than that related to its pro-
duction. This means that, even if wood travels 1000 km,
there is only a slight emission increase. The calculations
do not include other emissions arising from transporta-
tion (like producing and maintaining the vehicles and
roads), and are not based on primary emissions, there-
fore the actual emissions are somewhat higher.

Nevertheless, wood should be acquired from as
near as possible, preferably from domestic sources.
Unfortunately, Hungarian climate and sites are not
suitable for growing softwood of sufficient quality, but
some poplar species may be suitable for substituting
softwood. This may allow us to decrease the embodied
energy and carbon.

Processing technology
Even though wood processing typically requires much
less energy than other materials, it is still not negligi-

! According to Davis et al. (2013), transporting 1 kg material requi-
res approx. 1.7X 107 I/kg/km of diesel fuel. Based on the forumula
C,H,, +71 0, > 48 CO, + 46 H,0, 2.626 kg CO, is generated

when burning one litre of diesel fuel, taking the density of fuel
(0.832 kg/) into account.
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ble. Wood drying and hot pressing of wood based ma-
terials, in particular, are energy intensive processes. To
take maximum advantage of the low embodied energy
of wood, close attention should be paid to these pro-
cesses, e.g. through natural drying (which also has a
positive effect on wood quality), and using renewable
energy sources (especially local energy production us-
ing wood processing by-products.)

Adhesives and additives; wood modification

As the literature shows, using adhesives significantly in-
creases the embodied energy of wood. Impregnating cel-
lulose fibre insulation with fire retardants has a similar
disadvantage, and wood preservatives and modification
methods (like high temperature treatment and other
chemical agents) are also likely to increase the embod-
ied energy. Increasing the dimensions and improving its
properties through eliminating defects and re-gluing the
material makes it much more suitable for structural ap-
plications, and creates higher value (e.g. defect-free,
glued structural members allow smaller cross-sections
and generate less waste, which has a positive effect on
the energy balance and the emissions, too.) Therefore,
careful consideration is needed to establish if the use of
glued or modified wood is justified. In certain situations
their drawbacks may be counterbalanced by the lower
volume of required material, or improved durability.
Also, developing more environment friendly adhesives
and modifying agents is an important area of research.

Prefabrication

Most on-site processes are very labour-intensive. Re-
lated transportation of the workers may be an impor-
tant factor. Therefore, prefabrication is preferred. For-
tunately, most wood-based construction technologies
allow high levels of prefabrication, and therefore on-
site labour can be minimised.

Resource cascading

Taking advantage of the energy benefits and the carbon
sequestration potential of wood requires reuse and re-
cycling, as many times as possible. The repeated utili-
sation of the used material, at the highest possible val-
ue, is called cascading (Frithwald ef al., 2010). This
requires a paradigm-shift, over which builders have
little or no control. One way to foster cascading is us-
ing as much used material in the buildings, as possible.
Using wood for energy production should be the last
step of cascading. The energy gained at the end of the
life cycle may be comparable, or even higher than the
energy used for manufacturing the product. This ener-
gy may be taken into account in the LCA (Life Cycle
Assessment) methodology, too.

7 CONCLUSIONS
7. ZAKLJUCAK

The aim of our study was to establish if wood
based construction is environment friendly based on
embodied energy and CO, emission. Based on an in-
depth study of the literature, the following conclusions
were drawn:
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1. Embodied energy can account for upwards of 20 %
of the total lifecycle energy of buildings. Minimis-
ing the embodied energy incorporated in the build-
ing is especially important in modern, energy effi-
cient buildings where the relative importance of
operation energy decreases, and embodied energy
increases due to the larger volume of construction
material required.

2. Based on most studies, manufacturing and using
wood and wood based materials in buildings leads
to much lower embodied energy and CO, emis-
sions, compared to inorganic building materials.
Most authors calculate that this leads to reduction
in emissions and in the life-cycle energy of the
buildings.

3. Increasing the share of wooden structures within the
construction industry, built from sustainable and
high-quality (durable) raw materials, and handled
responsibly at the end of the building service life,
may significantly contribute to the sequestration of
atmospheric carbon dioxide on the long run. This
may be an important strategy in mitigating the prob-
lem of global climate change.

4. There are certain considerations that can amend the
positive conclusions concerning the benefits of wood
in terms of energy use and emissions. However, these
studies failed to prove that inorganic building materi-
als may be better than wood in this respect.

5. Optimising certain aspects of the production of
building materials and of the construction technolo-
gy has a potential to further improve the energy ef-
ficiency of wood based construction. These strate-
gies are outlined in detail in the article.

Based on the above, the final conclusion is that
the use of wood in the construction industry carries sig-
nificant environmental advantages in terms of energy
efficiency and emission reduction.
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ABSTRACT e This study measures the formaldehyde content (FC) of different types of oriented strand board
(OSB) panels. Panels with different thicknesses were produced on the OSB production line of a prominent manu-
Sfacturer of board composite materials in the Czech Republic. The resins used were polyurethane (PUI, PU2) and
melamine-urea-formaldehyde (MUF). The corrected FC from 3-layer OSB/3 panels (MUF/surface, PU2/core)
ranged from 5.95 + 0.42 to 7.24 + 0.67 mg formaldehyde/100 g of dry board. The corrected FC of the 3-layer OSB
panels bonded with PU2 resin ranged between 0.48+0.04 and 0.57+0.11 mg formaldehyde/100 g dry board. Ad-
ditionally, the corrected FC of 3-layer OSB/3 panels bonded with PU1 resin ranged from 0.09+0.22 to 0.46+0.40
mg formaldehyde/100 g dry board. Furthermore, the corrected FC of 3-layer OSB/4 panels bonded with PU] resin
ranged from 0.178%0.309 to 0.473+0.027 mg formaldehyde/100 g dry board. These results showed that the FC
was limited to the natural content of formaldehyde in solid wood, where the values are extremely low, and which
resulted in the production of green product. Additionally, the FC of OSB panels bonded with PUI was lower than
that of panels glued with PU2.

Keywords: construction panels, formaldehyde content, green products, OSB

SAZETAK e U istraZivanju je provedeno mjerenje sadrzaja formaldehida u razlicitim tipovima ploca s orijenti-
ranim iverjem (OSB). Ploce razlicitih debljina izradene su na proizvodnoj liniji poznatog proizvodaca plocastih
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kompozitnih materijala u Republici Ceskoj. Pritom su upotrijebljene smole poliuretan (PUI, PU2) i melamin-
urea-formaldehid (MUF). Korigirani sadrzaj formaldehida u troslojnim plocama OSB/3 (MUF/povrsinski slo-
Jevi, PU2/srednji sloj) iznosio je od 5,95 + 0,42 do 7,24 + 0,67 mg formaldehida u 100 g suhe ploce. Korigirani
sadrzaj formaldehida u troslojnim OSB plocama s PU2 smolom kretao se u rasponu izmedu 0,48 £ 0,041 0,57 +
0,11 mg formaldehida u 100 g suhe ploce. Dodatno, korigirani sadrzaj formaldehida u troslojnim plocama OSB/3
lijepljenim PUI smolom iznosio je izmedu 0,09 £ 0,22 i 0,46 + 0,40 mg formaldehida u 100 g suhe ploce. Nad-
alje, korigirani sadrzaj formaldehida u troslojnim plocama OSB/4 lijepljenima PUI smolom kretao se u rasponu
izmedu 0,178 £0,3091 0,473 + 0,027 mg formaldehida u 100 g suhe ploce. Ti rezultati pokazuju da je sadrzaj form-
aldehida ogranicen na prirodni sadrzaj formaldehida u masivnom drvu, pri cemu su vrijednosti iznimno niske, Sto
Je rezultiralo proizvodnjom zelenog proizvoda. Sadrzaj formaldehida u OSB plocama lijepljenima PUI smolom
bio je manji nego u plocama lijepljenima PU2 smolom.

Kljuéne rijeci: gradevinske ploce, sadrzaj formaldehida, zeleni proizvodi, OSB ploca

1 INTRODUCTION
1. UVOD

Oriented strand board (OSB) is an engineered
wood-based panel consisting of strands of wood that
are bonded together with a synthetic resin; the strands
are oriented, partially randomly overlapped, and
pressed together in layers (Hodousek et al., 2015). In
the outer layers, strands are generally oriented longitu-
dinally in line with the panel length, whereas in the
middle layers, strands generally lie perpendicular to
the outer layers. Recent methods for manufacturing
OSB require very thin, long chips with the following
optimum dimensions: 0.4 to 0.6 mm in thickness, 5 to
20 mm in width, and 60 to 120 mm in length )Pefia et
al., 2006; Ohlmeyer et al., 2008; Bohm et al., 2011).

OSB-like plywood is widely used as a structural
material in the manufacture of housing, framing, and oth-
er industrial products (Bohm et al, 2012; Salem et al.,
2013). Longer and thinner chips that are accurately ori-
ented increase the strength, rigidity, and other physical
properties of OSB panels (Han et al., 2006 and 2007).

Additionally, for good production of OSB, the
density of the surface layers should be higher than the
density of the intermediate layer, with a “U”-shaped
density profile along the panel thickness (Xu and Win-
istorfer, 1995; Painter et al., 2006; Bo6hm et al., 2011).
OSB consists of three layers, and it achieves a high
level of dimensional stability with excellent mechani-
cal performance. OSB is manufactured primarily from
spruce strands, good quality softwood (Bohm et al.,
2011; Hodousek et al., 2015).

Polyurethane or polyisocyanate resins are widely
used in OSB worldwide, MDF mills in Europe, and a
few MDF mills in North America (Papadopoulos ef al.,
2002). It is important to understand how these resins
react with wood furnish, as this knowledge will deter-
mine whether the urethane linkage will strengthen the
board and provide durability in different environmen-
tal conditions. Theoretically, isocyanate groups can re-
act with hydroxyl groups in wood furnish and form ir-
reversible urethane linkages (Pizzi and Mittal, 2003;
Smith, 2012). Isocyanate-bonded composite panels
have benefits including water-resistant chemical bonds,
strong mechanical bonds and toughness, high strength,
low resin dosage, extreme moisture resistance, and low
swelling (Papadopoulos, 1999). Polyurethane can be
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used in the core layer alone or in all layers of OSB de-
pending on the quality and/or formaldehyde emission
restrictions (Vangronsveld et al., 2010).

Formaldehyde emissions (FE) from wood, wood
products, and flooring materials are affected by wood
type or species, board thickness, resin type, resin addi-
tives, panel manufacturing techniques, moisture content,
the drying and hot-pressing techniques, and surface fin-
ishing materials (Yu and Crump, 1999; Kim et al., 2007,
An et al., 2010; Salem et al., 2011; He et al., 2012; He-
matabadi et al., 2012; Salem et al., 2012; Kim and Ta-
nabe, 2014). Primarily, the formaldehyde emitted from a
new wood-based product comes from free formalde-
hyde present in the material, and the emission exponen-
tially declines until a steady-state level is reached (Yu
and Crump, 1999). Boards bonded with melamine-urea-
formaldehyde (MUF) resin exhibit the lowest formalde-
hyde content (FC) and FE because of the addition of
melamine to UF resin (Aydin et al., 2006).

Previously, differences in the bending stress of the
upper and lower faces of OSB/3boards and the air per-
meation rate of OSB/3 and OSB/4 boards have been
studied (Ohlmeyer et al., 2008; Hodousek et al., 2015).
In the present study, OSB/3 and 4 boards, which are ex-
tensively produced in Europe for their use as heavy-duty
load-bearing boards in humid conditions, were evaluat-
ed to determine their formaldehyde content with the per-
forator or extraction method (EN 120, 1993).

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Production of OSB/3 and OSB/4 panels
2.1. Proizvodnja plo¢a OSB/3 i OSB/4

Industrially manufactured OSB/3 and OSB/4
panels with various thicknesses were investigated to
determine their formaldehyde content during the peri-
od of August 2014. All panels were manufactured us-
ing 80 % Norway spruce (Picea abies L.) and 20 %
Scots pine (Pinus sylvestris L.). According to EN 300
(2006), OSB/3 boards were manufactured as load-
bearing boards for use in humid conditions, and OSB/4
boards were manufactured as heavy-duty load-bearing
boards for use in humid conditions.

Briefly, mixed wood strands of 80 % Norway
spruce and 20 % Scots pine of a predetermined shape
with a width of 50 mm, length of 130 mm, and a thick-
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Table 1 Resin properties of OSB/3 panels
Tablica 1. Obiljezja OSB/3 ploc¢a

Conditions OSB/3 Surface layers OSB/3 Middle layer
Uvjeti OSB/3 povrsinski slojevi OSB/3 srednji sloj
Raw material / sirovina Spruce 80 %, Pine 20 % / smrekovina 80 %, borovina 20 %
Pressing pressure, N/mm? / tlak presanja, N/mm? <3
Pressing temperature, °C / temperatura presanja, °C 180 to 225 180 to 225
Resin® / Smola* MUF: 35 kg/m?, (8.5 %)* PU2: 12 kg/m?, (3.5 %)*
Paraffin, kg/m® board / parafin, kg/m?® ploce 2.7
H,O, L/m’ board / H,0, L/m’ ploce 30
H,0, %" 10.5 \ 5.5
Hardener, % °© / ocvrséivac, % ° 24
Wood material, kg/1-m? of the board, ATRO, coniferous) 535
drvni materijal, kg/1-m?* ploce, ATRO, cetinjace)

a: Percentage content of component at 0 % moisture / postotni udjel komponente pri sadrzaju vode 0 %

b: refers to water addition / odnosi se na dodanu vodu

c: refers to catalyst addition (hardener addition) / odnosi se na dodani katalizator (dodani ocvrséivac)

ness of less than 2 mm, were used to manufacture OSB
panels. The wood strands were dried, mixed, and bond-
ed with 4 % polyurethane type 1 (PU1) and 2 (PU2).
The mat was randomly formed and hot-pressed with 5
to 8 s/1 mm panel thickness at temperatures from 240
to 190 °C (from entry to output of the press).

Other OSB/3 boards were manufactured using
melamine-fortified urea formaldehyde resin (MUF) for
the surface layers and PU resin for the core layer with
the following categories; OSB/3-A: Surface (MUF)
and Core (PU2), OSB/3-B: Surface (PU2) and Core
(PU2), and OSB/3-C: Surface (PU1) and Core (PU1).
The mat was randomly formed and hot-pressed with 10
s/l mm panel thickness at approximately 220 °C. The
“ratio of core to surface layers was 60/40. Properties of
the resins used are presented in Table 1. Other proper-
ties of the resin used for OSB/4 and PUI have been
described previously (Hodousek et al., 2015).

2.2 Measuring formaldehyde content by the
perforator method (EN 120)

2.2. Mjerenje sadrzaja formaldehida perforatorskom
metodom (EN 120)

In Europe and China, the EN 120 perforator
method (1993) is the most frequently used procedure
for measuring formaldehyde content (FC) as well as
for production control in the wood-based panel indus-
try, and it has good correlation with referenced cham-
ber methods (Risholm-Sundman and Wallin, 1999;
Salem et al., 2011 and 2012; Liu and Zhu, 2014).

The collected panels were conditioned for 4
weeks at 20 °C and 65 % RH before measuring the FC
with the perforator method (EN 120) (Béhm et al.,
2012). At least three replicates from each type of OSB
were used. Each replicate of approximately 110 g with
dimensions of 25%25 mm were taken from OSB panels
with various thicknesses. The samples were extracted
in 600 mL of boiling toluene for 2 h in a perforator ap-
paratus. The formaldehyde content was expressed as
mg HCHO/100 g of dry board (mg/100 g 0.d.). The El
emission limit is <8 mg/100 g o.d. The measured FC in
boards with different moisture content (MC) was nor-
malized to the FC of boards conditioned to 6.5 % MC
according to EN 312 (2003). With MC ranging from 3

DRVNA INDUSTRIJA 68 (2) 173-178 (2017)

% to 10 %, the EN 120 test value was multiplied by a
factor F, which was calculated from the equation:

F=-0.133-H+ 1.86 (1)

As formaldehyde content is very sensitive to
sample humidity, the moisture content was measured
by the following formula (EN 322 1993):

gomom oo @)

mo
where H is the moisture content, 2, is the mass of

the test pieces before drying (g), and m, is the mass of
the test pieces after drying (g).

2.3 Determination of formaldehyde by the
acetylacetone method

2.3. Odredivanje formaldehida acetilacetonskom
metodom

The amount of formaldehyde released from pan-
els and absorbed by water was determined photometri-
cally by the acetylacetone spectrophotometric analysis
method. This method is based on the Hantzsch reac-
tion, in which aqueous formaldehyde reacts with am-
monium ions and acetylacetone to yield diacetyldihy-
drolutidine (DDL); DDL has an absorption maximum
at 412 nm (Nash, 1953). This technique is widely ap-
plied as a standard procedure for the specific analysis
of formaldehyde.

2.4. Statistical analysis
2.4. StatistiCka analiza

Measured formaldehyde content was analyzed
using SAS version 8.2 (2001). The data were analyzed
using analysis of variance in CRD to show the signifi-
cant differences between the formaldehyde content
values with Duncan’s multiple-range test at 0.05 level
of probability. The values are presented as mean + SD.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Formaldehyde content in different OSB panels
3.1. Sadrzaj formaldehida u razli¢itim OSB plo¢ama

The formaldehyde content of OSB panels was
extremely dependent on the moisture content of the
samples (Tables 2, 3, and 4). It was important that the
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products be near or in equilibrium with the humidity in
the test atmosphere (Meyer 1979).

Table 2 shows the measured and corrected FC of
3-layer OSB/3-A panels (MUF/surface, PU2/core).
The corrected values ranged between 5.954+0.42 and
7.24+0.67 mg formaldehyde/100 g o.d., and these val-
ues are in the range of E1 emission class (E1 < 8 mg
formaldehyde/100 g o0.d.). The formaldehyde values
depended on the oven-dry weight of the board, so that
moisture content affected the FC measured by EN 120

(Salem et al., 2012).
Table 3 shows the measured and corrected FC of
3-layer OSB-B bonded with PU2 resin. The lowest

Table 2 Measured and corrected formaldehyde content of 3-layer OSB/3-A panels (MUF/surface, PU2/core)
Tablica 2. Izmjereni i korigirani sadrzaj formaldehida u troslojnim plo¢ama OSB/3-A (MUF/povrsinski slojevi, PU2/srednji

value (0.48+0.04 mg formaldehyde/100 g o.d.) was
found in panels with a thickness of 15 mm, and the
highest value (0.57+0.11 mg formaldehyde/100 g 0.d.)
occurred in panels of 12-mm thickness. The FC of all
panels was much lower than required by the E1 emis-
sion classification. The variation in minimum and max-
imum values could be related to the sample taken from
the edge of the board or near the center of the board.
Table 4 shows the measured and corrected FC of
3-layer OSB/3-Cpanels bonded with PU1 resin. The
corrected FC values ranged from 0.09+0.22 mg for-
maldehyde/100 g o.d. (18-mm panels) to 0.46+0.40 mg
formaldehyde/100 g o.d. (20-mm panels). Table 5 pre-

sloj)
Measured FC, mg/100 g o.d. Corrected FC, mg/100 g o.d.

Thickness Izmjereni sadrzaj formaldehida, mg/100 g o.d. Korigirani sadrzaj formaldehida, mg/100 g o.d.
Debljina Value* .I\/IIin. M?x. Va1u§ .1\/-[in. ng.

Srednja Minimalna Maksimalna Srednja Minimalna Maksimalna

vrijednost vrijednost vrijednost vrijednost vrijednost vrijednost

8 mm 5.66 + 0.85 3.95 6.11 7.22 +0.78a 5.66 7.77
10 mm 5.50+1.10 3.13 6.48 7.08 + 1.11ab 4.63 7.89
12 mm 5.97+0.70 4.49 7.19 7.24 +0.67a 5.65 7.96
15 mm 5.16£0.72 3.68 6.38 6.48 = 0.72abc 491 7.32
18 mm 5.28 +£0.49 441 6.51 6.33 £ 0.57bc 5.66 7.96
22 mm 4.92+0.51 4.50 5.71 5.95+0.42c 5.43 6.44
25 mm 5354043 4.87 5.70 6.14+0.11c 6.02 6.24

*Mean + SD / srednja vrijednost + SD; Means with the same letter are not significantly different (P < 0.05) according to Duncan’s multiple-
range test. / Prema Duncanovu visestrukom usporednom testu, prosjecne vrijednosti oznacene istim slovom statisticki se znacajno ne razlikuju

(P <0,05).

Table 3 Measured and corrected formaldehyde content of 3-layer OSB-B
Tablica 3. Izmjereni i korigirani sadrzaj formaldehida u troslojnim plocama OSB-B

Measured FC, mg/100 g o.d. Corrected FC, mg/100 g o.d.
. Izmjereni sadrzaj formaldehida, mg/100 g o.d. Korigirani sadrzaj formaldehida, mg/100 g o.d.
Thickness - .

Debljina Value.* .1\/.[1n. M?x. Valuej .1\/.[1n. M?x.

Srednja Minimalna Maksimalna Srednja Minimalna Maksimalna

vrijednost vrijednost vrijednost vrijednost vrijednost vrijednost

12 mm 0.44 +0.09 0.35 0.53 0.57+0.11a 0.45 0.70
15 mm 0.37 +£0.04 0.31 0.40 0.48 £+ 0.04a 0.42 0.53
18 mm 0.39+0.06 0.30 0.52 0.50 +0.08a 0.35 0.66
22 mm 0.42 +0.06 0.36 0.54 0.52+0.07a 0.47 0.69
25 mm 0.37+0.08 0.32 0.47 0.48 £+ 0.09a 0.43 0.58

*Mean + SD / srednja vrijednost + SD; Means with the same letter are not significantly different (P < 0.05) according to Duncan’s multiple-
range test. / Prema Duncanovu visestrukom usporednom testu, prosjecne vrijednosti oznacene istim slovom statisticki se znacajno ne razlikuju

(P <0,05).

Table 4 Measured and corrected formaldehyde content of 3-layer OSB/3-C panels bonded with PU1 resin
Tablica 4. Izmjereni i korigirani sadrzaj formaldehida u troslojnim plo¢ama OSB/3-C lijepljenim smolom PU1

Thickness Measured FC, mg/100 g o.d. Corrected FC, mg/100 g o.d.

Debljina Izmjereni sadrzaj formaldehida, mg/100 g o.d. Korigirani sadrzaj formaldehida, mg/100 g o.d.
Value* Min. Max. Value Min. Max.

Srednja Minimalna Maksimalna Srednja Minimalna Maksimalna

vrijednost vrijednost vrijednost vrijednost vrijednost vrijednost
12 mm 0.24+0.26 0.000 0.600 0.31 £ 0.34ab 0.000 0.785
15 mm 0.22+0.23 0.000 0.500 0.29 +0.31ab 0.000 0.678
18 mm 0.07+0.18 0.000 0.600 0.09 +0.22b 0.000 0.713
20 mm 0.37+0.32 0.000 0.600 0.46 = 0.40a 0.000 0.726
22 mm 0.17+0.24 0.000 0.600 0.22 + 0.30ab 0.000 0.794
25 mm 0.11 +£0.20 0.000 0.500 0.14 +0.25b 0.000 0.624

*Mean + SD / srednja vrijednost + SD; Means with the same letter are not significantly different (P < 0.05) according to Duncan’s multiple-
range test. / Prema Duncanovu visestrukom usporednom testu, prosjecne vrijednosti oznacene istim slovom statisticki se znacajno ne razlikuju

(P < 0,05).

176

DRVNA INDUSTRIJA 68 (2) 173-178 (2017)



e esoeese Salem, Bohm, Nasser: Measuring the Formaldehyde Content from Different Types...

Table 5 Measured and corrected formaldehyde content of 3-layer OSB/4 panels bonded with PU1 resin
Tablica 5. Izmjereni i korigirani sadrzaj formaldehida u troslojnim plo¢ama OSB/4 lijepljenim smolom PU1

Thickness Measured FC, mg/100 g o.d. Corrected FC, mg/100 g o.d.

Debljina Izmjereni sadrzaj formaldehida, mg/100 g o.d. Korigirani sadrzaj formaldehida, mg/100 g o.d.
Value* Min. Max. Value Min. Max.

Srednja Minimalna Maksimalna Srednja Minimalna Maksimalna

vrijednost vrijednost vrijednost vrijednost vrijednost vrijednost

15 mm 0.240 +0.23 0.000 0.500 0.295 +0.289a 0.000 0.650
18 mm 0.167 +0.289 0.000 0.500 0.178 +0.309a 0.000 0.535
22 mm 0.220 +0.205 0.000 0.400 0.260 + 0.239a 0.000 0.460
25 mm 0.400 £ 0.000 0.400 0.400 0.473 +0.027a 0.434 0.497

*Mean + SD / srednja vrijednost + SD; Means with the same letter are not significantly different (P < 0.05) according to Duncan’s multiple-
range test. / Prema Duncanovu visestrukom usporednom testu, prosjecne vrijednosti oznacene istim slovom statisticki se znacajno ne razlikuju

(P < 0,05).

sents the measured and corrected FC of 3-layer OSB/4
panels bonded with PU1 resin. The average values
ranged from 0.178+0.309 mg formaldehyde/100 g o.d.
(18-mm panels) to 0.473+0.027 mg formaldehyde/100
g o.d. (25-mm panels).

These results showed that FC was limited to the
natural content of formaldehyde in solid wood, where
the values are extremely low and result in the produc-
tion of green products. Additionally, the FC values of
panels bonded with PU1 were lower than those of pan-
els bonded with PU2. In contrast, the perforator meth-
od measures the total extractable formaldehyde in the
board, which shows that not all formaldehyde is emit-
ted at room temperature (Xiong and Zhang, 2010).

4. CONCLUSIONS
4. ZAKLJUCAK

1. The measured formaldehyde content of all OSB pan-
els produced was lower than the E1 emission class.

2. All OSB panels produced with different glues and
thicknesses were recognized as green boards.

3. Additional parameters will be studied to measure the
physical and mechanical properties of different OSB
panels and to provide a better evaluation of the prod-
uct.
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HURA

NAZIVI | NALAZISTE

Drvo vrste Hura crepitans L. iz botani¢ke po-
rodice Euphorbiaceae potjeCe iz Srednje i1 Juzne
Amerike. Areal mu se proteze od Velikih Antila preko
Venezuele, Kolumbije i Brazila do Bolivije. Pretezito
raste u tropskim listopadnim ki$nim Sumama duz
rije¢nih tokova.

Ostali su nazivi drva abillo, jubillo (Venezuela),
acacu (Brazil), acuapa, ceiba blanca (Spanjolska), as-
saci (Francuska, Spanjolska, Italija), hura, rakuda,
sandbox, possum wood (Velika Britanija, SAD), sabli-
er (Francuska, Italija, Gvajana).

STABLO

Hura crepitans je listaCa srednje visine, naraste
izmedu 20 i 60 m. Promjer debla krec¢e se od 1 do 2 m,
a visina do prve grane iznosi od 10 do 30 m. Deblo je
cilindricnog oblika. Kora mu je glatka, siva i debela te
sadrzava gorak, otrovan mlije¢ni sok.

DRVO

Makroskopska obiljezja

Drvo je rastresito porozno. Srz i bjeljika podjed-
nake su boje — zutobijele, svjetlosmede do svijetle si-
vomaslinaste. Drvni su traci uo¢ljivi poveéalom. Zica
drva je ravna, srednje finoce.

Mikroskopska obiljezja

Pore su pretezito pojedinacne i pojavljuju se u krat-
kim radijalnim nizovima do Sest zajedno. Malobrojne su,
promjera od 45...150...230 mikrometara. Cesto su ispu-
njene tilama. Gustoca pora krece se od 2 do 5 po mm?
poprecnog presjeka. Udio pora u drvu iznosi oko 8 %.

Drvni su traci homocelularni do slabo izrazeno he-
terocelularni. Siroki su jednu stanicu i difuznog su raspo-
reda. Njihova je Sirina od 24 do 26 mikrometara, a visina
od 70 do 450 mikrometara, odnosno od 4 do 15 stanica.
Gustoca drvnih trakova je 5 do 9 po milimetru na poprec-
nom presjeku. Udio trakova u drvu iznosi oko 10 %.

Drvna su vlakanca libriformska i vlaknaste trahe-
ide. Dugacka su od 1000...1300...1800 mikrometara.
Dvostruka debljina stani¢nih stijenki vlakanaca iznosi
3,0..4,0...6,0 mikrometara, a promjer lumena je
8,0...19,0...40,0 mikrometara. Volumni udio vlakanaca
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u drvu krece se oko 80 %. Aksijalni parenhim i paren-
him drvnih trakova ¢esto su ispunjeni kristali¢ima u
obliku romba.

Fizi¢ka svojstva

Gustoca standardno

suhog drva, p_ 340...380...450 kg/m®
Gustoca prosusenog drva, p,, ; 360...420...490 kg/m’

Gustoca sirovog drva, p_ 600...750 kg/m?

Poroznost oko 75 %
Totalno radijalno utezanje, j, 2,7.3,5%
Totalno tangentno utezanje, f, 4,5...6,5 %
Totalno volumno utezanje, 8, 7,6...10,4 %

Mehanicka svojstva

Cvrstoc¢a na vlak, paralelno
s vlakancima 23,7...57...100 MPa

Cvrstoéa na vlak, okomito

na vlakanca oko 2,5 MPa
Cvrstoca na tlak 30...38...45 MPa
Cvrstoéa na savijanje 57...67...83 MPa

Modul elasti¢nosti 6,1...7,2...9,7 GPa

Tvrdoca prema Brinellu,

paralelno s vlakancima 22...25...28 MPa

TEHNOLOSKA SVOJSTVA
Obradivost

Drvo se dobro i lako rucno i strojno obraduje.
Dobro se lijepi, ljusti, povrsinski obraduje i politira.
Susenje

Drvo se dobro i brzo susi.
Trajnost i zastita

Srz drva slabo je otporna na gljive truleznice
(razred otpornosti 5) i srednje otporna na termite (raz-
red otpornosti S). Otpornost srzi na tercijarne kukce
klasificirana je kao srednje trajna (razred otpornosti 3).
Srz je permeabilna (razred 1).

Uporaba

Od drva hure izraduju se furniri, osobito ljusteni,
kao i konstrukcijsko drvo za izradu laganih konstrukci-
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ja, za proizvodnju oplata drvenih klupa, sanduka, baca-
va, drvene ambalaze i srednjica stolarskih ploc¢a. Na
podrucju svoga prirodnog areala drvo se ¢esto upotre-
bljava i za izradu drvenih splavi.

Sirovina

Drvo se na trzi§tu prodaje u obliku trupaca ili kao
piljena grada. Duzina trupaca obi¢no je 4 — 8 m, a
srednji promjer drva je 0,5 — 1 m.

Napomena

Drvu vrste Hura crepitans L. za sada ne prijeti
nestanak (nije na popisu CITES — Convention on Inter-
national Trade in Endangered Species, niti na popisu
ITUCN — Red list of Threatened Species). Moze se upo-
trebljavati kao zamjena za drvo obeche (Triplochiton
scleroxylon). Drvo sli¢nih svojstava imaju i vrste Hura
polyandra Baill., Alstonia congensis Engl., Dyera con-
stulata Hook, Ricinodendron heudolotii Pierre.
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Upute autorima
Opce odredbe

Casopis Drvna industrija objavljuje znanstvene radove (izvorne
znanstvene radove, pregledne radove, prethodna priopcenja), struéne
radove, izlaganja sa savjetovanja, struéne obavijesti, bibliografske
radove, preglede te ostale priloge s podrucja biologije, kemije, fizike
i tehnologije drva, pulpe i papira te drvnih proizvoda, ukljucujuéi i
proizvodnu, upravljacku i trzisnu problematiku u drvnoj industriji.
Predaja rukopisa podrazumijeva uvjet da rad nije ve¢ predan negdje
drugdje radi objavljivanja ili da nije ve¢ objavljen (osim sazetka, dije-
lova objavljenih predavanja ili magistarskih radova odnosno disertaci-
ja, §to mora biti navedeno u napomeni) te da su objavljivanje odobrili
svi suautori (ako rad ima vise autora) i ovlastene osobe ustanove u ko-
joj je istrazivanje provedeno. Cjelokupni sadrzaj Drvne industrije do-
stupan je za skidanje s interneta, tiskanje, daljnju distribuciju, Citanje i
ponovno koriStenje bez ograni¢enja sve dok se naznace autor(i) i origi-
nalni izvor prema Creative Commons Attribution 4.0 International Li-
cense (CC BY). Autor(i) zadrzavaju izdavacka prava bez ogranicenja.
Znanstveni i stru¢ni radovi objavljuju se na hrvatskome, uz sazetak na
engleskome, ili se pak rad objavljuje na engleskome, sa sazetkom na
hrvatskom jeziku. Naslov, podnaslovi i svi vazni rezultati trebaju biti na-
pisani dvojezi¢no. Ostali se ¢lanci uglavnom objavljuju na hrvatskome.
UredniStvo osigurava inozemnim autorima prijevod na hrvatski. Znan-
stveni i strucni radovi podlijezu temeljitoj recenziji najmanje dvaju re-
cenzenata. [zbor recenzenata i odluku o klasifikaciji i prihvacanju ¢lanka
(prema preporukama recenzenata) donosi Urednicki odbor.

Svi prilozi podvrgavaju se jezi¢noj obradi. Urednici ¢e od autora
zahtijevati da tekst prilagode preporukama recenzenata i lektora,
te zadrzavaju i pravo da predloze skracivanje ili poboljsanje teksta.
Autori su potpuno odgovorni za svoje priloge. Podrazumijeva se
da je autor pribavio dozvolu za objavljivanje dijelova teksta §to su
ve¢ negdje objavljeni te da objavljivanje ¢lanka ne ugrozava prava
pojedinca ili pravne osobe. Radovi moraju izvjeStavati o istinitim
znanstvenim ili tehni¢kim postignué¢ima. Autori su odgovorni za ter-
minolosku i metrolosku uskladenost svojih priloga. Radovi se $alju
elektronickom postom na adresu:

drind@sumfak.hr ili techdi@sumfak.hr

Upute

Predani radovi smiju sadrzavati najvise 15 jednostrano pisanih A4
listova s dvostrukim proredom (30 redaka na stranici), ukljucujuci
i tablice, slike te popis literature, dodatke i ostale priloge. Dulje je
¢lanke preporucljivo podijeliti na dva ili viSe nastavaka. Tekst treba
biti u doc formatu, u potpunosti napisan fontom 7imes New Roman
(tekst, grafikoni i slike), normalnim stilom, bez dodatnog uredenja
teksta.

Prva stranica poslanog rada treba sadrzavati puni naslov, ime(na)
i prezime(na) autora, podatke o zaposlenju autora (ustanova, grad i
drzava) te sazetak s kljuénim rije¢ima (duljina sazetka priblizno 1/2
stranice A4).

Posljednja stranica treba sadrzavati titule, zanimanje, zvanje i adre-
su (svakog) autora, s naznakom osobe s kojom ¢e Urednistvo biti u
vezi.

Znanstveni i struéni radovi moraju biti sazeti i precizni. Osnovna
poglavlja trebaju biti oznacena odgovarajuéim podnaslovima. Na-
pomene se ispisuju na dnu pripadajuée stranice, a obrojcavaju se
susljedno. One koje se odnose na naslov oznacuju se zvjezdicom,
a ostale uzdignutim arapskim brojkama. Napomene koje se odnose
na tablice piSu se ispod tablica, a oznac¢avaju 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 definirati problem i, koliko je moguce, predociti gra-
nice postojec¢ih spoznaja, tako da se Citateljima koji se ne bave po-
dru¢jem o kojemu je rije¢ omoguéi razumijevanje ciljeva rada.
Materijal i metode trebaju biti Sto preciznije opisane da omoguce
drugim znanstvenicima ponavljanje pokusa. Glavni eksperimentalni
podaci trebaju biti dvojezi¢no navedeni.

Rezultati trebaju obuhvatiti samo materijal koji se izravno odnosi na
predmet. Obvezatna je primjena metrickog sustava. Preporucuje se
upotreba SI jedinica. Rjede rabljene fizikalne vrijednosti, simboli i
jedinice trebaju biti objasnjeni 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 piSu normalnim
(uspravnim) slovima, a fizikalni simboli i faktori kosima (italicom).

Formule se susljedno obroj¢avaju arapskim brojkama u zagradama,
npr. (1) na kraju retka.

Broj slika mora biti ograni¢en samo na one koje su prijeko potrebne
za objasnjenje teksta. Isti podaci ne smiju biti navedeni i u tablici i
na slici. Slike i tablice trebaju biti zasebno obroj¢ane, arapskim broj-
kama, a u tekstu se na njih upucuje jasnim naznakama (“tablica 1”
ili “slika 17). Naslovi, zaglavlja, legende i sav ostali tekst u slikama i
tablicama treba biti napisan hrvatskim i engleskim jezikom.

Slike je potrebno rasporediti na odgovaraju¢a mjesta u tekstu, trebaju
biti izradene u rezoluciji 600 dpi, crno-bijele (objavljivanje slika u ko-
loru moguce je na zahtjev autora i uz posebno placanje), formata jpg ili
tiff, potpune i jasno razumljive bez pozivanja na tekst priloga.

Svi grafikoni i tablice izraduju se kao crno-bijeli prilozi (osim na
zahtjev, uz placanje). Tablice i grafikoni trebaju biti na svojim mje-
stima u tekstu te originalnog formata u kojemu su izradeni radi nak-
nadnog ubacivanja hrvatskog prijevoda. Ako ne postoji moguénost
za to, potrebno je poslati originalne dokumente u formatu u kojemu
su napravljeni (excel ili statistica format).

Naslovi slika i crteza ne piSu se velikim tiskanim slovima. Crtezi
i grafikoni trebaju odgovarati stilu ¢asopisa (fontovima i izgledu).
Slova i brojke moraju biti dovoljno veliki da budu lako ¢itljivi na-
kon smanjenja $irine slike ili tablice. Fotomikrografije moraju imati
naznaku uvecéanja, pozeljno u mikrometrima. Uvecanje moze biti do-
datno naznaceno na kraju naslova slike, npr. “uvecanje 7500 : 1”.
Diskusija i zaklju¢ak mogu, ako autori zele, biti spojeni u jedan odje-
ljak. U tom tekstu treba objasniti rezultate s obzirom na problem
postavljen u uvodu i u odnosu prema odgovarajuéim zapazanjima
autora ili drugih istrazivaca. Valja izbjegavati ponavljanje podataka
ve¢ iznesenih u odjeljku Rezultati. Mogu se razmotriti naznake za
daljnja istrazivanja ili primjenu. Ako su rezultati i diskusija spojeni u
isti odjeljak, zakljucke je nuzno napisati izdvojeno. Zahvale se navo-
de na kraju rukopisa. Odgovarajucu literaturu treba citirati u tekstu,
i to prema harvardskom sustavu (ime — godina), npr. (Badun, 1965).
Nadalje, bibliografija 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 navodenija literature

Clanci u ¢asopisima: Prezime autora, inicijal(i) osobnog imena, go-
dina: Naslov. Naziv ¢asopisa, godiste (ev. broj): stranice (od — do).
Doi broj.

Primjer

Karki, 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. izdavac/editor): izdanje (ev. svezak). Mjesto izdanja, izdavac
(ev. stranice od — do).

Primjeri

Krpan, J., 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb,
Tehnicka 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 (brosSure, studije itd.)

Miiller, D., 1977: Beitrag ziir Klassifizierung asiatischer Baumarten.
Mitteilung der Bundesforschungsanstalt fiir 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. sije¢nja 2010).

Autoru se prije konac¢nog tiska Salje pdf rada. Rad je potrebno pazlji-
vo proditati, ispraviti te vratiti UredniStvu s listom ispravaka te s
formularom za prijenos autorskih prava na izdavaca. Ispravci su
ograni¢eni samo na tiskarske pogreske: dodaci ili znatnije promjene
u radu naplacuju se. Autori znanstvenih i stru¢nih radova besplatno
dobivaju po jedan primjerak casopisa. Autoru svakog priloga takoder
se dostavlja besplatan primjerak ¢asopisa.

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



Instructions for authors
General terms

The “Drvna industrija” (“Wood Industry”) journal publishes scientific
papers (original scientific 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. The complete content of the journal Drvna
industrija (Wood Industry) is available on the Internet permitting any
users to download, print, further distribute, read and reuse it with no
limits provided that the author(s) and the original source are identified
in accordance with the Creative Commons Attribution 4.0 International
License (CC BY). The authors retain their copyrights.

The scientific 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 Office shall provide
the translation into Croatian for foreign authors. The scientific 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 classification 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 scientific 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, figures 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 figures), in normal style without additional text editing.
The first page of the paper submitted should contain full title, name(s)
of author(s) with professional affiliation (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
Office.

Scientific 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 define the problem and if possible the framework
of existing knowledge, to ensure that readers not working in that
particular field 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 first
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 figures shall be limited to those absolutely necessary
for clarification of the text. The same information must not be
presented in both a table and a figure. Figures and tables should be
numbered separately with Arabic numerals, and should be referred
to in the text with clear remarks (“Table 17 or “Figure 17). Titles,
headings, legends and all the other text in figures 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 figures 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 sufficiently
large to be readily legible after reduction of the width of a figure or
table. Photomicrographs should have a mark indicating magnification,
preferably in micrometers. Magnification can be additionally indicated
at the end of the figure 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. (Badun, 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 first name, year:
Title. Journal name, volume (ev. issue): pages (from - to). DOI number.

Example:

Karki, 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 first name, year: Title.
(ev. Publisher/editor): edition, (ev. volume). Place of publishing,
publisher (ev. pages from - to).

Examples:

Krpan, J. 1970: Tehnologija furnira i ploca. Drugo izdanje. Zagreb:
Tehnicka 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.):

Miiller, D. 1977: Beitrag zur Klassifizierung asiatischer Baumarten.
Mitteilung der Bundesforschungsanslalt fiir 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
Office 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 scientific papers can be
found on the following website:

www.ease.org.uk/publications/author-guidelines
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