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ABSTRACT e 4n approach for the computation of the temperature conductivity of frozen wood during its defrost-
ing has been suggested. The approach takes into account the physics of the processes of melting of both the frozen
bound and free water in the wood in respective temperature ranges. It reflects for the first time also the influence
of the fiber saturation point and of the volume shrinkage of each wood species on its temperature conductivity
coefficient in frozen state.

In the present paper, the suggested approach for the computation of the temperature conductivity of poplar, spruce,
beech, oak, walnut and acacia in the temperature range between —60 °C and —1 °C is used. It is determined that
the temperature conductivity of wood, during melting of frozen bound water in it, is up to some tens of times larger
than the temperature conductivity of wood during melting of frozen free water in it.

The obtained results can be used both for technological and other engineering calculations and analysis of pro-
cesses of thermal and hydrothermal treatment of wood materials, as well as in software of systems for model based
automatic control of such treatment.

Key words: temperature conductivity, frozen wood, frozen bound water, frozen free water, computation

SAZETAK * U radu se daje preporuka za izracunavanje toplinske vodljivosti smrznutog drva tijekom procesa odm-
rzavanja. U pristupu se uzima u obzir fizika procesa topljenja smrznute vezane i slobodne vode u drvu u odgovarajucim
temperaturnim rasponima. Predlozenim se pristupom po prvi put uzima u obzir utjecaj tocke zasicenosti vlakanaca i
volumnog utezanja svake vrste drva na njezin koeficijent vodljivosti topline u smrznutom stanju.

U radu se predlaze pristup za izracunavanje toplinske vodljivosti drva topole, smreke, bukve, hrasta, oraha i
bagrema u temperaturnom rasponu izmedu —60 °C i —1 °C. Utvrdeno je da je toplinska vodljivost drva tijekom
topljenja smrznute vezane vode u drvu do nekoliko desetaka puta veéa od toplinske vodljivosti drva tijekom
topljenja smrznute slobodne vode u njemu.

Dobiveni se rezultati mogu upotrijebiti za tehnoloske i druge inZenjerske proracune i analize procesa toplinske i
hidrotermicke obrade drvnog materijala, kao i pri izradi softvera za sustave automatskog upravljanja tim procesima.

Kljucne rijeci: toplinska vodljivost, smrznuto drvo, smrznuta vezana voda, smrznuta slobodna voda, proracun

! Authors are professor, PhD student and assistant professors at Faculty of Forest Industry, University of Forestry, Sofia, Bulgaria. > Author is
professor at Faculty of Wood Science and Technology, Technical University in Zvolen, Zvolen, Slovakia.

! Autori su profesor, doktorantica i docenti na Fakultetu za Industriju u Sumarstvu, Sumarskog Sveugiliita u Sofiji, Bugarska. > Autor je profe-
sor na fakultetu za Znanost i tehnologiju drva, Tehnickog Sveucilista u Zvolenu, Slovacka.
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1 INTRODUCTION
1. UVOD

For the technological and other engineering cal-
culations of processes of thermal and hydrothermal
treatment of wood materials, the wood temperature
conductivity coefficient a is often used. It is known that
it represents the relationship of the thermal conductiv-
ity coefficient A to the multiplication of the specific
heat capacity ¢ and density p of the material. During
calculations of heating or cooling of non-frozen wood,
its temperature conductivity coefficient can be deter-
mined according to that relationship using the values of
¢, 4, and p of the wood for specific temperature and
moisture content.

During the calculation of the freezing or defrost-
ing processes of wood, however, it is necessary to take
into account the impact both of the specific heat capac-
ity of the wood itself, and of the heat of the phase tran-
sition of water in the wood from its liquid to hard ag-
gregate condition and vise versa upon the wood
temperature conductivity coefficient.

The heat of the water phase transition in the wood
can be represented by the specific heat capacity of the
frozen hygroscopically bound (c, ) and the frozen free
(c;,) water in the wood. As a result of in-depth disserta-
tion studies, Chudinov (1966) discovers that the melt-
ing of the frozen free water in the wood takes place at
temperatures in the range between —2 °C and —1 °C.
The author also discovers that the melting of the frozen
hygroscopically bound water in the wood ends at
—2 °C, and besides this, the quantity of this frozen wa-
ter increases with the decrease in temperature, but even
during extremely small climatic temperatures on earth,
a definite part of it, u_, , remains in a non-frozen state.

Subsequently for the determination of a during
the calculation of the wood defrosting processes, it
makes sense to use the so called effective specific
wood capacity ¢, which in the range —2 °C<t = —1°C
is equal to the sum of ¢ and (c,, ), and when ¢ = =2 °C
and simultaneously u, < u < u,, then ¢, =c + ¢,
(Chudinov, 1966; Deliiski, 2003b).

For a precise determination of the wood tempera-
ture conductivity coefficient, it is also necessary to take
into account the impact of the fiber saturation point of
the wood U, which for the various wood species
changes in a large range between 0.2 kg-kg! and 0.4
kg-kg! (Perelygin, 1965; Nikolov and Videlov, 1987,
Chudinov, 1966, 1968; Reginac et al., 1990; Shubin,
1990; Pozgaj et al., 1997; Trebula and Klement, 2002;
Pervan, 2009; Kurjatko et al., 2010; Videlov, 2003;
Deliiski, 2003b; Dzurenda and Deliiski, 2010).

The aim of the present work is to suggest an ap-
proach for the computation of the temperature conduc-
tivity of the wood during defrosting of the ice, which is
created by both the hygroscopically bound and free
water in the wood, using the mathematical descriptions
of thermo-physical characteristics of frozen wood,
made earlier by one of the authors.

88

2 MATHERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Computation of a at temperatures T < 271.15

K and wood moisture content u = 0 kg-kg"
2.1. IzraCun koeficijenta toplinske vodljivosti pri

temperaturi T < 271.15 K i sadrzaju vode

u = 0 kg-kg'

As described in the introduction, during the cal-
culations of the wood defrosting processes at 7' <
27115 K (ie. att = -2 °C) and wy = u > u g, the
wood temperature conductivity must be determined ac-
cording to the following equation (Deliiski, 2003b):

)= AT, u,ug,) (1)
[C(T,u, “rsp)+wa(Ts“vursp)]'p(pbsTs“v”rsp’Sv)

where « is temperature conductivity of the wood
with frozen bound water in it (m?-s™), A is thermal con-
ductivity of the wood (W-m'-K"), ¢ is specific heat
capacity of the wood itself (J-kg'-K™), ¢, is specific
heat capacity of the frozen bound water in the wood,
(J'kg'K"), p is wood density (kg-m?), p, is basic
wood density equal to dry mass divided to green vol-
ume (kg'm?), S _is volume shrinkage of the wood (%),
u is wood moisture content (kg-kg™), U, is wood mois-
ture content at fibre saturation point (kg-kg™"), T'is tem-
perature (K).

The thermal conductivity A and the own specific
heat capacity c of the frozen wood during its defrosting
is described mathematically using the data experimen-
tally determined in the dissertations of Kanter (1955)
and Chudinov (1966) for its change as a function of ¢
and u. The same experimental data for A and ¢, ob-
tained by Kanter and Chudinov, are widely used in
both the European literature (Sergovski, 1975; Shubin,
1990; Trebula, 1996; Trebula and Klement, 2002; Vi-
delov, 2003) and the American specialized literature
(Steinhagen, 1986, 1991; Khatabbi and Shteinhagen,
1992, 1993, 1995), when calculating various processes
of thermal treatment of wood.

In the description of a apart from ¢ and u, the in-
dependent parameter U, has been input, which is dif-
ferent for the separate wood species and reflects the
influence of the anatomic characteristics of the wood
on A and ¢, (Deliiski 2003b; Deliiski and Dzurenda,
2010). The mathematical description of the wood den-
sity p, depending on the moisture content u, Uy the
basic density, p,, and (only in the hygroscopic range)
the volume shrinkage, S, which influence it, has been
carried out using the experimental values set by (Ser-
govski, 1975) and shown in (Deliiski, 1977, 2003b,
2011).

The wood thermal conductivity A in equation (1)
can be calculated with the help of the equations (Deli-
iski, 1994, 2003b, 2013c):

A=Ay y-[l+p-(T-273.15)] 2

a(T,u,ug,

where

Jy =Ky, v-[0.165+(1.39+3.8-u)- )

(33107 p2 +1.015:107 - p, )

DRVNA INDUSTRIJA 66 (2) 87-96 (2015)
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v=015-0.07-u @ u<uy, +0.1 kgkg" (@)

(6))

The equations, which have been suggested by
Chudinov (1966, 1968) and shown in (Deliiski, 1977)
can be used for the determination of the values of the
coefficient K, in equation (3), which takes into ac-
count the influence on 4 of the heat flux towards the
separate anatomic directions of the wood. Deliiski
(2003b) determined more precise values of K, for ten
wood species. For wood species discussed below in
this paper, the following values of K, cross sectional to
the fibers (i.e. of K ; = K ) have been determined: K =
1.13 for oak, K = 1.15 for acacia, K = 1.24 for walnut,
K, =1.28 for beech, K = 1.33 for spruce, K = 1.42 for
poplar wood.

The coefficients y and  in equation (2) are calcu-
lated by the following equations:

* For non-frozen wood, i.e. when 7, <7 = 423.15 K
and simultaneously with this u > u_or when u =
u . and simultaneously with this 213.15 K = T =

423.15 K:

v=0.1284-0.013-u @ u >uy, +0.1 kgkg"

y=1.0 (6)
B =(2.05+4-u) 379 0124110

Py (7

@ u<ug, +0.1 kg-kg'1

S =3.65- ﬂ70.124 1107
Py (8
@ u>ug, +0.1 kg-kg!

U, = upy ™ =0.001- (T —293.15) ©)

* For frozen wood, i.e. when 213.15K = 7= T _and
simultaneously with this u > u__ :

y=1+034-[1.15-(u—u,) )] (10)

£ =0.002(u ufsp)0.0038-[ﬂ0.124j (11)

b

g, =0.12+ (uy, —0.12)exp[0.0567 - (T — 271.15)]

@ 213.15 K<T<271.15 K (12)

T, 27115+t 12 i

o ' 0.0567 (13)
@ 0.12 kgkg™ <u =u, Sufzs;us

Tdfr =271.15 @ u >u?s;l‘15 (14)

Uy, =ugy " —0.001-(Ty, —293.15) @ T <Ty; (15)

fsp

In equations (12) and (13) u_ is the amount of the
non-frozen bound water in the wood (in kg-kg™') at given
temperature 7' < 271.15 K and in equations (13), (14),
and (15) T is the temperature (in K), at which the melt-
ing of the frozen bound water in wood with given u is
completed. In equations (9) and (15) ug,"" is the fiber
saturation point of the wood at 7= 293.15 K, i.e. at ¢t =
20 °C, and in equations (13) and (14) ufzsz)l'ls is the fiber
saturation point of the wood at 7=271.15K K, i.e. at¢
=—2 °C (Stamm, 1964; Deliiski 2013b, 2013c).

The values for basic wood density p, and for
moisture content at fibre saturation point at 7= 293.15
K of wood species discussed below in this paper are
shown in Table 1.

The specific heat capacity of the frozen wood it-
self ¢ in equation (1) can be calculated with the help of
the following equations (Deliiski 1990, 2011; Deliiski
and Dzurenda, 2010):

) 526+2.95-T +0.0022 - T*+2261-u +1976 - u,
1+u

0,00075- (7 —271.15)
u

c=K

c

(16)

K, =1.06+0.04-u+

(17

nfw

where u_ is determined according to equation (12).
For the calculation of the specific heat capacity of

the frozen bound water in the wood, ¢, , the following

equation (Deliiski, 2003b, 2004, 2011) has been ob-

tained:

Cou=1.8938-10" (u,, - 0_12)6X19[0-(J567l +(Z ~271.15)]

@ ufsp Zu >unfw

(18)

Table 1 Basic density, wood moisture content at fibre saturation point at 20 °C, and volume shrinkage of some wood species
(acc. to Perelygin, 1965; Nikolov and Videlov, 1987; Reginac¢ et al., 1990; Pozgaj et al., 1997; Kurjatko et al., 2010)
Tablica 1. Osnovna gustoca, sadrzaj vode pri zasi¢enosti vlakanaca pri 20 °C te volumno utezanje nekih vrsta drva (prema
Perelygin, 1965.; Nikolov and Videlov, 1987.; Reginac et al., 1990.; Pozgaj et al., 1997.; Kurjatko et al., 2010.)

Ne Wood species Basic density p, Fiber saturation point ufzjf'” Volume shrinkage
Red. br. Vrsta drva Gustoca drva Tocka zasibenosti viakanaca Volumnmo utezanje

kg'm kg'kg' S, %

1. Poplar / topola 355 0.35 13.3

2. Spruce / smreka 380 0.26 — core; 0.32 — sapwood 11.4

3. Walnut / orah 555 0.24 - core 12.9

4. Beech / bukva 560 0.31 17.3

5. Acacia / bagrem 660 0.20 — core; 0.30 — sapwood 11.2

6. Oak / hrast 670 0.22 — core; 0.29 — sapwood 11.9

DRVNA INDUSTRIJA 66 (2) 87-96 (2015)
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The density of the frozen wood, p, in equation (1)
can be calculated with the help of the following equa-
tions (Deliiski, 2013b):

1+u

23150001+ (T, —293.15)u]

fsp

P =Py
S L
100
@ u<uy, & T<Ty (19)
p=p,(1+u) @ U > Ugg, (20)

In equation (19) S, is the volume shrinkage of the
wood (in %), whose values are given in the last column
of Table 1.

2.2. Computation of a at temperatures 271.15 K <
T < 272.15 K and wood moisture content u >

u

2.2. IZfadun koeficijenta toplinske vodljivosti pri
temperaturi 271.15 K < T < 272.15 K i sadrzaju
vode u > u,

During the calculations of defrosting processes
of wood, which contains free water, i.e. when the con-
dition 271.15< 7 < 27215 & u > U, holds, the wood
temperature conductivity must be determined accord-
ing to the following equation (Deliiski, 2003b):

AT, u,ug,)
[e(T u,uy,) +e (T u,ug, )] -p(py, Tou,ug,)

where a is temperature conductivity of wood with
frozen free water in it (m*s), A is thermal conductivity
of the frozen wood (W-m-K), ¢ is specific heat capac-
ity of wood with frozen free water in it (J-kg'-K™), ¢, is
specific heat capacity of the frozen free water in the
wood, (J-kg'-K™"). The remaining variables in equation
(21) are the same, as in the equation (1).

For the determination of a by equation (21)
the values of A and ¢ must be calculated at

a(T,u,ug,) =

21

T:MZZH.@ K according to above

given equations. The value of p in equations (1) and
(21) must be determined by equations (19) and (20)
correspondingly.

For calculation of ¢, in (21) the following equa-
tion (Deliiski 2003b, 2004, 2011) has been obtained:

¢ =3.34-10° ] (22)
fw .
1+u

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

For the computation of the wood temperature
conductivity according to equations (1) and (21) a soft-
ware program has been prepared in FORTRAN (Dorn
and McCracken 1972), and it has been input in the cal-
culation environment of Visual Fortran Professional
developed by Microsoft.

With the help of the program, computations have
been made for the determination of « in three cases: at
223 15K =T=<271.15K(ie.-60°C =t =<-2°C)
&OSuSursp,at—60°C < ts—2"C&ursps u<12
kg'kg! and at 271.15 K< T =< 272.15K (i.e. 2 °C <
t=-1°C)&u > Up,: The temperature conductivity
cross sectional to the fibers of beech (Fagus Silvatica
L.), poplar (Populus alba L.), oak (Quercus petraea Liebl.),
walnut (Juglans regia L.), acacia (Robinia pseudoacacia J.)
and spruce (Picea abies L.) has been calculated.

3.1 Wood temperature conductivity cross sectional to
the fibers at -60°C < t<-2°C&0=<u=u,
3.1. Toplinska vodljivost drva popre¢no na vlakanca pri

temperaturi -60 °C < t < -2 °Cisadrzajuvode 0 < u <

ufsp

Fig. | and Fig. 2 show, according to equation (1),
the calculated change in the temperature conductivity

—u=0

Beech / bukva

—u=0.05

w

-1 =0.10

N
9

—+u=0.15

——1=0.20

N
N\
S
N

——u =025

— —+u=0.30

%

a

—8-u=0.332 kg/kg

Temperature conductivity a 107, m*: s
Vodljivost topline a 107, m*- s
(')

SN
AN

)

0.5

-60 -50 -40 -30

-20 -10 0

Temperature / temperatura, °C

203.15 _

Figure 1 Change in the temperature conductivity of frozen beech wood with p, = 560 kg'm™ and u, 0.31 kg-kg! cross sectional to the

fibres, depending on # and u < u,

Slika 1. Promjena toplinske vodljivosti smrznute bukovine gustoce p, = 560 kg-m™ i tocke zasic¢enosti vlakanaca s,

poprecno na vlakanca u ovisnosti o temperaturi ¢ i pri u < u,
sp

90

293.15

=0,31 kg'kg
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Figure 2 Change in the temperature conductivity of frozen poplar wood with p, =355 kg-m™ and ug,

sectional to the fibres, depending on z and u < u, )

293.15

=0.35 kg-kg! cross

293.15

Slika 2. Promjena toplinske vodljivosti smrznute topolovine gustoce p, = 355 kg-m™ i tocke zasi¢enosti vlakanaca uz, "~ = 0,35
kg-kg"' popre¢no na vlakanca u ovisnosti o temperaturi £ i pri u < u,_ )

cross sectional to the fibers, a, of frozen beech and
poplar wood, respectively, in the hygroscopic range,
depending on 7 and u. During the computations, the val-
ues from Table 1 of p,, up ", and S have been used. The
values of a_ for wood not containing ice, i.e. for u =0
kg-kg'!, u=0.05 kg-kg! and u = 0.10 kg kg, as well
as fort>1¢, =T, —273.15at u = 0.15 kg'kg' are
calculated according to the equations for non-frozen
wood, which are given in (Deliiski, 2003b, 2011;
Dzurenda and Deliiski, 2010).

The obtained values of 7 . according to equations
(13) and (14) depending on u for the studied wood spe-
cies during the calculation of a_ are given in Table 2.
The value of u, _ obtained according to equation (15) at
T . =271.15 K (Chudinov, 1966), when the maximum
possible amount of frozen bound water in the wood
completely melts, for beech wood with ug,"* = 0.31

kg-kg! is equal to u, = 0.332 kg-kg!' and for poplar

293.15 __

wood with u > = 0.35 kg-kg! is equal to uy, = 0.372
kg-kg'. This values of u,_ are used as maximum values
ofu=u, . during the computation of a_.

The graphs in Fig. 1 and Fig. 2 show that an
increase in ¢ at a given value for u leads to a decrease
in a for wood containing ice as a consequence of the

increase in ¢, (refer to equation (18)) and to an in-

crease in a for wood, which does not contain ice.
Also, the slope for the change in a of wood, which
contains frozen bound water depending on ¢ is much
larger than the slope for the change in ¢ of wood
without ice. The change in @ depending on ¢ with suf-
ficient precision for practical calculations can be
taken as being linear.

From the analysis of Fig. 1 and Fig. 2, it can also
be seen that at a given value of ¢, an increase in u for
wood containing ice, formed in it from freezing of hy-
groscopically bound water, causes an increase in a. At
temperatures, equal to ¢, (see Table 2), a jump takes
place in a. This jump in a is explained by the complet-
ing of the phase transition of the frozen bound water in
the wood at these values for ¢ and u, when the influence
on A and ¢ of a significant difference in the specific
heat capacity of the bound water in a liquid and hard
aggregate condition is observed.

The presence of such a jump in a demonstrates
the correct reflection in equation (1), and in the math-
ematical description of A (Deliiski, 2013c¢) and ¢ of the
setting in the theory of wood thermal treatment (Chudi-
nov, 1968), according to which exactly at temperature
t,. for given value of u the melting of the frozen bound
water in the wood is completed.

Table 2 Change in ¢, (in °C) of frozen wood depending on wood moisture content and wood species
Tablica 2. Promjena temperature ¢, (u °C) smrznutog drva u ovisnosti o sadrzaju vode i vrsti drva

Wood species Wood moisture content u, kg-kg' / Sadrzaj vode u drvu, kg'kg’

Vista drva 0.15 0.20 0.25 0.30 0.332 0.372
Beech / bukva —39.25 —20.68 -11.39 —5.15 —2.00 —2.00
Poplar / topola —42.14 —23.69 —14.53 —8.37 —5.28 —2.00
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3.2. Wood temperature conductivity cross
sectional to the fibers at -60°C < t < -2°C &

u_ < u=<1.2Kkgkg"

3.2. Top"lmska vodljivost drva poprec¢no na vlakanca

pri temperaturi -60 °C < t < -2 °C i sadrzaju vode

Uy, = U= 12kgkg"

Fig. 3 shows, according to equation (1), the cal-
culated change in the temperature conductivity cross
sectional to the fibers, a , of frozen beech and poplar
wood above the hygroscopic range, depending on # and
u. During the computations, the values from Table 1 of
p, and uZ " for beech and poplar wood have been
used. The values of a_ for wood not containing ice, i.e.
for ¢ >t = —2 °C (see equation (14)) at all studied
values of u have been calculated according to the equa-
tions for non-frozen wood, which are given in (Deliis-
ki, 2003b, 2011; Dzurenda and Deliiski, 2010).

The graphs in Fig. 3 show that an increase in ¢ at
a given value for # and an increase in u at a given value
for ¢ leads to the change in a both for wood not contain-
ing and containing ice from the free water, which is the
same as the one shown above for wood, containing
only frozen bound water.

The graphs in Fig. 3 also show thatat r=1¢, =-2
°C jumps take place in a for the wood with u > U,
These jumps are explained by the phase transition into
water of the whole amount of the ice, formed by the
free water in the wood during defrosting above the hy-
groscopic range. Namely, at the value of r = ¢, =—2 °C,
the influence on a of a significant difference in the tem-
perature conductivity of the free water in a liquid and
hard aggregate state occurs.

3.3. Wood temperature conductivity cross
sectional to the fibers at-2°C<t<-1°C &

u>u
3.3. Toplir{sspka vodljivost drva popre¢no na vlakanca
pri temperaturi -2 °C < t < -1 °C i sadrzaju vode
u> g,
Fig. 4 and Fig. 5 show, according to equation
(21), the calculated change in the temperature conduc-
tivity of frozen wood from above mentioned six wood
species, containing frozen free water, depending on u >

5
- 4 Beech / bukva l+u = 0;1
b 5 I
“ —u=06
Ev N “ I
= —-—u=0.8
T B35 seu=1.0 H
¥g 3 NN —~u=12kgkg
£, N — |
€325 N k\
EE ~
§§” 2 N
@38 1.5 P
= 2
S \§
g
g7 05
P
= 0

60 50 -40 30 20 -10 0

Temperature / temperatura, °C

U, in the temperature range —2 °C <¢<—1 °C. During
the computations, the values of p, and ug,,""* from Table
1 have been used.

The values of a are determined for the entire pos-
sible range for the change in the free water in the wood,
ie. foru, <wu < u . where the maximum possible
moisture content u_depends on the density p of the
respective wood specie. The results are shown sepa-
rately in Fig. 2 and Fig. 3 for the moisture ranges u <
u < 0.4 kgkg'and 0.4 kg'kg' <u <u__, due to the
very big differences in the values of a in both ranges.

The results from the calculations show that for
values of u, which are very close to u,,, but are slightly
larger than Uy, the values of @ in the temperature range
—2°C <t < -1 °C are comparable with those that « has
right after the melting of the frozen bound water in the
wood. This fact fully corresponds to the physics of the
wood defrosting process.

However, as u increases in relation to u,_, the val-
ues of a decrease significantly along a hyperbohc line:
from 3.2 to 3.9 times at u = 1.1u, , from 17 to 23 times
atu=2u , from 32 to 36 times at u = 3u, , up to about
40 times at u=5Su, (when the density of the wood spe-
cies allows to have such a high moisture content). A
reason for this is the strong increasing quantity of the
frozen free water in the wood with an increase of u >
u, pand the related increase in the specific heat capacity
c,,» which is a part of the denominator in equation (21).

The drastic decrease of the wood temperature
conductivity in the range —2 °C <t <—1 °C for all ana-
tomic directions of wood, which contains frozen free
water, causes a significant slowing down of the change
in temperature in the frozen wood materials subjected
to thermal treatment in this range up to the moment
when this frozen water melts completely. This fact is
illustrated by many graphs in the specialized literature
(Deliiski, 2003b, 2004, 2009, 2013a; Dzurenda and
Deliiski, 2010; Steinhagen, 1986, 1991; Khatabbi and
Shteinhagen, 1992, 1993, 1995). It confirms the correct
reflection in equation (21) of the physical laws that in-
fluence a in the shown temperature range.

- 5.5 T T
@ 5 lPoplar/topola ‘ —u=04 I
% "n 45 N —u=0.6 H
é Né 4 —u=0.38
Tt —u=1.0
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Figure 3 Change in the temperature conductivity of frozen beech (left) and poplar (right) wood cross sectional to the fibres,

depending on # and u > u,

Slika 3. Promjena toplinslp«: vodljivosti smrznute bukovine (lijevo) i topolovine (desno) popre¢no na vlakanca, u ovisnosti o

temperaturi 71 pr1 u > Ug,
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Figure 4 Change in the wood temperature conductivity of poplar, spruce, beech, oak, walnut and acacia cross sectional to the
fiber depending on u, <u < 0.4 kg-kg'in the range 2 °C<t<-1°C

Slika 4. Promjena toplinske vodljivosti topolovine, smrekovine, bukovine, hrastovine, orahovine i bagremovine poprecno na
vlakanca, u ovisnosti sadrzaju vode u, <u=04 kg-kg! i pri temperaturi —2 °C <t <-1°C

3.4 Computation of the 2D temperature a_T =a (T S.) o’T +l 8_T
distribution in frozen logs during their or  Cr\tlispsPoo Oy a2 r or
defrosting (23)
3.4. Proracun 2D raspodjele temperature u o%T
smrznutom trupcu tijekom odmrzavanja tay (T, u,uggy,pp,Sy) 6_2
Z
The above results have been used for the calcula- with an initial condition
tion of log defrosting according to the following math-
ematical model (Deliiski, 2003b): I(r, z, 0) =T, (24)
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Figure 5 Change in the wood temperature conductivity of poplar, spruce, beech, oak, walnut and acacia cross sectional to the
fiber depending on 0.4 kg-kg' <u <wu__inthe range -2°C<t<-1°C

Slika 5. Promjena toplinske vodljivosti topolovine, smrekovine, bukovine, hrastovine, orahovine i bagremovine poprecno na
vlakanca, u ovisnosti o sadrzaju vode 0.4 kg-kg' <u < u__ i pri temperaturi =2 °C <¢<-1°C
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Figure 6 Change in 7 in the longitudinal section of poplar logs with R = 0.2 m, L = 0.8 m, ¢,= =40 °C, u = 0.3 kg-kg" (left)

and u = 0.6 kg-kg' (right) during their defrosting at = 80 °C

Slika 6. Promjena temperature u longitudinalnom presjeku topolova trupca promjera R = 0,2 m, duljine L = 0,8 m, temperatu-
re 1, = -40 °C, sadrzaja vode u = 0,3 kg-kg'' (lijevo) i sadrzaja vode u = 0,6 kg-kg'' (desno) tijekom procesa odmrzavanja pri

temperaturi ¢ = 80 °C

and a boundary condition for thermal treatment of the
logs in agitated hot water at their prescribed surface
temperature:

70,2 1)=T(0,z7)=T, (1), 25)

where a_and a_ are temperature conductivities of the
wood in radial direction and parallel to the fiber, re-
spectively (m?-s),  is radial coordinate: 0 < r < R, R
is radius of the log (m), z is longitudinal coordinate: 0
<z < L/2, L is length of the log (m), 7 is temperature
(K), T, is initial temperature of the log subjected to de-
frosting (K), 7 is temperature of the processing (heat-
ing) medium (K), u is wood moisture content (kg-kg™),
u,  is wood moisture content at fibre saturation point
(kg-kg"), p, is basic density of the wood (kg'm™), S, is
volume shrinkage of the wood (%), T is time (s).

For the numerical solution of the mathematical
model, which is presented in common form by equa-
tions (23), (24), and (25), a software package has been
prepared in the calculation environment of Visual For-
tran Professional. With the help of the software pack-
age, computations have been made for the determina-
tion of the 2D non-stationary change in the temperature
in frozen poplar logs subjected to defrosting with R =
0.2m, L =0.8m, ¢, =—40 °C and two values of wood
moisture content u = 0.3 kg-kg' and u = 0.6 kg-kg!
during their 16 hours of heating in agitated hot water
with £ = 80 °C. The log with u = 0.3 kg-kg"' contains
almost the maximum possible amount of frozen bound
water in the wood and does not contain frozen free wa-
ter. The log with u = 0.6 kg-kg! contains not only fro-
zen bound water but also contains a significant amount
of frozen free water.

The increasing of the heating medium tempera-
ture, ¢ _, from the value of ¢ =, to ¢ =80 °C = const
grows exponentially with time constant, equal to 1800
s. This increasing of ¢ at the beginning of log heating
can be seen in the Fig. 6. The values of R, L, L, and u
have been selected so as to correspond to cases com-
mon in practice. The duration of 16 h of log heating at

94

t_= 80 °C has been proven as sufficient for complete
melting of the ice in the studied logs.

During the computations, the values from Table 1
of p, ug, ", and S, for poplar wood have been used.
The calculations have been done with values of a_ =
1.04a_and a,= 1.95a_(Deliiski, 2003b), where a_is the
temperature conductivity of the poplar wood cross sec-
tional to the fibers, whose values for u = 0.3 kg kg
and u = 0.6 kg-kg!' can be seen in Fig. 2, Fig. 3 (right),
and Fig. 5.

Fig. 6 shows the computed change in the surface
temperature of the logs, which is equal to #_, and also
in the temperature in 5 characteristic points in the % of
the longitudinal section of logs (because of its symme-
try to the remaining % of the section). The coordinates
of the characteristic points are given in the legend of
the graphs.

The curves of the log axe situated on characteristic
points with coordinates (R, L/4) and (R, L/2) on the right
part of Fig. 6 show the specific almost horizontal sec-
tions of retention of the temperature for a long period of
time in the range from —2 °C to —1 °C, while in these
points a complete melting of the frozen free water in the
wood occurs. Such retention of the temperature in the
range from —2 °C to —1 °C has been observed in wide
experimental studies during the defrosting process of
pine logs with frozen free water in them (Steinhagen,
1986; Khattabi and Steinhagen, 1992, 1993).

The reason for the temperature retention in the
range from —2 °C to —1 °C is the very low value of the
temperature conductivity coefficient a , which is equal
to 0.1-107 m?s! for the poplar wood with u = 0.6
kg-kg! in this range (see Fig. 5). In the range —40 °C <
t < =2 °C, the value of a_ of the same frozen poplar
wood changes froma_=3.24:10"m*s" toa = 1.01-10-
" m?-s' (see Fig. 3-right), i.e. it is from 32.4 to 10.1
times larger comparing with a_ = 0.1-107 m*:s". Be-
cause of this, the temperature in the logs with frozen
free water in them increases much faster in the range
—40 °C <t<-2 °C than in the range —2 °C <t <—1 °C.
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Analogically, the almost horizontal sections in
the change of the wood temperature are absent during
defrosting of the ice, formed only by bound water in
the wood (see the left part of Fig. 6).

4 CONCLUSIONS
4. ZAKLJUCAK

The present paper describes the approach suggest-
ed by the authors for the computation of the temperature
conductivity of frozen wood materials at temperatures
below —1 °C during their defrosting. The approach takes
into account to a maximum degree the physics of the
processes of melting of the ice, formed by both the
bound and the free water in the wood. It reflects the in-
fluence of the temperature, moisture content and density
of the wood, and for the first time also the influence of
the fiber saturation point of each wood species on its
temperature conductivity in a frozen state.

The obtained results for poplar, spruce, beech,
oak, walnut, and acacia show that, when all other condi-
tions are equal, the wood temperature conductivity dur-
ing melting of the frozen bound water is up to some tens
of times larger than the wood temperature conductivity
during melting of the frozen free water in the wood. This
fact determined for the first time quantitatively for the
studied wood species causes a significant slowing down
of the change in temperature in the frozen wood materi-
als subjected to thermal treatment up to the moment,
when the frozen free water melts completely.

It has been determined that the change in a de-
pending on ¢ with sufficient precision of calculations
can be taken as linear for practical reasons, when ¢ <—2
°Cforall0 =u =< Ug, and hyperbolic when —2 °C < ¢
= —1 °C and simultaneously with this u >u,_.

The results of this work can be used for both
technological and other engineering calculations and
analysis of processes of thermal and hydrothermal
treatment of wood materials, as well as in system soft-
ware for model based automatic control (Hadjiski,
2003, 2013) of such treatment. The suggested method-
ology for the computation of the temperature conduc-
tivity of frozen wood during its defrosting can also be
used for science based dimensioning of the mentioned
processes with the help of all classical approaches,
which are well known from the textbooks and other
specialized literature.
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ABSTRACT e This study was designed to determine some physical properties such as surface roughness and
oven dry density, and some mechanical properties such as modulus of elasticity (MOE) of borate-treated wood
specimens. Wood specimens were prepared from Oriental beech (Fagus orientalis L.). Ammonium pentaborate
octahydrate (APBO), ammonium tetrafluoroborate (ATFB), and sodium tetrafluoroborate (STFB) were used as
borates. Before tests, wood specimens were impregnated with 0.25, 0.50, 1.50, and 3.00 percent aqueous solutions
of borates.

The results showed that borate treatment caused increases in oven dry density and surface roughness, while it
decreased MOE values of Oriental beech.

Keywords: borates, oven dry density, modulus of elasticity, surface roughness, Oriental beech

SAZETAK e Cilj istrazivanja bio je odrediti neka fizikalna obiljezja kao $to su hrapavost povrsine i gustoéa u
apsolutno suhom stanju te odredena mehanicka svojstva kao sto su modul elasticnosti (MOE) uzoraka drva im-
pregniranih boratima. Uzorci drva izradeni su od orijentalne bukovine (Fagus orientalis L.). Amonij pentaborat
oktahidrat (APBO), amonij tetrafluoroborat (ATFB) i natrij tetrafluoroborat (STFB) upotrijebljeni su kao borati.
Prije ispitivanja, uzorci drva impregnirani su otopinom vode i 0,25 %, 0,50 %, 1,50 % i 3,00 % borata.

Rezultati su pokazali da impregniranje drva orijentalne bukovine boratima pridonosi porastu gustoce u apsolutno
suhom stanju i povecanju hrapavosti povrsine, a smanjuju se vrijednosti modula elasticnosti drva.

Kljuéne rijeci: borati, gustoc¢a u suhom stanju, modul elasticnosti, hrapavost povrsine, orijentalna bukovina
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1 INTRODUCTION
1. UVOD

Throughout the course of history, wood has re-
mained one of the most important renewable natural
resources available to man. It is a natural, cellular,
composite material of botanical origin possessing
unique structural and chemical characteristics that ren-
der it desirable for a broad variety of end users.
(Yalinkilic, 2000). However, wood possesses several
undesirable properties that impair its performance and
limit its application. Flammability of wood is one of
the most severe problems leading to huge loss of life
and property (Lee et al., 2004). The flammability of
wood can be reduced by treating wood with fire retard-
ants. Most existing fire retardants are effective in re-
ducing different fire parameters of wood such as ignit-
ability, heat release, and flame spread. In recent years,
there has been a rapid increase in the application of
chemicals to wooden materials in order to improve
their physical, mechanical, biological, and fire proper-
ties (Brelid ef al., 2000; Chao and Lee, 2003; Su, 1997,
Yalinkilic et al., 1999). Borates have several advan-
tages as wood preservative in addition to imparting
flame retardancy, providing sufficient protection
against wood destroying organisms and low volatility.
Moreover, they are colorless and odourless (Hafizoglu
et al., 1994; Murphy, 1990; Drysdale, 1994; Chen et
al., 1997). Threshold levels of boron against microor-
ganisms and insects were extensively studied by many
researchers (Drysdale, 1994; Grace et al., 1992; Tama-
shiro et al., 1991, Lloyd, 1993). Borates provide pro-
tection against all forms of wood destroying organ-
isms, including decay fungi (such as wet and dry rot),
wood boring beetles (such as common furniture beetle,
house longhorn beetle, and powder post beetles) and
termites (including dry wood and subterranean) (Lloyd
et al., 1995). Baysal and Yalinkilic (2005) studied de-
cay resistance of wood against brown and white rot
fungi, impregnated with boron containing compound
named PHN . They found that PHN imparted complete
decay resistance against brown rot and white rot fungi
Tyromycetes palustris and Coriolus versicolor, respec-
tively. Simsek et al. (2010) investigated decay resist-
ance of Oriental beech wood impregnated with some
borates such as ammonium pentaborate octahydrate
(APBO), ammonium tetrafluoroborate (ATFB), and
sodium tetrafluoroborate (STFB). Results indicated
that borate-treated wood showed considerable resist-
ance against decay fungus compared to that of untreat-
ed control specimen. Kartal et al. (2004) reported that
boron-containing quaternary ammonia compound,
didecyl dimethyl ammonium tetrafluoroborate (DFB)
treatment at 0.1 % concentration was efficient against
subterranean termites, Captotermes formosanus Shira-
ki bases on mass loss in both leached and unleached
wood specimens. Also, it is well known that boron
compounds work efficiently as fire retardant chemicals
for cellulosic materials. The fire retardant properties of
boron containing compounds were surveyed by many
scientists and proven to be effective since late 19th
centuries (Lyons, 1970). Yuksel ef al. (2014) investi-
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gated combustion properties of Oriental beech impreg-
nated with boric acid, borax, and sodium perborate.
They found that mass loss and temperature values of
borate-treated wood specimens were lower than un-
treated wood specimens at all combustion stages. Jin et
al. (2014) studied fire resistance of disodium octobo-
rate tetrahydrate, and boric acid impregnated Southern
pine wood by TG analysis. They found that while the
mass loss rate decreased, the char yield increased im-
pregnated with borates after TG analysis. However,
borates are generally leachable from treated wood in
ground contact conditions (Yalinkilic et al., 1995).
Therefore, the utilization of boron compounds is re-
stricted to indoor conditions. Many attempts have al-
ready been made to reduce leaching of borates from
treated wood through chemical fixation of boron. Bay-
sal et al. (2004) investigated leaching of boric acid
from Sugi wood when boric acid mixed with furfuryl
alcohol. Results of the leaching tests indicated that bo-
ric acid readily lost its boron content in the early cycles
of the leaching periods. When furfuryl alcohol was
mixed with borates, boron was released to the leaching
water at slower amounts, suggesting the possibility of
longer protection of treated wood in service. Dauvergne
et al. (2000) reported that the mixture of boric acid,
glycerol, and glyxocal impregnated Wood pine results
in less boron leaching due to formation of complexes.
Lloyd et al. (1990) reported that the addition of polyols
to borate solutions greatly increased the boron stability
through borate/polyolchelate complexion.

Wood strength is affected when wood is treated
with preservatives or fire retardant (FR) chemicals
(Winandy and Margeret, 1988). Many of the metallic
oxides commonly used in water-borne preservative
formulations react with the cell wall components by
undergoing hydrolytic reduction upon contact with
wood carbohydrates. This process, known as fixation,
oxidizes the wood cell wall component and may reduce
wood strength (Dauvergne et al., 2000). The relative
impact of various water-borne preservative systems is
directly related to the preservative chemistry and se-
verity of its fixation/precipitation reaction (Winandy,
1996). Water-borne preservative treatments generally
reduce the mechanical properties of wood more than
oil-type preservative treatments, because water-borne
preservative chemicals physically react with the wood
cell wall material (Fruno and Gato, 1978). Toker et al.
(2008) studied about the compression strength parallel
to grain (CSPG) of Oriental beech and Calabrian pine
impregnated with boric acid, borax and sodium perbo-
rate. They found that CSPG of both wood specimens
impregnated with borates were lower than the untreat-
ed wood specimens. Simsek et al. (2010) studied mod-
ulus of rupture (MOR) of Oriental beech wood impreg-
nated with ammonium pentaborate octahydrate
(APBO), ammonium tetrafluoroborate (ATFB) and
sodium tetrafluoroborate (STFB). They found that
MOR of borate- treated Oriental beech was lower than
untreated wood.

This study was performed to determine some
physical properties such as surface roughness and oven
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dry density, and some mechanical properties such as
modulus of elasticity of Oriental beech wood impreg-
nated with aqueous solutions (0.25 %, 0.50 %, 1.50 %,
and 3.00 %) of ammonium pentaborate octahydrate
(APBO), ammonium tetrafluoroborate (ATFB) and so-
dium tetrafluoroborate (STFB).

2 MATERIALS AND METHODS
2. MATERIJAL | METODE

2.1 Preparation of test specimens and chemicals
2.1. Priprema uzoraka drva i kemikalija

Wood specimens measuring 20 (tangential) x 20
(radial) x 360 (longitudinal) mm, 20 (tangential) x 20
(radial) x 20 (longitudinal), and 75 (tangential) x 6 (ra-
dial) x 150 (longitudinal) mm were prepared from air-
dried sapwood of Oriental beech for MOE, oven dry
density and surface roughness tests, respectively.
Aqueous solutions of ammonium pentaborate octahy-
drate (APBO), ammonium tetrafluoroborate (ATFB)
and sodium tetrafluoroborate (STFB) were dissolved in
distilled water at concentrations of 0.25 %, 0.50 %,
1.50 %, and 3.00 %. Ammonium pentaborate octahyd-
rate was purchased from Alfa-Aesar Chemicals while
ammonium tetrafluoroborate and sodium tetrafluoro-
borate were purchased from Sigma—Aldrich Chemi-
cals. Purities of APBO, ATFB, and STFB were 99.5 %,
>98 %, and 97-100 %, respectively.

2.2 Impregnation method
2.2. Metoda impregnacije

Wood specimens were impregnated with aqueous
solutions of borates according to ASTM D 1413-76
(1976). Treatment solutions were prepared the day be-
fore the impregnation for homogenizing. A vacuum
desiccator used for the impregnation process was con-
nected to a vacuum pump through a vacuum trap. Vac-
uum was applied for 60 min at 760 mmHg before sup-
plying the solution into the chamber followed by
another 60 min at 760 mmHg diffusion period under
vacuum. Retention of boron was calculated from the
following equation:

Retention {k_g] = GxC x 10

3

m V
Where:
G — the amount of solution absorbed by the wood
G=T, T,

T, —the wéight of wood after impregnation (g),

T, — the weight of wood before impregnation (g),

C — the concentration of the solution as a percentage,
V' — the volume of the specimen in cm’.

2.3 Surface roughness (R)
2.3. Hrapavost povrsine (R,)

Roughness parameter, which is mean peak-to-
valley height (Rz), can be calculated from the peak-to
valley values of five equal lengths within the profile.
Surface roughness measurement was made in the di-
rection parallel to grain according to DIN 4768 (1990).
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2.4 Oven dry density
2.4, Gustoca drva u suhom stanju

Oven dry density values of wood specimens were
determined according to TS EN 2472 standard (1976)
and the values were calculated with the following

equation:
cm Vo
Where

d — oven dry density value of wood specimens
W —oven dry weight of wood specimens
V, — oven dry volume of wood specimens.

2.5 Modulus of elasticity (MOE)
2.5. Modul elasti¢nosti (MOE)

The modulus of elasticity of wood specimens
was determined according to TS EN 310 (1999). Wood
specimens had been conditioned at 20 °C and 60 % RH
for two weeks prior to testing. The MOE of wood spec-
imens treated with borates was calculated using the fol-
lowing formula:

N |_  PxI’
mm? 4xbxh’x Y

MOE [

Where P is the maximum load (N), / is span
(mm), b is the width of specimen (mm), /4 is thickness
of specimen (mm), and Y is the deflection (mm).

2.6 Evaluations of test results
2.6. Analiza dobivenih rezultata

Test results were evaluated by a computerized
statistical program composed of analysis of variance
and following Duncan tests at the 95 % confidence
level. Statistical evaluations were made on homogene-
ity groups (HQG), of which different letters reflected sta-
tistical significance.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Surface roughness of borate-treated Oriental

beech wood specimens
3.1. Hrapavost povrSine uzoraka orijentalne bukovine

impregniranih boratima

Surface roughness (R.) values of wood specimens
before and after borate treatment are given in Table 1.
Our results showed that borate treatments increased sur-
face roughness of Oriental beech. The increase of Rz
was changed nearly from 30 % to 92 % after borate
treatments. Therefore, it was concluded that the surface
of borate-treated Oriental beech was rougher after treat-
ment. The wooden materials with rough surface need
more sanding process than those with smooth surface.
However, sanding process causes a decrease in t of ma-
terial (Follrich et al. 2006). Our results showed that in-
creased solution concentration of borates did not ad-
versely influence surface roughness of Oriental beech.
Among the treatment solutions, 3.00 % APBO caused
the lowest increase of surface roughness, while the treat-
ment with 3.00 % ATFB caused the highest increase of
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surface roughness of Oriental beech. Ayrilmis et al.
(2006) investigated the effect of various fire retardants
on surface roughness of plywood. They found that sam-
ples treated with 6 % concentration of boric acid had the
highest R_value. Also, they reported that the R_values of
borax, boric acid and monoammonium phosphate at
higher concentration (6 % or 11 %) were always rougher
than at lower concentrations (3 %) except for 11 % con-
centration of diammonium phosphate. However, the
roughness of wood is a complex phenomenon. Several
factors, such as anatomical structure of wood, growing
characteristics, machining properties and pre-treatments
of wood before machining, should be considered for the
evaluation of the surface roughness of wood (Aydin and
Colakoglu, 2003; Aydin and Colakoglu, 2005; Temiz et
al., 2005).

3.2 Oven dry density values of borate-treated
Oriental beech wood specimens

3.2. Vrijednosti gusto¢e u suhom stanju uzoraka
orijentalne bukovine impregniranih boratima

The oven dry density values of wood specimens
are given in Table 2. The oven dry densities of borate-
treated Oriental beech wood specimens were ranged
from 0.566 to 0.685 g/cm?. The oven dry density values
of borate-treated wood specimens were higher com-
pared to untreated wood specimen. The highest oven
dry density value of wood specimens was obtained as
0.685 g/em’® for those treated with 3.00 % APBO. The
lowest oven dry density value was obtained as 0.547 g/
cm?® for untreated Oriental beech. According to our re-
sults, there was a statistical difference in oven dry den-
sity values between untreated Oriental beech and im-
pregnated Oriental beech with 3 % concentration of all
borates. Toker (2007) found that oven dry density val-
ues of boric acid, borax and sodium perborate treated
wood specimens were higher than values of untreated
wood specimens. Our results are consistent with data
from Toker (2007). Density plays an important role in

influencing both physical and mechanical properties of
wood and wood-based materials (Akbulut et al., 2004).
There is, in fact, a close correlation between mechani-
cal properties, hardness, abrasion resistance and heat
value of wood on the one hand, and density on the
other (Kollman and Cote, 1968). Also, wood density is
an important factor determining possible uses of wood.
For instance, strength, flexibility and surface hardness
of heavy wood are higher than those of light wood. It
gives better protection against corrosive effects. In
some situations, it is desirable for wood to be soft, easy
processing and have lower shrinkage and swelling.
This can be possible when wood is light (Ors and Kes-
kin, 2008). According to our results, borate treatment
increased oven dry density values of wood specimens.

3.3 MOE of borate treated Oriental beech wood

specimens
3.3. Modul elasti¢nosti uzoraka orijentalne bukovine

impregniranih boratima

The MOE of wood specimens are given in Table
3. The MOE values of borate-treated wood specimens
were lower compared to untreated wood specimen.
Our results showed that borate treatments decreased
MOE of Oriental beech (1.42 - 15.18 %). The highest
MOE value of wood specimen was 11821 N/mm? for
untreated Oriental beech. The lowest MOE value was
10026 N/mm? for treated specimens with 3.00 %
APBO. In general, the MOE values of wood speci-
mens were the lowest for those treated with 3.00 %,
1.50 %, 0.50 % and 0.25 %, respectively. No statistical
difference was found in MOE values between untreat-
ed Oriental beech wood and borate-treated Oriental
beech wood. Colakoglu et al. (2003) found that MOE
levels of laminated veneer lumber treated with 5 % bo-
ric acid were reduced by 3.8 % compared to untreated
control. Gerhards (1970) found that fire-retardant
chemical treatment and kiln-drying reduce the MOE of
wood by an average of 5 %. Toker et al. (2009) re-

Table 1 Surface roughness (R ) values of borate-treated Oriental beech wood specimens
Tablica 1. Vrijednosti hrapavosti povrsine uzoraka orijentalne bukovine impregniranih boratima

. Concentration Before impregnation After impregnation Change
Chemicals .. . .. . .. .
Kemikalija Konce;nracz]a Prije impregnacije Nakon impregnacije Promjena

% Mean® SD Mean* SD %

Untreated / neimpregnirano - 32.92 12.37 - - -
0.25 34.54 7.99 51.02 14.57 +47.71
APBO 0.50 28.93 2.36 46.07 5.28 +59.25
1.50 28.22 6.38 50.95 6.31 +80.55
3.00 37.12 11.12 48.28 6.60 +30.06
0.25 33.77 7.78 59.79 6.99 +77.05
ATFB 0.50 35.49 15.61 60.87 18.18 +71.51
1.50 35.55 20.81 59.76 19.62 +68.10
3.00 28.29 11.77 54.35 20.04 +92.12
0.25 29.66 3.10 46.44 4.11 +56.57
STFB 0.50 26.13 8.25 48.75 8.39 +86.57
1.50 33.25 14.90 54.83 15.64 +64.90
3.00 27.99 8.16 53.15 7.79 +89.89

Note: * Results reflect observations of five wood specimens / Rezultati se odnose na pet uzoraka drva.
SD — Standard deviation / standardna devijacija; APBO — Ammonium pentaborate octahydrate / amonij pentaborat oktahidrat; ATFB — Am-
monium tetrafluoroborate / amonij tetrafluoroborate; STFB — Sodium tetrafluoroborate / natrij tetrafluoroborat
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Table 2 Oven dry density values of borate-treated Oriental beech wood specimens
Tablica 2. Vrijednosti gustoce u suhom stanju uzoraka orijentalne bukovine impregniranih boratima

. Concentration | Retention Change
Chemicals .. .. Mean* .
Kemikalija Koncel?traczja Retencija glom’® SD HG Promjena

% kg/m? %

Untreated / neimpregnirano - - 0.547 0.018 A -
0.25 1.37 0.568 0.054 A 3.84
0.50 2.13 0.585 0.051 AB 6.95
APBO 1.50 7.16 0.614 0.056 ABC 12.25
3.00 18.24 0.685 0.018 C 25.23
0.25 1.66 0.572 0.055 AB 4.57
0.50 2.79 0.566 0.016 A 3.47
ATEB 1.50 9.10 0.684 0.052 C 25.05
3.00 16.21 0.670 0.025 C 22.49
0.25 1.68 0.588 0.019 AB 7.50
STFB 0.50 2.50 0.643 0.030 BC 17.55
1.50 8.33 0.646 0.017 BC 18.10
3.00 15.26 0.678 0.052 C 23.95

Note: * Results reflect observations of ten wood specimens / Rezultati se odnose na deset uzoraka drva.

HG - Homogeneity groups obtained by statistical analysis with similar letters reflecting statistical insignificance at the 95 % confidence level.
/ homogenost grupe dobivena statistickim testom oznacena je istim slovima i upucuju na statisticki nesignifikantne razlike uz pouzdanost 95 %;
SD — Standard deviation / standardna devijacija; APBO — Ammonium pentaborate octahydrate / amonij pentaborat oktahidrat; ATFB — Am-
monium tetrafluoroborate / amonij tetrafluoroborat; STFB — Sodium tetrafluoroborate / natrij tetrafluoroborat

ported that MOE values of borate-treated Oriental
beech wood were lower compared to untreated Orien-
tal beech wood. Yildiz ef al. (2004) reported that there
was an almost 10 % decrease in MOE of yellow pine
(Pinus sylvestris L.) wood samples treated with CCA.
Our results are consistent with the findings of the
aforementioned studies. According to our results, bo-
rate treatments decreased MOE of Oriental beech by
1.42 % to 15.18 %. It may be due to the fact that wa-
terborne preservative formulations do react with the
cell wall components by undergoing hydrolytic reduc-
tion upon contact with wood sugars. This process,
known as fixation, oxidizes the wood cell wall compo-

nents and may reduce wood strength (Winandy and
Margeret, 1988). Our results showed that, generally,
higher concentration levels of borates resulted in low-
er MOE values of Oriental beech wood specimens.
The National Forest Products Association (NFPA)
(1973) recommends that the allowable stresses for
fire-retardant treated wood for design purposes be re-
duced by 10 % as compared to untreated wood; the
allowable loads for fasteners are also reduced by 10 %.
Also, it requires a 10 to 20 % reduction in allowable
design stress, depending on mechanical property under
consideration (NFPA, 1986). Therefore, our results
meet NFPA requirements.

Table 3 Modulus of elasticity (MOE) values of borate-treated Oriental beech wood specimens
Tablica 3. Vrijednosti modula elasticnosti uzoraka orijentalne bukovine tretiranih boratima

. Concentration Retention \ Change
Chemicals .. .. Mean* .
Kemikalija Konceftracya Retencija glom? SD HG Promjena

% kg/m? %

Untreated / neimpregnirano - - 11821 1274 A -
0.25 0.76 10990 1147 A -7.03
0.50 1.23 10656 1086 A -9.86
APBO 1.50 3.29 10389 916 A -12.11
3.00 9.58 10026 1029 A -15.18
0.25 0.46 11653 1277 A -1.42
0.50 1.54 11523 1349 A -2.52
ATEB 1.50 4.65 11275 1125 A -4.62
3.00 8.44 10761 1048 A -8.97
0.25 0.73 11145 1186 A -5.72
0.50 1.72 11034 1240 A -6.66
STEB 1.50 5.97 11374 1127 A -3.78
3.00 14.32 10502 1043 A -11.16

Note: * Results reflect observations of ten wood specimens / Rezultati se odnose na deset uzoraka drva.
HG - Homogeneity groups obtained by statistical analysis with similar letters reflecting statistical insignificance at the 95% confidence level. /
homogenost grupe dobivena statistickim testom oznacena je istim slovima i upucuje na statisticki nesignifikantne razlike uz pouzdanost 95 %;
SD — Standard deviation / standardna devijacija; APBO — Ammonium pentaborate octahydrate / amonij pentaborat oktahidrat; ATFB — Am-

monium tetrafluoroborate / amonij tetrafluoroborat; STFB — Sodium tetrafluoroborate / natrij tetrafluoroborat
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4 CONCLUSIONS
4. ZAKLJUCAK

Surface roughness, oven dry density, and MOE
of borate-treated Oriental beech were investigated in
this study. Borate impregnation was concluded to
cause increase in oven dry density and surface rough-
ness, and decrease in MOE of Oriental beech.

In conclusion, borate treatments increased oven
dry density values of Oriental beech wood specimens.
Wood density affects the possible uses of wood. Heavy
wood has better protection against corrosive effects be-
cause of its strength, flexibility and surface hardness
than light wood (Ors and Keskin, 2008). However, it
caused rougher wood surface and lower MOE of Ori-
ental beech. In rougher wood surface, losses occurring
in the planing machine are increased and low quality
surfaces are attained. Modulus of elasticity is a mea-
sure of stiffness of a material. Therefore, MOE values
are important for designing wood constructions (Yildiz
et al., 2004). Our results showed that borate treatments
decreased MOE of Oriental beech by 1.42 % to 15.18
%. However, our results met the requirements of the
National Forest Products Association (NFPA) for de-
sign purposes.
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ABSTRACT ¢ This paper describes the research of slow pyrolysis of firwood (Abies bornmiilleriana Mattf.) saw-
dust by using fixed-bed reactor. The effect of temperature ranging between 350 and 600 °C on gas, liquid and solid
products was examined. The maximum bio-oil yield of 45.9 % was obtained at the final pyrolysis temperature of
500 °C. The elemental analysis and heating value of bio-oil and bio-char were determined, and then the chemi-
cal composition of the bio-oil was investigated using chromatographic and spectroscopic techniques such as Gas
Chromatography—Mass Spectrometry (GC/MS) and Proton Nuclear Magnetic Resonance ('H-NMR). The liquid
product was mainly composed of phenolics, including 2-methoxy-phenol, 2-methyl-phenol, phenol, as well as
aldeyhdes, acids, esters, alcohols and ketones. The chemical characterization has shown that the bio-oil obtained
from residues of forestry production, such as firwood sawdust, can be used as an environmental feedstock, which is
an ideal candidate for alternative fuels. Moreover the bio-char can be used as an energy source and active carbon.

Keywords: Bio-oil, Fir wood, GC/MS,' H-NMR, Pyrolysis

SAZETAK ¢ U radu je opisano istrazivanje spore pirolize jelove (Abies bornmiilleriana Mattf.) piljevine uz prim-
Jjenu fiksnog reaktora. Analiziran je ucinak temperature u rasponu od 350 do 600 °C na plinovite, tekuce i krute
proizvode pirolize. Maksimalni prinos bioulja od 45,9 % dobiven je na konacnoj temperaturi pirolize od 500 °C.
Napravljena je elementarna analiza i odredena ogrjevna vrijednost bioulja i biougljena, a zatim je ispitan kemijski
sastav bioulja uz pomo¢ kromatografskih i spektroskopskih tehnika kao Sto su plinska kromatografija i masena
spektrometrija (GC/MS) te protonska nuklearna magnetska rezonancija ("H-NMR). Tekudci proizvodi pirolize sas-
tavljeni su uglavnom od fenola, ukljucujuci 2-metoksi-fenol, 2-metil-fenol, fenol, kao i od aldehida, kiselina, es-
tera, alkohola i ketona. Kemijska su svojstva pokazala da je bioulje dobiveno od ostataka proizvodnje u Sumarstvu,
poput jelove piljevine, raspoloZiva sirovina iz okolisa koja je idealna za alternativna goriva. Osim toga, biougljen
se moze koristiti kao izvor energije i kao aktivni ugljen.

Kljuéne rijeci: bioulje, jelovina, GC/MS, 'H-NMR, piroliza
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1 INTRODUCTION
1. UVOD

Renewable energy is of growing importance in
satisfying environmental concerns over fossil fuel us-
age. Wood and other forms of biomass, including en-
ergy crops and agricultural and forestry wastes, are
some of the main renewable energy resources availa-
ble. This growing interest also resulted in intensive re-
search of thermal conversion techniques for biomass,
consisting of combustion, gasification and pyrolysis
(Bridgwater, 2003; Janseet al., 2000). Pyrolysis is an
attractive technology for converting biomass into gas-
es, liquids (bio-oil), and char at relatively low tempera-
ture ranging between 300 and 600 °C in the absence of
oxygen (Murata et al., 2012; Bu et al., 2011).

Bio-oil is referred to by many names such as py-
rolysis oil, bio-crude-oil, bio-fuel-oil, wood liquids,
wood oil, liquid smoke, wood distillates, pyroligneous
tar, and pyroligneous acid. The bio-oil is usually dark
brown and free flowing with a distinctive smoky smell.
Bio-oil is a mixture of about 200 types of major and
minor organic compounds and can be used for the pro-
duction of chemicals and substituted for fuel-oils in
many stationary applications for heat or electricity
generation. The gas products can be used in engines
and turbines for power generation. Bio-char can also
be used as a fuel (Bridgwater, 2004; Uzun and Sarioglu,
2009; Enginaret al., 2009; Ozcimen and Ersoy-Mer-
icboyu, 2010).

As a clean fuel, bio oil has a number of practical
advantages including the following:

- it is renewable and locally produced from organic
waste,

- it can be stored and transported similarly to petrole-
um-based products,

- it is a neutral greenhouse gas and can generate car-
bon dioxide,

- it generates lower NOx emissions than light fuel oil
in gas turbines and diesel fuel in stationary diesel
engines (Sadaka, 2009).

Numerous researchers have investigated various
pyrolysis processes that were developed to maximize
the formation of liquid products used as fuels or chem-
ical feedstock. Sens6z (2003) pyrolyzed pine bark (Pi-
nusbrutiaTen.) in an externally heated fixed-bed reac-
tor at 300 °C and 500 °C with heating rates of 7 and 40
°C/min. The product yields were significantly influ-
enced by the process conditions. The bio-oil was ob-
tained at 450 °C, at which the liquid product yield was
maximum. In addition, the solid and liquid products
were analyzed to determine their elemental composi-
tion and calorific value. Chemical fractionation of bio-
oil showed that only low quantities of hydrocarbons
were present, while oxygenated and polar fractions
dominated (Sensoz, 2003). Ingram et al. (2008) have
investigated pyrolysis of pinewood, pine bark, oak
wood and oak bark in a continuous auger reactor. They
found that the yield of bio-oil from pine was 40 to 55
% at 450 °C (Ingram et al., 2008). Wangand co-work-
ers produced bio-oil from pine wood sawdust at differ-
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ent temperature ranges and analyzed the fuel properties
of bio-oil. They reported that the degradation of hemi-
cellulose started at 200 to 300 °C, forming many sorts
of liquid products, such as saccharide, furan, carbox-
ylic acid, ketone and aldehyde, with the occurrence of
dehydration, decarboxylation and decarbonylation,
while cellulose remained unimpaired in its polymer-
ized structure. Cellulose was substantially decomposed
at 300 to 50 °C, leading to a great increase in the yields
of liquid and gaseous products, and simultaneously the
solid residue became aromatized, which was character-
istic of a concentrated lignin structure. The residue was
largely decomposed to numerous guaiacols and phe-
nols at 450 to 700 °C (Wang et al., 2009).

In this work, fir wood sawdust (4biesbornmiille-
rianaMattf.) was pyrolyzed at various temperatures,
using a fixed bed type reactor. The aim of this study
was to elucidate the effect of temperature during slow
pyrolysis on yields of the bio-oil, gas and bio-char. The
chemical properties of bio-oil were characterized by
GC/MS, 'H-NMR and elemental analysis. Also, the
characterization of bio-char was performed in terms of
its elemental composition and Fourier transform infra-
red spectroscopy (FT-IR).

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Materials and sample preparation
2.1. Materijali i priprema uzoraka

Fir wood (A4biesbornmiillerianaMattf.) was used
in this study as the raw lignocellulosic biomass, which
is one of the widespread and abundant species in the
northwestern and Marmara regions of Turkey. Fir
wood is an important commercial wood; it can be used
for furniture and building materials, which produces
large amounts of sawdust and wood residues every
year. The raw sawdust sample supplied by the Depart-
ment of Furniture and Decoration at Karabiik Univer-
sity was ground and sieved to less than 1 mm, and it
was then dried for 12 hours at 100 to 105 °C prior to
use as a pyrolysis sample.

The proximate analysis was performed according
to the ASTM standard test methods for measuring
moisture contents, combustible matter and ash con-
tents, and namely ASTM D 4442-92, ASTM E897-88
and ASTM D-1102-84, respectively. The chemical
composition of feedstock was determined according to
Wise and John, 1952, Rowell et al. 2005 and TAPPI
standards (T-257, T-222, T-204). The ultimate analysis
was conducted using an elemental analyzer (LECO
CHNS-932). The oxygen content of the biomass was
found by the difference. The H/C and O/C molar ratios
were calculated from elemental composition. The
HHYV of the fir wood sawdust was calculated based on
Dulong formula (Wang et al., 2007)

2.2 Thermal analysis
2.2. Toplinska analiza

The thermal decomposition of raw material was
examined by using a thermogravimetric analyzer (Per-
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Figure 1 Schematic diagram of pyrolysis apparatus
Slika 1. Shematski prikaz uredaja za pirolizu

kin Elmer Pyris 1). For the TGA experiment, approxi-
matelyl5 mg of sample was used with a 10 °C/min.
heating rate. Nitrogen was used as the carrier gas, with
a flow rate of 25 ml/min. After that, the sample was
heated from 25 °C to 600 °C.

2.3 Pyrolysis
2.3. Piroliza

Pyrolysis experiments were performed in a fixed-
bed reactor under a nitrogen atmosphere. The reactor
has a steel cylinder with an internal diameter of 6 cm
and a height of 21 cm. A schematic diagram of pyroly-
sis apparatus is shown in Figure 1. During the experi-
ments, heating rate and pyrolysis temperatures were
controlled with a PID (Proportional-Integral-Deriva-
tive) controller. The temperature was measured every
minute in the reactor using a type K thermocouple. In
the pyrolysis experiment, a sample of 50 g was weighed
and placed into the reactor, which was heated by an
electric furnace. The temperature was increased from
room temperature to 350, 400, 450, 500, 550 and 600
°C, while the heating rates were increased 15 °C/min.
Experimental apparatus was held at an adjusted tem-
perature either for a minimum of 30 min or until no
further significant release of gas was observed. A con-
denser was connected to the output of the reactor and
the liquid was condensed in a collector to be weighed.
The bio-char collected in the reactor was weighed at
the end of the experiment. The gas yield was calculated
by taking the difference. Experiments were repeated at
least three times within the experimental error of less
than 0.5 %.

2.4 Characterizations
2.4. Karakterizacija

Liquid products were extracted with an equal
quantity of diethyl ether. The diethyl ether extracts
were analyzed by instrumental techniques such as El-
emental, GC/MS and 'H-NMR. The carbon, hydrogen
and nitrogen contents of bio-oils were determined us-
ing a LECO CHNS-932 Elemental Analyzer. The oxy-
gen content of bio-oils was found by the difference.
The chemical composition of the liquid product was
analyzed by GC/MS (Agilent 6890). A capillary col-
umn (HP-5, 30mx0.25mm 1i.d.x0.25 pm) was em-
ployed to separate organic mixtures. Diethyl ether was
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used as solvent to dilute the dehydrated liquid product
to a concentration appropriate for analysis. Helium was
used as carrier gas at constant flow of 1.2 mL. The GC
oven temperature was programmed to start at 40 °C,
held for 10 min, then raised at a rate of 2 °C to 170 °C,
held for 5 min, then raised to 250 °C at a rate of 8 °C
held for 15 min, then raised to 300 °C at a rate of 15 °C,
and held at this final temperature for 10 min. The
injector temperature was 250 °C with split mode. The
end of the column was directly introduced into the ion
source of Agilent 5973 series mass selective detector
operated with electron impact ionization mode.
G1035A software with a NIST library was used as data
acquisition system. The 'H-NMR spectrum of the bio-
oil was obtained at an H frequency of 300 MHz using
a BrukerUltrashield instrument. The bio-oil sample
was dissolved in CDCI,.

The bio-char was characterized by elemental anal-
ysis, using a LECO CHNS-932 Elemental Analyzer.
Dulong formula was used to determine the HHV of the
liquid and solid products (Wang et al., 2007). Functional
group chemical analysis of the bio-char was carried out
using Fourier transform infrared (FT-IR) spectrometry
(Nicolet iSIOFT-IR spectrum instrument).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Characteristics of fir wood sawdust
3.1. Obiljezja jelove piljevine

The main characteristics of the biomass (fir wood
sawdust) are listed in Table 1. The dry wood sample
contained 0.36 % ash. Elemental analysis showed that
it contained 46.99 % C, 6.37 % H, and 46.64 % O, (in
mass percent, dry basis).

3.2 TGA analysis of fir wood sawdust
3.2. TGA analiza jelove piljevine

Thermogravimetric (TG) and derived thermo-
gravimetric (DTG) curves of fir wood sawdust are
shown in Figure 2. According to Figure 2, the moisture
was removed from the raw material up to 100 °C and
the main decompositions of fir wood started around
250 °C with a sharp incline to 600 °C. Wormeyer et al.,
2011 reported that the rapid weight loss between 200
and 600 °C is due to the breakup of inter-unit linkages
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Tablel Main characteristics of fir wood sawdust
Tablica 1. Glavna obiljeZja jelove piljevine

Characteristics / Obiljezje Method / Metoda Value / Vrijednost
Moisture content, % / sadrzaj vode, % ASTM D-4442-92 6.81
Proximate analysis®, % / neposredna analiza, %
Volatiles / hlapljive tvari ASTM E-897-88 78.32
Ash / pepeo ASTM D-1102-84 0.36
Fixed carbon / fiksni ugljik Calculated from difference / izracunano iz razlike 14.51
Ultimate analysis®, % / Konac¢na analiza, %
Carbon / ugljik 46.99
Hydrogen / vodik 6.37
Oxygen / kisik Calculated from difference / izracunano iz razlike 46.64
H/C molar ratio / H/C molarni omjer 1.61
O/C molar ratio / O/C molarni omjer 0.74
Component analysis®, % / Analiza sastavnica, %
a-cellulose / a-celuloza Rowell et al., 2005 43.53
Holocellulose / holoceluloza Wise and John,1952 73.70
Lignin / lignin TAPPI T 222 om-02 30.33
Extractive / ekstraktivi TAPPI T 204 cm-97 2.69
HHV® , MJ/kg Calculated from Dulong Formula 16.65

“Weight percentage on dry basis/ postotak na bazi suhe tvar /°(HHV) calculated by the Dulong Formula, thatis, HHV (MJ/kg) =0.338C+1.428(H-

0/8)+0.095S

and evaporation of monomeric phenol units (Wormey-
eret al., 2011). Thermogravimetric analysis (TGA) has
been widely used, because it is an easy technique to
evaluate pyrolysis of wood and other lignocellulosic
biomass. Similar trend was observed in previous stud-
ies (Yang et al., 2007; Ertas and Alma, 2010; Wagenaar
etal, 1993).

3.3 Product yields
3.3. Udjeli proizvoda pirolize

Pyrolysis of fir wood sawdust was carried out in
the temperature range of 350 to 600 °C at intervals of

104.2.

15 °C, and each yield of pyrolytic products (bio-oil,
gas and bio-char) is shown in Figure 3. These experi-
ments revealed that the quantitative composition of py-
rolysis products was clearly affected by the tempera-
ture. At 350 °C, the solid product (bio-char) yield
reached its highest value (38.8 %). Since increasing the
pyrolysis temperature decreases char yield, the char
yield decreased down to 26.5 % at 600 °C. The bio-oil
yield was 39.9 % at the pyrolysis temperature of 350
°C.The yield of bio-oil was maximized at approximate-
ly 46 % at 500 °C, and at the final temperature of 600
°C, the bio-oil yield was decreased to 44.8 %. This was
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Figure 2 TG and DTG curves of fir wood under nitrogen atmosphere
Slika 2. TG I DTG krivulje jelove piljevine u atmosferi dusika
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Figure 3 Yields of pyrolysis products
Slika 3. Udjeli proizvoda pirolize

due to the secondary reactions of the heavy-molecular-
weight compounds in the pyrolysis vapors, which is
known to become active at temperatures over 500 °C
(Fagbemiet al., 2001). As reported in previous studies,
pyrolysis temperature plays an important role on the
yields of pyrolysis products (Chen et al., 2008;Heoet
al., 2010; Lee et al.,2005; Dumanet al., 2011; Ozbay,
2012).

3.4 Characterization of bio-oil
3.4. Karakterizacija bioulja

The bio-oil selected for the characterization was
obtained at the pyrolysis conditions that gave the max-
imum bio-oil yield. The elemental composition, H/C
and O/C molar ratio and HHV of bio-oil are listed in
Table 2.

As it shown in Table 2, the oxygen content was
lower in bio-oil than in raw material. Since the decrease
in oxygen content of the bio-oil (31.23 %) compared to
the original feedstock (46.64 %) is significant, it can be
used as the transport fuel. Furthermore, comparison of
H/C ratios with conventional fuels indicates that H/C ra-
tios of the bio-oil obtained in this study are less than
those of light and heavy petroleum products. The higher
heating value, calculated by Dulong formula, was 25.12
MJ/kg. The heating value of the bio-oil was higher than
that of the raw material (16.65 MJ/kg). It can be seen
that a significant decrease in the oxygen content resulted
in an increase in the heating value. Results were in ac-
cordance with the previous studies reported in literature
(Piitlinef al.,2005; Sheng and Azevedo, 2005).

Table 2 Elemental composition of bio-o0il®
Tablica 2. Elementarni sastav bioulja

Biomass pyrolysis vapors consist of volatile
compounds and non-volatile oligomers. GC/MS was
only able to determine the volatile organic compounds.
In the research, the ion chromatogram was obtained
from the pyrolysis of the fir wood sawdust. A total of
32 major compounds were identified as given in Table
3. The GC/MS chromatogram of the bio-oil is illus-
trated in Figure 4. The compounds identified in bio-oil
are also listed in Table 3. As shown in Table 3, the bio-
oil was mainly composed of phenolics, including
2-methoxy-phenol, 2-methyl-phenol, 4-methyl-phe-
nol, 4-ethyl-2-methoxy-phenol, 2-methoxy-4-vinyl-
phenol, 2,6-dimethyl-phenol, 3-methyl-phenol,phenol
and 2-methoxy-4-(2-propenyl)-phenol, 2-methoxy-
4-(1-propenyl)-phenol, 2-methoxy-4-propenyl-phenol
as well as aldeyhdes, acids, esters, alcohols and ke-
tones. Phenols and methoxy group are generally con-
sidered as the pyrolysis products of lignin, while hemi-
celluloses can be decomposed to acetic acid
andaldehydes such as furfural, and cellulose can be
decomposed to ketones, aldehydes and furans (Ozbayer
al, 2013, Piitiinet al., 2005; Ren ef al., 2012; Heigen-
moseret al., 2013; Ozcifci and Ozbay, 2013).

Phenols derived from biomass pyrolysis oils are
valuable chemicals and can be used as intermediates in
the synthesis of pharmaceuticals, for the production of
adhesives and the synthesis of specialty polymers,
while furfural is a useful organic reagent for the pro-
duction of medicines, resins, food additives, fuel addi-
tives and other special chemicals (Zilnik and Jazbinsek,
2012; Shen et al., 2010; Shen and Gu, 2009). The

Component C H (0 H/C o/C HHV
Komponenta % % % MlJ/kg
Value / vrijednost 61.93 6.84 31.23 1.31 0.37 25.12

@ By difference, ®obtained at 500 °C (HHV) calculated by the Dulong Formula, that is, HHV (MJ/kg) = 0.338C+1.428(H-

0/8)+0.095S
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Figure 4 GC/MS chromatogram of bio-oil
Slika 4. GC/MS kromatogram bioulja

chemical composition of bio-oil was matched with pre-
vious GC/MS studies (Lu et al., 2011; Beiset al., 2002,
Acikgoz and Kockar, 2009; Liawet al., 2012; Luo et
al., 2004; Bu et al., 2011).

The 'H-NMR spectrum of the bio-oil is given in
Figure 5. It can be seen that the bands between 6.5 and 9
ppm were assigned to aromatic structures. Resonances
between 5 and 6.5 ppm indicate that the aromatic spe-
cies were largely phenolic compounds. Aromatic ring-
joining methylene protons were observed in the bio-oil
and their characteristic peaks were in the resonances
ranging between 3.3-4.5 ppm. The results showed that
larger proportions of aliphatic structural units existed in
the bio-oil from the pyrolysis of fir wood. These findings
are consistent with the results of GC/MS analysis. Onay
(2007) noticed that the bio-oils mainly contain aliphatic
protons at carbon atoms bonded to other aliphatic carbon
atoms (Onay, 2007). The products found in the bio-oil

correspond well to the literature data (Demiral and Ayan,
2011; Lu et al., 2010).

3.5 Characterization of bio-char
3.5. Karakterizacija biougliena

Elemental composition and an HHV value of the
bio-char are presented in Table 4. As shown in Table 4,
the bio-char, obtained from pyrolysis of fir wood saw-
dust, consisted of 77.28 % carbon and 18.81 % oxygen.
It has an HHV of 28.35 MJ/kg. An H/C molar ratio of
0.60 and an O/C molar ratio of 0.18 were found. The
elemental compositions of the bio-char were found to
be better than that of the original feedstock since their
carbon content was the highest. This carbon-rich prod-
uct shows potential as an alternative solid fuel in the
form of briquettes and pellets (Kim ef al., 2011).

Figure 6 shows the FT-IR spectra of both raw ma-
terial and bio-char. Changes in functional groups of

1|

T T T T T T T

15 14 13 12 11 10 9

Figure 5 '"H-NMR spectrum of bio-oil
Slika 5.'H-NMR spektar bioulja

110

7 6 é 4 3 i i ppm

DRVNA INDUSTRIJA 66 (2) 105-114 (2015)



« « «« Ozbay: Pyrolysis of Firwood (Abies bornmiilleriana Mattf.) Sawdust: Characterization...

Table 3 Main organic components of bio-oils* with GC/MS analysis
Tablica 3. Glavne organske komponente bioulja* dobivene GC/MS analizom

No RT (min) | Name of compounds / Naziv komponente Area / Podrucje | Category / Kategorija
%
1 23.02 | 2-cyclopenten-1-one 1.38 Ketone
2 23.31 |2-methyl-2-cyclopenten-1-one 0.84 Ketone
3 25.13 | furfural 2.06 Aldehyde
4 25.85 | 1-(2-furanyl)-ethanone 0.62 Ketone
5 26.21 | 3-methyl-2-cyclopenten-1-one 0.96 Ketone
6 26.52 | 2,3-dimethyl-2-cyclopenten-1-one 0.43 Ketone
7 27.40 |butanoic acid 0.56 Acid
8 27.89 | 2-furanmethanol 2.78 Alcohol
9 29.42 | 1,2-cyclopentenedione 1.55 Ketone
10 29.68 | 2-hydroxy-3.,4-dimethyl-2-cyclopenten-1-one 0.38 Ketone
11 29.83 3,4-dimethoxytoluene 0.59 Benzene
12 30.18 | 2-hydroxy-3-methyl-2-cyclopenten-1-one 3.96 Ketone
13 30.62 | 2-methoxy-phenol 11.82 Phenol
14 30.77 | 2-methoxy-3- methyl-phenol 0.69 Phenol
15 31.06 | 3-ethyl-2-hydroxy-2-cyclopenten-1-one 0.80 Ketone
16 32.00 |4-methyl-phenol 13.06 Phenol
17 32.15 | ethanone 0.73 Ketone
18 32.23 | maltol 0.70 Alcohol
19 32.50 | 2-methyl-phenol 1.50 Phenol
20 32.59 | phenol 2.25 Phenol
21 33.18 | 4-ethyl-2-methoxy-phenol 7.12 Phenol
22 33.87 |2,6-dimethyl-phenol 1.07 Phenol
23 33.94 | 4-methyl-phenol 1.36 Phenol
24 34.10 | 3-methyl-phenol 1.53 Phenol
25 34.66 | 2-methoxy-4-(1-propenyl)-phenol 1.67 Phenol
26 35.94 | 2-methoxy-4-(2-propenyl)-phenol 3.35 Phenol
27 36.67 | 2-methoxy-4-vinyl-phenol 3.11 Phenol
28 38.28 | 2-methoxy-4-propenyl-phenol 1.63 Phenol
29 41.38 | 2-methoxy-4-propenyl-phenol 8.52 Phenol
30 51.39 | 4-hydroxy-3-methoxy-benzaldehyde 3.01 Aldehyde
31 55.81 1,2-benzenediol 4.81 Phenol
32 58.57 | 4-methyl 1,2-benzenediol 2.72 Phenol
Total / Ukupno 87.56

*obtained at 500 °C / dobiveno pri 500 °C

Table 4 Elemental composition of bio-char®
Tablica 4. Elementarni sastav biougljena®

Component C H o HHV*
Komponenta % o, % H/C | O/C MJ/kg
Value

Vrijednost 77.28 | 3.91 | 18.81 | 0.60 | 0.18 | 28.35

* by difference, obtained at 500 °C; ‘HHV calculated by
Dulong Formula, that is, HHV (MJ/kg) = 0.338C+1.428(H-
0/8)+0.095S

bio-char were determined when FT-IR spectra of bio-
char and raw material were compared. FT-IR spectrum
of the bio-char was simplified. In FT-IR spectrum of
raw material, the O-H stretching vibration band ob-
served between 3600 and 3200 1/cm, the C-H stretch-
ing vibration band observed between 2935 and 2885 1/
cm and the C=0O stretching vibration band observed
between 1740 and 1700 1/cm were not found in the
bio-char obtained from the pyrolysis of fir wood saw-

DRVNA INDUSTRIJA 66 (2) 105-114 (2015)

dust. The bio-char loses both hydroxyl and aliphatic
groups and the aromatic character increases quite rap-
idly above 450 °C (Sharma et al., 2004).

4 CONCLUSIONS
4. ZAKLJUCAK

In this paper, the fir wood sawdust was pyrolyzed
to convert into bio-oil and bio-char using a fixed-bed
reactor at different pyrolysis temperatures, and their
chemical properties were characterized. The yields of
pyrolytic products distribution, bio-oil, bio-char and
gases, was significantly influenced by pyrolysis temper-
atures. The maximum bio-oil yield of 45.9 wt% was ob-
tained at the final pyrolysis temperature of 500 °C. The
bio-oil derived from fir wood sawdust consisted of about
32 major compounds, including phenols, organic acids,
aldehydes, ketones and alcohols. The chemical proper-
ties have shown that the bio-oil obtained from fir wood
sawdust could be use as a feedstock, and that it was an
ideal candidate for alternative fuels. Moreover, the bio-
char can be used as an energy source and active carbon.
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Slika 6. FTIR spektar sirovine i biougljena
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ABSTRACT ¢ Furfurylation is a modification process carried out in order to improve the biological resistance
and dimensional stability of wood. In this research work, a three-year outdoor weathering test of furfurylated
wood was performed using the following wood materials: a deck of furfurylated radiata pine (Pinus radiata), a
deck of furfurylated maple (Acer spp.), a deck of furfurylated southern yellow pine (Pinus spp.), and a control deck
of Ipé wood (Handroanthus spp.) that was used for comparative reasons. The decks, without any protection or
finishing, were exposed for 36 months in Karditsa, Greece in order to evaluate some physical and structural prop-
erties of wood such as colour, staining, distortion, surface cracking and end splitting. All tested decks exhibited
colour changes that were perceptible by the naked eye and much higher during the first twelve months of weather-
ing. The three furfurylated wood decks showed smaller total colour changes as compared to those of Ipé control
deck. In respect to surface cracking, furfurylated radiata pine deck generally showed minor surface cracks, while
Sfurfurylated maple deck presented the lowest degree of surface and end splitting. In overall, the furfurylated wood
decks tested performed very well and showed no signs of black staining (except for the southern yellow pine deck)
and no fungal or mould decay after three years of outdoor exposure.

Key words: furfurylated wood, wood decks, weathering test, Kebony wood

SAZETAK ¢ Furfuralizacija je postupak modifikacije koji se provodi kako bi se poboljsala bioloska otpornost
i dimenzionalna stabilnost drva. U ovom je istrazivackom radu provedeno trogodisnje izlaganje drva modifici-
ranog furfuralom atmosferilijama na otvorenom, pri cemu su upotrijebljeni ovi drvni proizvodi: pod od furfuralom
obradenog drva bora (Pinus radiata), pod od furfuralom obradenog drva javora (Acer spp.), pod od furfuralom
obradenog drva juznoga zZutog bora (Pinus spp.) te kontrolni uzorak poda od ipe drva (Handroanthus spp.), koji
je sluzio za usporedbu. Drveni podovi, bez ikakve zastite ili povrsinske obrade, izloZeni su 36 mjeseci u gradu
Karditsi u Grckoj kako bi se procijenila neka fizikalna i strukturna svojstva drva kao sto su boja, obojenost, defor-
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macije, povrsinske pukotine i cijepanje na celima. Na svim ispitanim uzorcima zamijecena je promjena boje koja
se vidi golim okom i mnogo je jaca tijekom prvih dvanaest mjeseci izlaganja. Tri uzorka poda od drva modifici-
ranog furfuralom pokazala su manje ukupne promjene boje u usporedbi s promjenama boje kontrolnog uzorka od
ipe drva. Vezano za povrsinske pukotine, rezultati su pokazali da su na modificiranom drvu bora nastale vrio male
povrsinske pukotine, dok je na uzorcima od modificiranog drva javora uoceno najmanje povrsinskih pukotina i
cijepanja drva na celima uzoraka. Opcéenito, uzorci podova od furfuralom modificiranog drva pokazala su dobru
otpornost na atmosferilije i na njima nije bilo znakova crnjenja (osim uzoraka od Zutoga bora) a na uzorcima ni
nakon tri godine izloZenosti na otvorenome nisu primijecene ni gljivice ili plijesni.

Kljuéne rijeci: drvo modificirano furfuralom, drveni podovi, test izlaganja atmosferilijama, drvo Kebony

1 INTRODUCTION
1. UVOD

During the recent years, wood modification has
attracted increasing interest as an alternative method
for improving the durability of wood without the use
of toxic substances. According to Hill (2006): “the
modified wood should itself be non-toxic under service
conditions and there should be no release of any toxic
substances during service or at the end of service life”.
Wood constituents can be physically changed and their
structure can be chemically modified. Both of these
changes can lead to a more durable wood (Rowell,
1991). There is a number of ways to chemically modi-
fy the cell wall polymers and the most abundant reac-
tivity regions are the hydroxyl groups. The hydroxyl
groups in the wood polymers (cellulose, lignin, hemi-
celluloses) are the most reactive sites. Moreover, these
are responsible for the dimensional instability through
their hydrogen bonding to water. Chemical modifica-
tion of wood by reacting hydroxyl groups with a cova-
lently bounded less hydrophilic group leads to an in-
creased dimensional stability (Rowell, 1991;
Larsson-Brelid, 1998; Rowell, 2005; Hill, 2006). Pres-
ently, very little is known about the mode of action for
modified wood, while some main hypotheses have
been suggested by Hill (2006): “a) the equilibrium
moisture content is lowered in modified wood, and
hence it is harder for fungi to get the moisture required
for decay, b) there is a physical blocking of the en-
trance of decay fungi to micropores of the cell walls,
and/or, c) inhibition of action of specific enzymes”.
Amongst other significant technologies, one important
modification technology is that of wood furfurylation
(Schneider, 1995; Westin, 1996; Lande et al., 2004;
Lande, 2008). Furfurylated wood is modified by furfu-
ryl alcohol, which is a renewable chemical (Larsson-
Brelid, 2013) derived from agricultural waste like sug-
arcane and corn. The modification with furfuryl
alcohol is carried out by impregnating the wood struc-
ture with a polymerisable mixture of furfuryl alcohol
and catalyst. After that the wood structure is heated to
polymerise. The purpose of furfurylation is to improve
the wood properties like resistance to decay and mois-
ture (Lande et al., 2004 and 2008). Early research on
this type of wood modification was implemented by
Alfred Stamm (1977), and in the early ‘90s it was con-
tinued by Schneider and Westin, who almost simulta-
neously developed similar catalytic systems for the
furfurylation of wood (Schneider, 1995; Westin, 1996).
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They both used cyclic carboxylic anhydrides. Furfuryl
alcohol molecules can, due to their high polarity, pen-
etrate very well into the wood cell wall and polymerise
in situ. This yields a permanent swelling of the wood
cell walls. Wood furfurylation leads then to a high pro-
tection against biodegradation by fungi, bacteria and
marine borers, while it increases the hardness, lowers
the equilibrium moisture content, and improves large-
ly the dimensional stability of wood. Furthermore, the
leachates from furfurylated wood have negligible tox-
ic effects (Pilgard et al., 2010). Anti-shrinking/swell-
ing efficiency has been reported to range from 30 % to
80 % depending upon chemical formulations and
wood species used (Lande et al., 2004). A moderate
loading of furfuryl alcohol polymer into wood pro-
vides a biological resistance suitable for ground con-
tact or marine use (Lande ef al., 2004; Westin and Al-
fredsen, 2007; Venas, 2008; Lande et al., 2008). This
modified wood has a dark brown colour, which is at-
tractive, as it makes it look like the dark, expensive
tropical hardwoods (Larsson-Brelid, 2013). Low load-
ing gives sufficient biodegradation protection for
above-ground exterior uses (Westin and Alfredsen,
2007). As reported by Lande et al. (2008), furfurylated
wood has greater hardness and rupture properties as
compared to untreated wood, while it is more brittle.
In terms of weathering performance, Temiz et al.
(2007) reported that furfurylated wood showed only
slightly higher resistance to accelerated weathering
than untreated wood.

Today, furfurylated wood is produced at a com-
mercial scale by the manufacturing company Kebony
AS in Norway (Larsson-Brelid, 2013). The process is
based on a full cell (vacuum/pressure) impregnation
with a solution followed by an intermediate vacuum
drying step before steam curing and drying (post cur-
ing). The impregnation liquid is an aqueous solution
containing mostly furfuryl alcohol, catalysts and buff-
ering agents (Larsson-Brelid, 2013). Several outdoor
tests have been performed up to date in order to dem-
onstrate the high durability and biological resistance of
furfurylated wood in exterior applications (Westin and
Alfredsen, 2007; Venés, 2008; Lande et al., 2008;
Larsson-Brelid, 2013).

Therefore, the aim of this work was to evaluate
some physical and structural properties of furfurylated
wood decks, such as colour, staining, distortion, sur-
face cracking and end-splitting, after a 36-month out-
door weathering test in a typical southern Europe cli-
matic area like Greece.
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2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Materials
2.1. Materijali

For the conduction of this work, the following
wood materials were used: (i) one deck of furfurylated
radiata pine (Pinus radiata), (ii) one deck of furfurylat-
ed maple (Acer spp.), (iii) one deck of southern yellow
pine, SYP, (Pinus spp.), and (iv) one deck of Ipé (Tube-
buia spp.) as a control deck. The first three decks were
prepared and delivered by Kebony AS (Norway), while
Ipé deck was assembled by the Research Lab of Wood
Science and Technology (WST) in Karditsa, Greece.
All decks had surface dimensions of 80 cm x 120 cm
and were made by planks having a 22 mm thickness;
they were assembled together using stainless screws
and having a 6 mm free width in between them. All
wood planks used were without protection or finishing.

2.2 Methods
2.2. Metode

The wood decks having tangential surfaces were
placed horizontally on polystyrene sheets in the terrace of
WST to facilitate free distortion, and exposed outdoors
for the period May 2011 to May 2014, at Karditsa,
Greece. During the 36-month period (months 6, 12, 24
and 36), some physical and structural properties of the
wood decks like colour, black staining, distortion,
cracking and end-splitting, were monitored. Concern-
ing colour determination, twelve colour measurement
points were marked up on each deck (Fig. 1). Careful
cleaning of the surfaces was made prior to each mea-
surement. The determination of the colour coordinates
was carried out by using a BYK-Gardner type co-
lourimeter, having a circular measuring area with a di-
ameter of 20 mm. Applying the CIELAB colour sys-
tem, the colour parameters L* (lightness), a* (redness)
and b* (yellowness) as well as the total colour changes
(AE*) were determined in each weathering time inter-
val (6%, 12" 24™ and 36" month). The total colour
changes (AE*), which were caused by weathering,
were calculated using the following equation:

AE* = [(AL*)Z + (Aa*)z + (Ab*)2]l/2

Where: AL*, Aa* and Ab* are the changes of the colour
coordinates L*, a* and b* for the respective time inter-
vals, compared to the initial non-weathered surfaces.

Evaluation of black staining was made by visual
observation. All decks were carefully examined for any
black stains or spots due to discolouration or negative
effects of high moisture over long periods, or other rea-
sons. The distortions in wood decks were measured
(Fig. 3) with a dial gauge equipped with a straight
stainless steel bar over the axes shown in Fig. 2 for
each wooden plank. Initial control for distortions was
made in all tested materials at the beginning of the
work (May 2011). It is well known that distortions
such as cupping are influenced by the shrinking-swell-
ing anisotropy. However, furfurylated wood has been
found to exhibit up to 60 % reduction in anisotropy
(Lande et al., 2004; Lande et al., 2008).
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Figure 1 Colour measurement points on each of the testing
decks (Note: the standard platform size of each deck was 80
cm x 120 cm; S planks in total; the mounting gap was ca.
3mm)

Slika 1. Tocke mjerenja boje na svakom uzorku drvenog
poda (napomena: standardna veli¢ina uzorka plo¢e poda bila
je 80 cm x 120 cm; ukupno je bilo pet ploca poda; praznina
pri ugradnji bila je oko 3 mm)

Figure 2 Distortion measurement axes
Slika 2. Osi mjerenja deformacije
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Figure 3 Determination of distortion as measured in a wood
deck
Slika 3. Odredivanje deformacije drvenih podova

In terms of surface cracking and end-splitting, ini-
tial control was made in all tested materials, and photo-
graphs were taken. All wood materials initially con-
tained no cracks. For each time interval, the decks were
observed carefully and respective photographs of the
surface and edge cracks were taken. It should be noted
that periodical measurements of the moisture content
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were made during the test by measuring the mass weight
of each testing deck, with a conventional balance.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

All tested decks appeared to exhibit extensive
greying effects on their surfaces after three consecutive
years of outdoor weathering, while no signs of fungal
decay or mould was observed in the decks. The mean
values of the determined colour coordinates and total
colour changes of the wood decks are shown in Table
1. Total colour changes (AE*) are plotted in Fig. 4.
Lightness (L*) changes are presented both in absolute
values (Fig. 5), and in proportional changes (Fig. 6).

20

The homogeneity of the colour changes, that is, the
standard deviation changes of AE* values, is also pre-
sented in Fig. 7.

Concerning the changes in lightness, from Figs. 5
and 6, it can be concluded that after 36 months, the
specimens tested showed increased L* values due to
the weathering effect. Ipé€ and furfurylated maple
showed the largest lightness increases (28 % and 19 %,
respectively) compared to the initial values, while fur-
furylated radiata pine and SYP samples showed the
lowest increases (3 % each). Throughout the second
weathering year, the changes in lightness were much
smaller compared with those of the first year. All wood
decks showed reductions in redness, but in positive
values of the parameter a* (redness factor).

18
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Figure 4 Total colour changes (AE* value) of the wood decks throughout the weathering period
Slika 4. Ukupna promjena boje (vrijednost AE*) drvenih podova tijekom razdoblja izlaganja atmosferskim utjecajima

Table 1 Mean values of the determined colour coordinates and total colour changes of furfurylated (FF) wood decks &

control Ipé deck throughout the weathering period

Tablica 1. Srednje vrijednosti odredenih koordinata boje 1 ukupne promjene boje furfuralom modificiranog drva i kontrolnog

uzorka tijekom razdoblja izlaganja

Colour Months of weathering (time intervals) / Mjeseci izlaganja
parameter Deck type
Parametar Vrsta poda 0 6 12 24 36
boje
Ipé (control) / kontrolni uzorak 40.59 49.68 48.51 47.05 51.47
% * FF Radiata pine / FF borovina 33.95 43.17 43.96 43.94 45.42
=~ FF Maple / FF javorovina 39.54 49.18 41.31 43.55 47.04
FF Southern yellow pine / FF Zuta borovina 30.42 37.21 38.28 39.67 40.86
Ipé (control) / kontrolni uzorak 9.61 7.81 2.19 -1.15 1.71
5 % FF Radiata pine / FF borovina 9.01 6.76 2.01 1.39 227
= S FF Maple / FF javorovina 9.80 5.60 1.89 1.59 2.66
FF Southern yellow pine / FF Zuta borovina 7.07 7.22 1.86 0.82 1.67
Ipé (control) / kontrolni uzorak 16.47 12.98 7.20 8.03 6.50
§ % FF Radiata pine / FF borovina 15.23 11.63 7.52 6.96 8.88
= FF Maple / FF javorovina 19.05 11.44 6.34 6.26 10.09
FF Southern yellow pine / FF Zuta borovina 11.35 11.21 7.52 6.59 7.17
Ipé (control) / kontrolni uzorak 0 10.53 15.41 16.43 17.63
§ % FF Radiata pine / FF borovina 0 10.99 14.89 15.46 15.19
=< FF Maple / FF javorovina 0 13.98 15.73 16.28 14.02
FF Southern yellow pine / FF Zuta borovina 0 9.37 12.12 14.05 14.00
118 DRVNA INDUSTRIJA 66 (2) 115-122 (2015)
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Figure 5 Absolute changes in lightness (L* value) of the wood decks throughout weathering
Slika 5. Apsolutna promjena svjetline (vrijednost L*) drvenih podova tijekom razdoblja izlaganja atmosferskim utjecajima
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Figure 6 Proportional (%) changes in lightness (L* value) of the wood decks throughout weathering
Slika 6. Proporcionalna (%) promjena svjetline (vrijednost L*) drvenih podova tijekom razdoblja izlaganja atmosferskim
utjecajima
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Figure 7 Standard deviation changes of AE* values of the wood decks throughout weathering
Slika 7. Standardna devijacija ukupne promjene boje (vrijednost AE*) drvenih podova tijekom razdoblja izlaganja atmosfers-
kim utjecajima
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30 mm

Figure 8 Some mild grey spots appearing in the furfurylated
maple wood deck (at the end of 3" year)

Slika 8. Neke blage sive pjege koje su se pojavile na podu
od furfuralom modificiranog drva javora

Natural weathering induced reduction in yellow-
ness in all of the decks; this was larger throughout the
first year, but much smaller throughout the second and
third weathering year. Concerning the total colour
changes, after 36 months of weathering, all tested
decks exhibited AE* values in the range of 14.0 to
17.6; apparently, these colour changes were percepti-
ble by the human eye. Furfurylated decks showed less
total colour differences (14.0-15.2) as compared with
the control deck (17.6). Among the furfurylated decks,
the lowest total colour changes took place in SYP and
maple decks (14.0 and 14.02, respectively) and the
largest ones in radiata pine deck (15.19). As expected,
the total colour changes were larger throughout the first
year of weathering, and quite milder throughout the
following two years of weathering.

In terms of the homogeneity of colour changes,
furfurylated maple deck showed the most severe
changes during the first six months of weathering and

Table 2 Distortion absolute values (in mm) of all tested
decks after the 36-month outdoor exposure (Note: Compari-
son is made among the testing wood decks)

Tablica 2. Apsolutne vrijednosti deformacije za sve uzorke
drvenih podova nakon 36 mjeseci izlaganja na otvorenome
(napomena: usporedba je napravljena izmedu uzorcima u
eksperimentu)

No | Control Radiata Maple Southern
Kontrolni pine Javorovina pine

uzorak Borovina Juzna Zuta

borovina
1 1.07 0.31 0.08 0.95
2 0.94 0.82 0.13 1.13
3 0.99 1.34 0.05 1.49
5 0.46 0.96 0.14 0.31
6 0.65 0.02 0.24
7 1.03 0.09 1.31
8 1.79 0.77 0.07

- - Intense distortion / intenzivna deformacija

- Mild distortion / blaga deformacija
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much lower ones during the next years. This could be
attributed to the formation of some grey spots on the
surface of furfurylated maple deck (Fig. 8). This may
be attributed to the remaining chemicals from the treat-
ment, and/or higher concentration of catalyst used.

Furthermore, furfurylated SYP deck showed
some black staining spots (Fig. 11) in the surface dur-
ing the third year of weathering.

It was observed that the approx. moisture content
of wood decks ranged between 10-22 %, showing that
the fibre saturation point (~30 %) never surpassed dur-
ing the test. Consequently, it seems that the moisture
content of wood has only a limited influence on the
colour coordinates, if moisture content is below the fi-
bre saturation point (Németh ef al., 2013).

The results from the distortion measurements are
shown in Table 2. From that, it can be concluded that
after 36 months of outdoor weathering, among all test-
ed decks, the least distorted deck was that of furfurylat-
ed maple wood deck, followed by the furfurylated ra-
diata pine wood deck. Noticeably, the most distorted
deck was the Ipé control deck.

Figure 9 Radiata pine (Kebony) deck surface cracking
appearance after 36 months of weathering

Slika 9. Povrsinske pukotine na uzorcima poda od drva bora
nakon 36 mjeseci izlaganja utjecaju atmosferilija

30 mm
Figure 10 Maple (Kebony) deck surface cracking appear-
ance after 36 months of weathering

Slika 10. Povrsinske pukotine na uzorcima poda od drva
javora nakon 36 mjeseci izlaganja utjecaju atmosferilija

DRVNA INDUSTRIJA 66 (2) 115-122 (2015)
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Figure 11 SYP (Kebony) deck surface cracking appearance
(red arrows) and black staining spots (vellow arrow) after
36 months

Slika 11. Povrsinske pukotine (crvene strelice) i crne mrlje
(zuta strelica) na uzorcima poda od drva zutoga bora nakon
36 mjeseci izlaganja utjecaju atmosferilija

Figure 12 Ipé wood deck prior to (up) and after 36 months
of weathering (down)

Slika 12. Kontrolni uzorak prije (gore) i nakon razdoblja
izlaganja (dolje)

After a thorough visual examination of the sur-
face cracks, Ipé wood deck showed to have the fewest
cracks on its surface, closely followed by furfurylated
radiata pine deck (Fig. 9) which had only a few minor
cracks. Mild was also the cracking appearance of the
furfurylated maple wood deck (Fig. 10). Furfurylated
SYP deck (Fig. 11) appeared to have a few surface
cracks (8-9, in total) with a width of less than 1 mm;
some black staining spots appeared sporadically on the
surface (Fig. 11) of the furfurylated SYP deck.

After the three-year weathering period, the furfu-
rylated wood decks were examined for end-splitting. It
was observed that the furfurylated maple deck had the
mildest edge effects (Fig. 14) with the smallest end-

Figure 13 Furfurylated radiata pine wood deck prior to (up)
and after 36 months of weathering (down)

Slika 13. Uzorak poda od furfuralom modificiranog drva
bora prije (gore) i nakon 36 mjeseci izlaganja (dolje)
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Figure 14 Furfurylated maple wood deck prior to (up) and
after 36 months of weathering (down)

Slika 14. Uzorak poda od furfuralom modificiranog drva
javora prije (gore) i nakon 36 mjeseci

izlaganja (dolje)

Figure 15 Furfurylated SYP deck prior to (up) and after 36
months of weathering (down)

Slika 15. Uzorak poda od furfuralom modificiranog drva
zutoga bora prije (gore) i nakon 36 mjeseci izlaganja (dolje)

splitting followed by the control Ipé deck and furfurylat-
ed radiata pine deck (Figs. 12 and 13, respectively).

4 CONCLUSIONS
4. ZAKLJUCAK

In this work, a three-year outdoor weathering test
of furfurylated (Kebony) wood decks was carried out.
The furfurylated radiata pine, southern yellow pine and
maple wood decks tested were exposed outdoors for 36
months in Karditsa, Greece, and their physical and
structural properties, namely, colour, staining, distor-
tions, surface cracking and end-splitting were evaluat-
ed. The conclusions drawn in this work can be sum-
marised as follows:

e All tested decks exhibited colour changes that were
perceptible by the naked eye and were much higher
during the first 12 weathering months and quite
lower during the following ones.

e The furfurylated decks showed smaller total colour
changes as compared to the control deck of Ipé
wood.

e Concerning surface cracking, furfurylated radiata
pine deck generally showed very minor surface
cracks, while furfurylated maple deck presented the
lowest degree of surface and edge cracking (end-
splitting).

e In relation to distortions, the least distorted wood
deck was that of furfurylated maple deck; whereas,
the control Ipé deck was by far the most distorted
wood deck.

In overall, all furfurylated wood decks tested,
along with the control Ipé deck, behaved very well dur-
ing this 36-month outdoor test, having no signs of fun-
gal or mould decay after three years of exposure.
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ABSTRACT ¢ In most cases high cutting speed is used when cutting wood by circular saw. This results in oscillat-
ing of circular saw blade, which may lead to destroying the tool, machine or hurting the operator. The aim of this
paper is to show that it is possible to apply any of the methods used in the research as an equivalent method for
obtaining the values of natural frequencies of circular saw blade. The article deals with three methods for obtain-
ing the values of natural frequencies. The first method is modal analysis, the second method is the determination
of values measured experimentally and the last method calculates the values by Bessel functions. A circular saw
blade was used with the diameter of 350 mm and 36 teeth on the blade.

Key words: circular saw blade, critical rotational speed, natural frequencies, finite element method

SAZETAK e Tijekom rezanja drva kruznim pilama vrlo se cesto primijenjuje velika brzina rezanja, §to uzrokuje
oscilacije lista kruzne pila te katkad moze rezultirati unistavanjem alata odnosno stroja ili dovesti do ozljede
radnika. Cilj je ovoga rada prikazati mogucnosti primjene razlicitih metoda za odredivanje vrijednosti viastitih
frekvencija lista kruzne pile. U clanku se prikazuje primjena triju metoda za odredivanje vrijednosti viastitih
frekvencija lista kruzne pile. Prva je metoda modalna analiza, druga je metoda eksperimentalno odredivanje
viastitih frekvencija uz pomo¢ mjernog uredaja, a treca je metoda izracunavanje vrijednosti frekvencija s pomocu
Besselovih funkcija. U eksperimentu je upotrijebljen list kruzne pila promjera 350 mm s 36 zubi.

Kljuéne rijeci: list kruzne pile, kriticna brzina vrtnje, viastite frekvencije, metoda konacnih elemenata

1 INTRODUCTION racy of sawing, surface roughness, operating noise
1. UVOD level, tool life, etc.

As the circular saw blade is the most common

Circular saw dynamic features such as workpiece  device for cutting wood and wood based materials in

characteristics, circular saw blade accuracy, and static ~ the wood industry, it is important to deal with the prob-

and dynamic properties of the tool influence the accu-  lem of oscillation of circular saw blade. Vibrations are
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Figure 1 Model of circular saw blade by modal analysis in
deformed state (n = 4; m = 0; f = 439.45 Hz)

Slika 1. Model lista kruzne pile u deformiranom stanju
dobiven modalnom analizom (n=4; m = 0; f = 439,45 Hz)

emitted during the cutting process and when the critical
rotational speed is reached, the circular saw blade be-
comes unstable. So the reduction of the amplitude of
oscillations is essential for improving the parameters
such as surface quality, precision of cutting, increase of
the yield and longer tool life, but also for reducing
noise. Therefore, it is necessary to find solutions to
eliminate these adverse effects.

There are many methods for determining natural
frequencies (the next step is to calculate critical rota-
tional speed). The values calculated using various
equations do not give an idea of how the circular saw
blade behaves. For better understanding, a software
program was used in this paper that displays the defor-
mation of the circular saw blade as a result of oscilla-
tion. The results of circular saw blade static modal
analysis (for nodal diameter n=4, and nodal circles
m=0) is shown in Figure 1.

Instability of circular saw blade was the subject of
many scientific studies. Many scientists dealt with ex-
perimental methods of circular saw blade oscillation
(Mote, 1965; Pahlitzsch and Rowinski, 1966; Stakhiev,
1970, 1998, 2000; Schajer and Mote, 1983; Yu and
Mote, 1987; Nishio and Marui, 1996; Siklienka and
Svoren, 1997; Orlowski et al., 2007; Javorek, L. et al.,
2010; Vesely et al., 2012). Some authors studied the ap-
plication of the finite element method using different
software programs to determine the oscillation of saw
blade (Gogu, 1988; Holdyen, 1987, Leopold and Miinz,
1992; Michna and Svoren, 2007; Ekevad et al., 2009).
The analytical solution that uses the Bessel function was
studied by Southwell (1922) and Kirshoff (1982).

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

In practice, one of the most important questions
is how to evaluate the critical rotational speed of circu-
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lar saw blade. To solve this problem, it is necessary to
determine the values of natural frequencies. The pa-
rameters of the circular saw blade used in this paper are
shown in Table 1.

Table 1 Parameters of the circular saw blade
Tablica 1. Parametri lista kruzne pile

350 mm
Inner diameter / Unutarnji promjer 30 mm
Number of teeth / Broj zubiju 36

Thickness of body / Debljina 2.4 mm
Height of tooth / Visina zuba

Outer diameter / Vanjski promjer

13 mm

For clamping circular saw blade, clamping col-
lars were used with the diameter ¢, = 110 mm.

This paper considers three methods for obtaining
the values of natural frequencies:
- Bessel functions
- FEM (academic version ProEngineer WF 4)
- Experimental measurement.

2.1 Bessel functions
2.1. Besselove funkcije

Differential equation of vibration of circular saw
blade can be expressed as follows (Benhao, et al.
2009):

”# 1 0 1 &

_+—.—+—. .

ot r or r* 06*
i 1

(1
2 2
. 6_2_’_1 +_2.a_2 W(r’g,t)+p_h.W:0
o~ r or r 00 D
Here, the bending stiffness of the blade is:
3
po EH @
12-(1-v7)

Where:

h — thickness of circular saw blade / debljina lista
kruzne pile, mm

E —modulus of elasticity / modul elasticnosti, N-m?
(E=2.1x 10")

n — Poisson ratio / Poissonov omjer (n=0.33).

The differential equation is solved by separation
of variables. The resulting function can be written in
the form:

W(r,H:I)ZW(V,g)-e['M = R(kr)~c()sn.9.ef'“’“ (3)

Where:
n —number of nodal diameters / broj ¢vornih promjera.

Function R(k,7) is solved by Bessel functions.
Rk,r)=4,,(kr)+ BN, (k,r)+C,I,(k,r)+D,K,(k,r) (4)

Where: k* = ph 5)
D

r — density / gustoéa, kg-m (+=7800 kg-m-)

J —the Bessel function of the first kind of order n /
Besselova funkcija prve vrste reda n

N, — the Bessel function of the second kind of order n /
Besselova funkcija druge vrste reda n
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I —the modified Bessel function of the first kind of
order n / modificirana Besselova funkcija prve
vrste reda n

K — the modified Bessel function of the second kind of

order n / modificirana Besselova funkcija druge
vrste reda n

A, B, C, D, are(tobe)determined constants/utvrdene

konstante.

After the theoretical solution, the formula ob-
tained for natural frequency was:

o=t | _Ea ©)
D 12-p-(1-v)
Where

D — diameter of circular saw blade / promjer lista
kruzne pile, mm
o — coefficient (depending on n and clamping ratio) /
koeficijent (ovisan o n i o omjeru pricvrscenja lista)
Natural frequency can be expressed by the fol-
lowing formula:

2.2 Modal analyses
2.2. Modalna analiza

Pro/Engineer WF4 software with FEM module
was used for the theoretical modal analysis. The values
of natural frequencies were obtained for n =1, 2, 3, 4
in static modal analysis. The parameters for computing
by FEM were: clamping diameter — 110 mm (absolute-
ly rigid); outer diameter of the model — 350 mm; num-
ber of teeth — 36.

The resulting values of modal analysis are influ-
enced by various parameters (material, type of model
mesh, number of elements, etc). Five modal analyses
were made with different element sizes. In the modal
analysis Shell 5, shell elements of the model were used
with the maximum size of 5 mm. In the modal analysis
Shell 10, shell elements of the model were used with
the maximum size of 10 mm and in the modal analysis
Shell 20, the maximum element size was 20 mm. The
density of circular saw blade mesh for modal analysis
Shell 10 is shown in Fig. 2.

Figure 2 Mesh density of circular saw blade and detail
Slika 2. Gusto¢a mreze lista kruzne pile; detalj
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Figure 3 Scheme of experimental stand (Ortowski and
Javorek, 2009); A - digital oscilloscope, B - tone generator,
C — amplifier, D - Electromagnetic (solenoid) driver, E —
non-contact displacement transducer, F - circular saw blade
Slika 3. Shema provedbe eksperimenta (Ortowski and
Javorek, 2009.): A — digitalni osciloskop, B — ton-generator,
C — pojacalo, D — elektromagnetski vozac, E — beskontaktni
davac pomaka, F — list kruzne pile.

2.3 Experimental measurements
2.3. Eksperimentalna mjerenja

Solid circular saw blade, whose parameters are
presented above in Table 1, was used for experimental
measurements of natural frequencies. The method
(harmonic test) was presented in more detail in the pa-
per of Siklienka and Svoren (1997).

Natural frequencies of the non-rotating circular
saw blade f(n:()) were measured for n =1, 2, 3, 4 on an
experimental stand in the Technical University in Zvo-
len (Fig. 3).

3 RESULTS AND DISCUSSION
3. RESULTATI | DISKUSIJA

In the next paragraph, mathematical and experi-
mental results are presented in the same sequence as in
paragraph Material and Methods. The calculated val-
ues of natural frequencies determined by the Bessel
function are shown in Table 2.

Table 2 Calculation values of natural frequencies deter-
mined by Bessel functions (B.F.)

Tablica 2. IzraCunane vrijednosti vlastitih frekvencija
Besselovim funkcijama

n 1 2 3 4
f.Hz 147 179 297.6 500.5

Leopold and Miinz (1992) showed that the type
(shell/solid) and number of elements had no significant
influence on calculation accuracy of natural frequen-
cies of circular saw blade. Our results confirm the same
(see the values in Table 3 and 4).

Table 3 and 4 show two very similar frequency
values for n=1. These values of natural frequency of
cosine and sine components were called split mode by
Yu and Mote (1987).

When comparing values in different columns
(Shell 5) and (Shell 20), i.e. for maximum and mini-
mum density of mesh, the difference is practically neg-
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Table 3 Calculated values of natural frequencies determined
by modal analysis with shell elements
Tablica 3. IzraCunane vrijednosti vlastitih frekvencija
primjenom modalne analize s ravninskim elementima

Table 4 Calculated values of natural frequencies determined

by modal analysis with solid elements
Tablica 4. [zraCunane vrijednosti vlastitih frekvencija
primjenom modalne analize s volumenskim elementima

Shell 5 Shell 10 Shell 20 n solid_10 solid_20
" 1, Hz f, Hz f, Hz f.Hz 1, Hz
147.59 147.56 1 147.35 147.08
! 147.57 149.16 149.14 148.91 148.68
2 172.81 172.83 172.8 2 172.68 172.37
3 271.36 271.4 271.36 3 271.69 271.2
4 439.45 439.52 439.46 4 440.38 439.63

ligible (see Fig. 4), but time of computing for Shell 20
is shorter than for Shell 5.

The modal analysis with solid elements was

made on a circular saw blade with the element size of
10 mm (Solid 10) and 20 mm (Solid 20). The calcu-

Figure 4 Values of natural frequencies determined by modal analysis of circular saw blade with shell elements

lated results are shown in Table 4, and graphically in
Figure 5.

The values of natural frequencies, which were
determined by experimental measuring, (using the ap-
paratus in Fig. 3), are shown in Table 5. The criteria for

500
450
5. 400
=T 350
5o
£ 300
=5
g2 25
s s
= 5 200
£ s
§§ 150
100
50
0
1 2 3 4
W Shell 5 147.57 172.81 271.36 439.45
Shell 10 147.59 172.83 2714 439.52
M Shell 20 147.56 172.8 27136 439.46

Slika 4. Vrijednosti vlastitih frekvencija dobivene primjenom modalne analize kruzne pile s ravninskim elementima

450
400 _—
= N
= 350
2§ 300 —
%
35 2% —
52
- |2}
F < 200 —
Nl B
100
1 2 3 4
B Solid 10 147.35 172.68 271.69 440.38
Solid 20 147.08 172.37 2712 439.63

Figure 5 Values of natural frequencies determined by modal analysis of circular saw blade with solid elements
Slika 5. Vrijednosti vlastitih frekvencija dobivenih modalnom analizom kruzne pile s volumenskim elementima
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Shell 5 14757 172.81 27136 439.45
HE M. 101 166 292 473

Figure 6 Comparison of natural frequencies determined by different methods
Slika 6. Usporedba vrijednosti vlastitih frekvencija lista kruzne pile dobivenih razli¢itim metodama

Table 5 Experimentally measured values of natural
frequencies

Tablica 5. Eksperimentalno izmjerene vrijednosti vlastitih
frekvencija

n 1 2 3 4
f.Hz 101 166 292 473

accepting the searched frequency was the quality,
brightness and sharpness of Chladni patterns on the
tested saw disc.

As shown in Figure 6, the values of natural fre-
quencies for n = 1 are the same for B.F. and Shell 5.

Values are relatively identical for n =2, and for n
= 3 the values determined by modal analysis are pretty
lower than the values determined by other two meth-
ods, which are identical. For n = 4, the differences be-
tween values are relatively high. It could be said that
the values determined by modal analysis are in accord-
ance with the values determined by other methods used
in the paper.

4 CONCLUSIONS
4. ZAKLJUCCI

On the basis of the experiments, it could be stated
that:

1. Application of finite element method with various
types of elements (shell/solid) and dimensions (5 /
10 / 20) resulted in approximate data of natural fre-
quencies for shape modes n = 1, 2, 3, 4. This corre-
sponds to the results of other authors cited in refer-
ences.

2. The values of natural frequencies determined by all
three methods are acceptable. Considering the dif-
ference in the values of natural frequencies, for n=1,

DRVNA INDUSTRIJA 66 (2) 123-128 (2015)

between values determined by experimental method
and with the use of Bessel functions, and between
values determined by experimental method and by
finite element methods, it seems that the mathemati-
cal apparatus is not able to solve exactly the state of
thin plate (saw disc is thin plate).

. The good conformity of the three results shows that

manufacturers could use the available software that
can simulate relatively exactly the behaviour of the
studied phenomena - in our case natural frequencies
and other parameters in the real operating condi-
tions. The use of software will save the time and
money of manufacturers for production of circular
saw blades and their testing.
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SAZETAK e The subject of the research is a ready to assemble (RTA) chair constructed of plywood by a CNC
machine. The standard test of seat and back of the chair according to the Czech Standard CSN EU 1728 was
supplemented with an optical method of digital image correlation (DIC). The aim of the research was to discover
mechanical principles of the construction and to develop a methodology of standardized furniture testing. Results
of experimental measurement show the response of the chair construction in a form of displacement fields, strain
fields, charts and vectors depicting displacement of the observed points. The results can be used to improve me-
chanical properties of the construction, as well as to develop a shape of the product or specific parts of the product.
Besides furniture testing laboratories and research institutes, engineers from development departments of furni-
ture making companies or industrial designers can easily use the presented method.

Key words: standard furniture testing, digital image correlation, chair, plywood, CNC

SAZETAK ¢ Predmet istrazivanja bio je stolac spreman na sklapanje (RTA), izraden od uslojenog drva na CNC
stroju. Standardni test sjedala i naslona stolca prema ceskom standardu CSN EU 1728 dopunjen je optickom
metodom korelacije digitalne slike (DIC). Cilj istrazivanja bio je otkriti mehanicka nacela konstrukcije te obo-
gatiti metodologiju standardiziranog ispitivanja namjestaja. Rezultati eksperimentalnih mjerenja prikazuju reak-
ciju konstrukcije stolca u obliku polja pomaka, polja naprezanja te grafikona i vektora koji predocuju pomake
promatranih tocaka. Rezultati se mogu iskoristiti za poboljSanje mehanickih svojstava konstrukcije, kao i za razvoj
oblika proizvoda ili ispitivanih dijelova. Osim u laboratoriju za ispitivanje namjestaja ili u istrazivackim institu-
tima, prikazanom se metodom lako mogu koristiti inzenjeri razvojnih odjela u tvrtkama za proizvodnju namjestaja
ili industrijski dizajneri.

Kljucne rijeci: standardno ispitivanje namjestaja, korelacija digitalne slike, stolac, ploca od uslojenog drva, CNC
stroj
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1 INTRODUCTION
1. UVOD

Information technology development and indus-
try automation resulted in the development of CNC
technologies, nowadays also used in furniture manu-
facturing. RTA furniture made of wood composites by
CNC machines is the most often serially manufactured
furniture. While the furniture has been produced for
more than twenty years, experience with constructing
it and with its strength properties is limited. Until re-
cently, the trial and error approach was the only way to
research the methods of development of furniture and
wooden products. Development of technologies, new
materials and informatics not only in production and
marketing, but also in furniture design, brings about
many methods that allow engineers and designers to
adopt new approaches to their work. Despite the fact
that standardized furniture testing, e.g. according to
European Standards (EN), is not compulsory for pro-
ducers in most cases, it is commonly implemented. Nu-
merical simulations have been applied by furniture in-
dustry in a limited way so far (e.g. Mirra Office Chair;
Larder and Wiersma, 2007). However, they are sup-
ported by research rather significantly. From a large
number of studies, we would like to mention the re-
search on behaviour of constructions of upholstered
furniture (Smardzewski and Prekrat, 2009), sitting fur-
niture (Prekrat et al., 2012; Horman et al., 2010;
Smardzewski and Gawronski, 2003), box-type furni-
ture (Nicholls and Crisan, 2002; Tankut et al., 2012),
bed (Konas, 2008), desk (Novotny et al., 2011), as well
as the research on behaviour of wood product joints
(Mihailescu, 2003; Cernok et al., 2004; Prekrat and
Smardzewski, 2010; Serrano and Enquist, 2010). The
issue of strength design of furniture and various re-
search methods is rather comprehensively described by
Eckelman (2003), Smardzewski (2004) and Josc¢ak
(1999).

Although optical research methods are relatively
well described and applied in other industries, they are
still rare in furniture making and logging. The issue of
Digital Image Correlation (DIC) methodology in rela-
tion to a shape, and deformation measurement is de-
scribed e.g. by Sutton (2008) or Cintrén and Saouma
(2008). Nestorovi¢ et al. (2011) employed DIC (3D)
and numerical simulation to define material properties
of veneer composite structure laminate, analysing a
chosen shell of a chair. Smardzewski et al. (2008) ana-
lysed nonlinear behaviour of polyurethane furniture
foams combining experimental testing, DIC measure-
ment and numerical modelling. Also Enquist (2005)
applied 3D DIC measurement for different purposes in
furniture design and material testing. Miyauchi et al.
(2006) analysed strain distributions of wooden dovetail
joints using DIC. Also Masuda and Tabata (2000) com-
bined DIC and numerical simulation (FEM) when test-
ing pinned joints in wood under tension load. Betts et
al. (2010) applied DIC to locate a neutral axis in wood
beams strained by bending. Muszynski et al. (2002)
employed DIC to research wood deformations with an
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axial creep test under varying climate conditions. Be-
sides DIC, there are also other optical methods used in
research and development of wood products, e.g. opti-
cal triangulation measuring the quality of surfaces
(Costa, 2012) and precision of production against 3D
models, laser vibrometers used for testing mechanical
characteristics of furniture connections (Weyrauch et
al., 2013), speckle pattern interferometers used for
testing deformation of wooden joints (Umezaki et al.,
2004) or photo tensometers used for testing gluing
strength of wood joints (Mihulja ef al., 2008).

The main objective of this study is to assess the
mechanical behaviour of RTA chair constructed of ply-
wood using an optical method based on digital image
correlation. Another goal is to develop the methodolo-
gy of standardized furniture testing so that it can also
be used in research and development of furniture con-
struction — industrial products.

2 MATERIALS AND METHODOLOGY
2. MATERIJAL | METODE

The chair was created parametrically in environ-
ment modelling of the CAD and CAM program, with
dimensions 900 by 490 by 430 mm. It was made by a
CNC machining centre (with a nesting table) of 12 mm
thick birch (Betula pendula) plywood, with integrated
dovetail not-glued joints — RTA furniture. Similar prin-
ciples of constructing furniture based on mass produc-
tion were described e.g. by Oh et a/ (2006). The chair
was assembled from six parts. It was designed as self-
locking (Figure 1a).

The chair construction was mechanically loaded
in an accredited furniture testing laboratory according
to the Czech Standard CSN EN 1728, Article No. 6.4
— Static strain test of a seat and back of a chair.

A universal pneumatic testing device was set up
according to the template (Figure 1) and design. The
device was loaded to the seat with the force of 1300 N
and to the back with the force of 450 N in 10 cycles,
from P1 and P2 points determined by the loading dia-
gram (Figure 2 and Article 5.2 of the Standard). To pre-
vent the chair from moving on the floor, it was sup-
ported with adjustable stops. Afterwards, the values of
displacement in the horizontal and vertical direction
for P1 — P6 points were assessed.

Experimental optical measurement was carried
out by the DSLR (Digital Single-Lens Reflex) camera
Nikon D5100 (16Mpix resolution) and Nikkor 50 mm
F1.8 AF-S lens, which were set perpendicularly to the
examined surface — the side frame of the chair. To
achieve constant intensity of the recorded surface im-
age, it was necessary to keep stable lighting conditions
within image acquisition. For this purpose, the exam-
ined surface of the chair construction was lightened by
a pair of diffuse lights. The frequency of recording was
set up to 1 fps, the bit depth of images was 8-bit (256
shades of grey). 8-bit images are necessary for further
processing and for computing the displacement fields.
The open-source tethering software DigiCamControl
(by Duka, I.), connected to the DSLC camera using the
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a.

b.

Figure 1 a) Chair construction and template for determination of straining points P1 and P2, b) Scheme of experimental chair

testing with P1 — P6 points

Slika 1. a) Konstrukcija stolca i predlozak za odredivanje tocaka deformacije P1 i P2, b) shema eksperimentalnog ispitivanja

stolca s oznac¢enim to¢kama od P1 do P6

USB port, was used to transfer data to a mobile PC sta-
tion. Correlation computation of displacement and
strain fields was carried out in the Vic-2D (by Corre-
lated Solutions Inc.) program. Motion tracking of P1
— P6 points was carried out in the open-source program
Blender (by Blender Foundation) and verified subse-
quently by the Vic-2D program. To guarantee the valid
computation by the DIC method, it is necessary to cov-
er the recorded surfaces with (ideally) a two-compo-
nent contrasting colour (e.g. black and white) before
testing. To fulfil this condition, a spray system was
used from the distance, which provided speckles of
recommended size of 3 — 6 pixels (Sutton et al., 2009).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The first goal of the work was to compute the dis-
placement fields on the chair side frame using the DIC
method. The result is shown in Figure 2 and 3, where
the back and the seat are in the second cycle of experi-
mental testing (image No. 20). As it can be seen, the
DIC computation brought reliable results based both
on quantitative (standard deviation was lower than
0.05) and qualitative evaluation (displacement con-
tours follow mechanical behaviour assumptions result-
ing from a loading mode). The ultimate value of hori-
zontal displacement was observed at the top of backrest
(u=3.92 mm, Fig. 2) and the ultimate value of vertical
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displacement was observed at the front leg (v = 1.185
mm, Figure 3).

The next step in the analysis was to look at the
strain fields computed from displacements. The strain
field in horizontal direction (¢ ) is shown in Figure 4;
the vertical strain component (eW) is shown in Figure 5
(also for image No. 20). The results indicate that verti-
cal strain is the highest in the dovetail connections on
top of the chair seat. Nonetheless, its highest absolute
strain did not exceed ~ 0.3 %, so we can affirm that all
strains occurring there are elastic — below the propor-
tional limit of all possible loading modes in wood and
birch plywood (Bodig and Jayne, 1993; Wood Hand-
book, 2010). The horizontal strain is the highest in the
backrest dovetail connections and its maximal absolute
value is ~ 1.56 %. This value is often measured above
the proportional limit, so the question is whether plas-
tic strain occurred or not. A detailed visual analysis of
the connection indicated that the plastic strain most
likely did not occur — the fibres of surface ply did not
fail in any mode.

The reason why such high strains were obtained
is that the computed strains at the connection interfer-
ences might be influenced by their geometric intoler-
ances. It means that the virtual strain gages used for
computing consider the gap between connection parts
as solid parts of the chair, i.e. gaps are considered as
parts of the applied stochastic colour pattern. Three
fundamental findings resulted from that: a) it is neces-
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08328

Figure 2 Horizontal displacement field, mm (for image No. 20)
Slika 2. Podrucje horizontalnog pomaka, mm (za prikaz broj 20)

sary to analyse the dovetail connection from closer dis-
tance in greater detail, which would bring more infor-
mation on strains in connection parts themselves and
contact (nonlinear) behaviour; b) the strains obtained
around the connections with bigger geometric intoler-
ances should be analysed carefully to avoid errors; c)
obtained displacements are reliable and not negatively
influenced by virtual gages since they are computed
beforehand from pixel moves. Therefore, the chosen
acquisition distance is appropriate for kinematic as-
sessment of the chair and brings a new perspective (2D
data) on furniture testing.

U [imem]
-

AT

EE

Figure 3 Vertical displacement field, mm (for image No. 20)
Slika 3. Podru¢je vertikalnog pomaka, mm (za prikaz broj 20)
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Figure 4 Strain field in horizontal direction ()
Slika 4. Podrucje naprezanja u horizontalnom smjeru (e )

Displacement of observed nodal points is shown
by charts in Figures 6 — 11. Ten loading cycles in the
seat and the back are significant in all charts (1 cycle ~
12 images). The following differences in maximum
and minimum values of deviations (displacement) re-
lated to the observed points are of our interest. The
most noticeable displacement was achieved in the hor-
izontal direction (the X axis), especially in P2 point
(the back of the chair). The value achieved was ap-
proximately 6 mm (Figure 7). The displacement shows
that, compared to the other observed parts of the con-
struction, the back of the chair is relatively flexible.

ey [1] - Lagrange
L]

0.00ZESTS

00010875

00075

Figure 5 Strain field in vertical direction (€,)
Slika 5. Podrugje naprezanja u vertikalnom smjeru (e.)
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The result is similar to the outcome obtained by En-
quist (2005) within his research. The second highest
value in the horizontal direction was measured in P3
point (connection of the seat and the back; approxi-
mately 2.6 mm (Figure 8). Nearly the same value of

Displaced points %—x dx mm
e—e dy mm

displacement in both directions was measured in points
P1 (the seat) and P4 (connection of the seat and the
front leg); in the X axis approximately 2.5 mm, in the ¥
axis 1 mm (Figures 6 and 9). The most noticeable dis-
placement in the vertical direction was measured in P6

Displacement of P1, mm

0 5 10 15 20 25 30 35 40 45 50 55 60 65 T0 75 B0 85 90 95 100 105 110 115 120 125 130 135 140

Displacement of P2, mm

Displacement of P3, mm

=2

0 5 10 15 20 25 30 35 40 45 50 55 60 65 T0O 75 B0 85 90 95 100 105 110 115 120 125 130 135 140

Sequence, #

Figures 6 — 8 Charts showing displacement of P1 — P3 points in horizontal and vertical direction (axis X and Y in millimetres)
Slike 6. — 8. Dijagrami pomaka u to¢kama P1 do P3 u horizontalnome i vertikalnom smjeru (osi X'i ¥ u milimetrima)
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Displaced points

#— dx mm
e—e dy mm

Displacement of P4, mm

-2 I I L I I L I
0 5 10 15 20 25 30 35 40 45

L i I L I L i I L I L L L
50 55 60 65 TO 75 B0 &5 90 95 100 105 110 115 120 125 130 135 140

Displacement of P5, mm

u y T T U T T U
0 5 10 15 20 25 30 35 40 45

S0 55 60 65 70 75

80 &5 90 95 100 105 110 115 120 125 130 135 140

Displacement of P6, mm

-2

80 85 90 95 100 105 110 115 120 125 130 135 140

0 5 10 15 20 25 30 35

30 45 S0 55 60 65 70 75

Sequence, #

Figures 9 — 11 Charts showing displacement of P4 — P6 points in horizontal and vertical direction (axis X and Y in millimetres)
Slike 9. — 11. Dijagrami pomaka u tockama od P4 do P6 u horizontalnome i vertikalnom smjeru (osi X'i ¥ u milimetrima)

point (front leg); approximately 1.2 mm (Figure 11).
Considering the position on the fixed pad, the displace-
ment should be considerably lower (similarly as in PS5
point, Figure 10). However, as the flat pack construc-
tion was the subject of the research, the effect was most
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likely caused by a small inaccuracy occurred when the
chair was assembled. One more inaccuracy probably
appeared when the chair was placed into the testing de-
vice — the front legs of the chair were set a bit impre-
cisely. Due to absence of stops at the front legs, dis-
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P,
dx [mm] -2.45
dy [mm] -0.17
d [mm] 2.46
P,
P dx [mm] -0.89
3 dy [mm] -0.51 P
dx [mm] -0.97 d [mm] 1.03 dx“
dy [mm] -0.07 b {:g oy
d 0.97 b
mm] d [mm] 1.27
P, P,
dx [mm] -0.13 dx [mm] -0.71
dy [mm] -0.11 dy [mm] -1.02
d [mm] 0.17 d [mm] 1.24

7

Figure 12 Vectors of displacement of the chosen points
occurred within construction straining (for image No. 20)
Slika 12. Vektori pomaka izabranih to¢aka stolca u kojima
se pojavljuju deformacije konstrukcije

placement in the horizontal direction in P6 point was
higher; approximately 2 mm. The charts offer a possi-
bility of comparing the chosen points of a construction
or similar constructions (e.g. different prototypes of a
product), as well as a possibility of testing the con-
structions durability when the number of cycles reach-
es thousands and fatigue of material and joints often
occurs.

Final vectors of the displacement of all observed
points in the second testing cycle (image No. 20) are
shown in Figure 12. Directions of the vectors are simi-
lar but the obtained values are considerably lower (sev-
en or eight times) than values of vectors measured by
Enquist testing a chair with armrests. It is possible to
say that our chair is stiffer (lower deflections) in bend-
ing than the one tested by Enquist (2005). Different
construction of the chairs explains the difference in
measured values. The chair tested by Enquist (2005)
can be considered as a rod construction (of massive
wood) with mortise and screw joints. The construction
of the chair tested in this research is a plate type (of
plywood) with dovetail joints, which usually reaches
higher values of load capacity and solidity.

4 CONCLUSION
4. ZAKLJUCAK

The results based on measured experimental data
can be summed up as follows:

* The tested chair construction shows the highest dis-
placement in the back;

* The tested chair construction shows the largest
strain in dovetail connections between the back and
the side and between the seat and the side;

* The maximum deviation of the observed surface
was detected in P2 point (the back of the chair);
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+ Individual load cycles are recognizable in the charts
of the point displacement;

» The final vectors directions of the tested chair dis-
placement are similar to the chair tested by Enquist
(2005). Values of the final vectors related to the
tested chair are considerably lower than values of
the chair tested by Enquist (2005);

Considering the method applied, it is possible to
say that the DIC can be easily used for and applied to
furniture testing due to its relative simplicity and low
requirements on devices used, undemanding data pro-
cessing and assessment carried out by accredited labo-
ratories or research institutes. Development depart-
ments of furniture making companies can apply the
methodology to increase their competitiveness and in-
novation potential. By means of deeper analysis of
data, it is possible to detect badly dimensioned con-
struction connections or to optimize the construction in
terms of shape or used materials.
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ABSTRACT ° Measuring and managing of business performance is a complex and difficult process, which at the
present time passes through significant changes in theory and practice. Previously used indicators, methods and
models were mainly based on financial indicators and methods of financial management. The problem of proving
and relatively accurately quantifying the impact of financial indicators for the overall business performance in
theory and practice of management has been fairly well solved. However, to identify and quantify the impact of
qualitative non-financial indicators and methods of the management on the overall performance has so far been
an issue that requires further scientific research in specific conditions of Slovak wood-processing industry. Based
on statistical results of our research, wood processing industry enterprises should apply the selected methods and
models of strategic business performance management. By applying the selected strategic methods and models,
such as Balanced Scorecard, Business Intelligence, strategic planning and controlling, innovations and others,
wood processing companies in Slovakia will achieve a better performance.

Key words: business performance, strategic performance management system, financial indicators, wood-pro-
cessing industry, Slovakia

SAZETAK ¢ Mjerenje i vodenje poslovanja slozen je i tezak proces koji u ovome trenutku u teoriji i korpora-
tivnoj praksi dozivljava velike promjene. Prethodno koristeni indikatori, metode i modeli uglavnom su se temeljili
na financijskim pokazateljima i metodama financijskog upravijanja. Isticanje i relativno precizno kvantificiranje
utjecaja financijskih pokazatelja na ukupnost poslovanja u teoriji i praksi upravljanja prilicno je dobro rijeseno.
Medutim, identificirati i kvantificirati utjecaj kvalitativnih nefinancijskih pokazatelja i nacina upravljanja njima
na ukupnu ucinkovitost c¢ini se da je pitanje koje zasluzuje adekvatan prostor u znanstvenim istrazZivanjima u
odredenim uvjetima slovacke drvopreradivacke industrije. Na temelju statistickih rezultata naseg istrazivanja,
poduzecima drvne industrije preporucujemo da primijene odabrane metode i modele upravljanja strateskim po-
slovanjem. Aplikacijom odabranih strateskih metoda i modela kao sto su sustav uravnotezenih ciljeva - Balanced
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Scorecard, informacijski sustav Business Intelligence, stratesko planiranje i kontroling, inovacije i dr., mogli bi se
postici bolji rezultati poslovanja drvopreradivackih poduzeéa u Slovackoj.

Kljuéne rijeci: poslovni rezultati,
drvopreradivacka industrija, Slovacka

1 INTRODUCTION
1. UVOD

The world of business environment in modern
economies and cities has changed dramatically the way
of pursuing business and nowadays heavily depends on
the performance in generating and utilizing new
knowledge, imagination, creativity, innovations and
technologies (Kourtit, 2011). In order to stay competi-
tive, firms measure, monitor, and analyze their perfor-
mance. Performance management systems are regu-
larly implemented as balanced and dynamic solutions
requiring considerable human (Kropivsek et al., 2011)
and financial resources, and offering support to the
decision-making process by gathering, elaborating,
and analyzing information (Vuksic, 2013). Calculation
based on performed activities and processes — so called
Activity-Based Costing (ABC) is becoming an impor-
tant tool for the costs performance management (Ra-
jnoha and Chromjakova, 2009). Besides implementing
the ABC model, it is very important to integrate into
this process of continuous improvement of enterprise
efficiency the value added measures by single process-
es through process identification, which do not bring
the added value in the whole production process (Ra-
jnoha and Dobrovi¢, 2011). By the application of the
new management IS, it will be possible to provide
many market opportunities (Ala¢ et al., 2010).

Strategic Performance Measurement Systems
(SPMS) are used in a wide number of organizations to
support performance planning, measurement and con-
trol. SPMS are designed to present managers with
financial and nonfinancial measures covering different
perspectives which, in combination, provide a way of
translating strategy into a coherent set of performance
measures (Chenhall, 2005). SPMS typically provide
information on financial and nonfinancial performance
measures (Oblak and Zadnik Stirn, 2000) in an effort to
both report on past performance and help managers
influence future performance. Financial measures as-
sess the short-term impact of managerial decisions in
areas such as revenue growth, asset utilization, and
cash flows (Kaplan, 2001; Rappaport, 2005), while
nonfinancial measures capture variables that are likely
to influence future financial performance, such as cus-
tomer service and quality products. SPMS are expected
to help organizations achieve and maintain strategic
alignment in their decisions, resource allocations and
activities, in order to obtain results and increase share-
holder value both in times of stability and during times
of change in strategic direction (Bento, 2014). Strate-
gic investment decision-makings should be regarded in
each business entity as the crucial factor for its long-
term prosperity. An acquired decision affects the per-
formance of the company as well as its competitive-
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ness in long time (Merkova et al., 2013). The Balanced
Scorecard (Kaplan, 1992) was first proposed by Ka-
plan and Norton and it is the most popular form of
SPMS.

Initial studies in performance measurement test-
ed the impact of certain performance measures on ac-
tual financial performance in particular industries
(Banker, 2000). Over the past decade, studies focused
on the performance effects of specific SPMS character-
istics such as the use of more subjective nonfinancial
measures (Ittner, 2003) and the actual performance im-
pact of overall SPMS adoption (Burney, 2007). Van der
Stede et al., (2006) provided intriguing evidence of the
importance of including a diverse set of performance
measures in the SPMS, finding that companies that
used a higher number of performance measures actu-
ally achieved better performance. Apart from individu-
al value system for each employee, it is also necessary
to respect the value system of the whole organization.
Consequently, it is necessary to elaborate the concept
of business value management and to utilize the system
of Balanced Scorecard - BSC (Hitka and Rajnoha,
2003). Production results highly depend on motivation
factors, so this kind of research is necessary if wood
processing and furniture manufacturing companies
want to increase the production results and competitive
strength in the international market (JelaCi¢ et al.,
2008). On the other hand, Kaplan and Norton (2008)
provided anecdotal evidence that breakdowns in the
SPMS actually lead to deteriorating company perfor-
mance. More recently, Bisbe and Malaguefio (2012)
found evidence that the effect of SPMS on organiza-
tional performance is reduced in situations where envi-
ronmental dynamism is high. Petter et al., (2012) ar-
gued that information system success leads to improved
company performance, while others have concluded
that there is no relationship between information sys-
tems and performance measurement (Soudani, 2012).

According to the management control literature,
the uses for which the SMPS are designed may have a
significant influence in their outcomes (Chenhall,
2005) and Mouritsen (2005) has pointed out that the
ability of management control systems to support
change is influenced by system design. Ittner (2001)
argued that SPMS research should examine the deci-
sion purposes for which a SPMS is designed, in order
to allow appropriate interpretation of the outcomes of
the use of performance measures, given that they might
be appropriate for some purposes but not for others.

According to Bento (2014), the literature of per-
formance measurement shows that SPMS can have a
significant impact on business results. Their study ex-
pands on the performance management literature by
integrating variables from three disciplinary areas: in-
formation systems, accounting and management to
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provide an interdisciplinary approach to performance
management research. Results show that IT variables,
combined with system variables and organizational
variables, have a significant relationship with the
SPMS impact on business results across industries,
geographical locations and organizational sizes.

Several other empirical studies conducted in re-
cent years in the world have confirmed the relationship
between strategic planning and achieved business per-
formance (Rudd, 2008). On that basis, we can conclude
that strategic planning has a positive impact on busi-
ness performance regardless of the sector in which it
operates (Andersen, 2000). Some Spanish authors
made some interesting empirical studies and recently
they have analyzed SPMS and its impact on business
performance in terms of strategic planning and strate-
gic decision-making. Using a combination of archival
data and the questionnaires received from 267 medium
and large companies in Spain, evidence was provided
of a positive relationship and dependence between
SPMS and business performance in a highly dynamic
environment (Bisbe and Malagueno, 2012). Similar re-
search conducted in Spain also focused on the relation
between the use of SPMS and the quality of the strate-
gic planning process. Empirical data were obtained
from surveys of 349 medium and large Spanish compa-
nies and their evaluation confirmed the positive rela-
tionship between the use and dependence between
SPMS and quality of strategic plans and company deci-
sions (Gimbert, 2010). Most authors state in their sci-
entific studies that SPMS can help business to define
and achieve its strategic objectives, align behaviors
and attitudes, and ultimately to have a positive impact
on business performance. However, SPMS can also be
criticized for a number of reasons, such as the promo-
tion of inappropriate behavior of managers, suppres-
sion of innovation and learning, and so on (Micheli and
Manzoni, 2010). Another important research in this
area has focused on exploring the strategic planning
process and its links to business performance in a high-
ly turbulent and unstable environment. The authors
emphasize that strategic planning has the potential to
produce positive effects on business performance in a
highly unstable environment and that planning is an
important value added for the company in terms of its
higher performance (Brews and Purohit, 2007). Based
on these studies, it can be concluded that regular use of
the SPMS in a company may favor the more compre-
hensive and elaborate system of strategic planning,
which is further reflected in higher business perfor-
mance. It should also be noted that strategic planning is
an integral part of SPMS.

In a long run, our research deals with the issue of
increasing the potential of the renewable natural re-
sources industry and increasing its efficiency and com-
petitiveness through the specific methodology of in-
dustry performance measurement and management
within the specific conditions of the wood-processing
industry in the Slovak Republic. Based on our previous
research, the global performance of wood-processing
industry in Slovakia measured by various indicators
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appears positive in recent years (Merkova et al., 2012).
Then we posed some other research questions: Why is
this happening? What strategic factors influence better
performance of some wood-processing companies?
Selected research results and answers to these research
questions are presented further below.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

If the company can reduce its overall costs while
maintaining the total revenues, it will have a positive
impact on the achieved profit. If the company can en-
sure the inflow of new customers, it might expect high-
er total revenues and possibly higher overall profits. If
the company invests funds into the quality manage-
ment system, it could achieve higher quality, and under
certain circumstances, it could bring higher sales and
better market position. If the company invests in train-
ing its employees, then the company could achieve a
higher level of knowledge, and it would help to gener-
ate better performance indicators in the longer term.
Maximum degree of certainty of achieving the expect-
ed results, through various levels of probability, to the
limits of the maximum uncertainty with different tar-
gets, indicators, and management actions, may or may
not venture to bring greater efficiency. Obviously this
research area is not clearly determined. It should be
mentioned that our present business environment is far
from showing a high degree of stability and certainty,
as experienced in the past. A major research hypothesis
has been expressed, according to which many non-fi-
nancial, strategic or qualitative indicators and methods
applied in management have an impact on the overall
business performance, which can be measured despite
the complexity of the issue to determine the relevant
ones. Based on this assumption, the main objective was
set. We decided to verify this claim, and bring up new
and so far insufficiently verified knowledge in the field
of business performance management.

The main objective of our research was to ana-
lyze the utilization rate of traditional and modern indi-
cators, methods and models of Strategic Business Per-
formance Management on a sample of randomly
selected companies in different industries of the Slovak
Republic with a primary focus on the wood processing
industry, and to identify on the basis of relevant math-
ematical and statistical methods causal relation-follow
links and determine their impact on achievable busi-
ness performance.

The analyzed parameters were measurement and
management of strategic business performance. They
were selected by statistical methods and determined by
their effect on the overall business performance evalu-
ated on the basis of ROE (Return on Equity in %). The
following five hypotheses were defined for the research
in the field of Strategic Business Performance Manage-
ment:
H 1: It is assumed that business performance will be
affected by the type of organizational structure.
Increased performance will be present in com-
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panies with a matrix, project or network struc-
ture. The traditional functionally oriented or-
ganizational structure will be typical for the
companies with lowest performance.

H2: Itisassumed that, if companies use some strate-
gic management tools and systems to support
strategic performance management, they will
achieve higher performance. Higher perfor-
mance will also be achieved in enterprises ap-
plying long-term strategic business planning
and controlling.

H3: Another hypothesis is the strategic business per-
formance management methodology BSC (Bal-
anced Scorecard). We believe that, if the BSC
methodology is not introduced in the company or
if it is only partially used (only irregular report-
ing of selected indicators), business performance
is lower. If the BSC methodology is used com-
prehensively, systematically and regularly, it will
improve the efficiency of the company.

H4: This hypothesis focused on the Information
support to strategic business performance man-
agement. The implementation of MIS (Manage-
ment Information System) or BI (Business In-
telligence) Information Systems will improve
the efficiency of the company compared to
companies that do not consider introducing this
type of information system.

H5: The duration of use of strategy parameters is
important for the best performance. We expect
that the tools, methods and concepts can have
an impact on higher performance if they are
used for more than 2 years.

The impact of strategic parameters was examined
in companies divided into 7 files. They differed by sur-
veyed sectors and by activities of the company. The
initial group consisted of all surveyed industries (164
companies), from which the samples were created sep-
arately targeted at companies of wood processing in-
dustry, engineering industry and automotive industry.

A file was created of companies from all the three
industries. The final two sets were based on the main

Table 1 Analyzed data sets
Tablica 1. Osnovna skupina analiziranih podataka

activity (focus) and manufacturing companies, while

the last set consisted of trade and service companies.

Table 1 presents the basic information about the statis-

tical research files.

Business performance expressed through ROE
was the basic sorting parameter. Companies were ini-
tially analyzed on the basis of distribution according to
performance achievements within 6 performance
groups — categories (group from 0 to 5; group 0 — the
worst performance with negative ROE, group 5 — the
best performance with ROE above 10 %). In the cur-
rent state of knowledge, we realize that ROE is not the
best indicator and that it would be better to use, for
example, the EVA (Economic Value Added) indicator.
To determine this indicator, each company needs to
know the cost of capital and to provide an exact value
for the purposes of research, which seemed impossible
to get. The following disaggregated range was used in
each researched company to determine the actual size
of the ROE:
negative value /ROE < 0/,
positive value - from 0 % to 2 %,
positive value - from 2 % to 4 %,
positive value - from 4 % to 7 %,
positive value - from 7 % to 10 %,
positive value - above 10 %.

The scale was used rather than a particular value
of ROE because of the sensitivity of the issue. Suffi-
cient number of scales (6) in our subsequent mathemat-
ical and statistical research will allow the variability of
classifying businesses into different performance cate-
gories, as it required the application of mathematical
and statistical methods. In the case of low frequencies,
we narrowed the six performance categories for the
following three performance categories of companies:
e Inefficient companies (negative value of ROE < 0,

positive value of ROE - from 0 % to 2 %) —-EVA
will probably be negative.

e Companies reaching average performance (positive
value of ROE - from 2 % to 4 %, positive value of
ROE - from 4 % to 7 %) —Eva probably +/- 0 or
slightly positive value.

. . . . Frequency
File / Skupina Sector, focus / Sektor, podrucje djelovanja Ucestalost
File 1 / Skupina 1. | All examined sectors / svi promatrani sektori 164 comp anies

164 poduzeéa

. . L R . 34 companies
File 2 / Skupina 2. | Wood processing industry /drvopreradivacka industrija 34 poduzeca
. . . .. . . .. 30 companies
File 3 / Skupina 3. | Engineering industry / strojarska industrija 30 poduzeéa
. . L . .. 16 companies
File 4 / Skupina 4. | Automotive industry / autoindustrija 16 poduzeca
File 5/ Skupina 5 Selected industries (Wood processing industry, Engineering industry, Automotive 80 companies
P " | industry) / odabrane industrije (drvopreradivacka, strojarska, autoindustrija) 80 poduzeca

. . . . ) , 106 companies
File 6 / Skupina 6. | Manufacturing companies / proizvodna poduzeca 106 poduzeéa
. . . . o . , 58 companies
File 7 / Skupina 7. | Trade and service companies / trgovacka i usluzna poduzecéa 58 poduzeca
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e Powerful companies (positive value of ROE - from
7 % to 10 %, positive value of ROE - over 10 %) —
EVA will probably be relatively high positive.

Strategic parameters have been studied mainly as
nominal variables. For this reason, for the statistical
analysis of the impact of strategic parameters on the
business performance, we have applied pivot tables
and pivot coefficients, which were recommended by
scientific literature. In these tests, we have divided the
observed companies into categories, and then we com-
pared the observed and theoretical frequency in these
categories. Viewed statistics were Pearson’s chi-square
and the level of statistical significance “p”, M-V chi-
square and value of “p”, Pearson Contingency coeffi-
cient, Contingency coefficient corrected, Phi coeffi-
cient for 2 x 2 tables and Cramer’s V for more members
graded categories.

We formulated the basic (null) hypothesis H, H,
alternative hypothesis and the significance level a for
testing statistical hypotheses. The aim was to try to
challenge the hypothesis H . The alternative hypothe-
sis H, was contrary to the basic hypothesis. Decision
on rejecting H was carried out based on:

e o <pH, notrejected,

e o >p H,rejected in favor of H..

Null hypothesis - H : There is no relationship be-
tween strategic parameters and business performance.

Alternative hypothesis - H,: There is a relation-
ship between strategic parameters and business perfor-
mance.

Significance level o = 0.05.

The resulting response based on the total number
of 164 surveyed companies was scientifically prepared,
and the research results were obtained by applying the
selected methods of descriptive statistics, shown in
more detail in the next section with a specific focus on
the wood industry (34 surveyed companies).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The results of chi-square statistical tests recorded

a value of p <0.05 in a file of companies of wood pro-
cessing industry as follows:

e By applying management tools and systems to sup-

port performance management "long-term strategic

planning and systematic creation of company-wide
business strategies and sub-strategies", companies
have achieved average and above-average perfor-
mance (groups 2-5).

e The methods used in the context of business plan-
ning and controlling "Incomplete calculation of
variable costs based on contributions cover", is
only typical for companies with average perfor-
mance (ROE 2-7 %), and "Modern ABC method",
is typical for the highest performance group 4 and
5, and over 7 % of the ROE.

e Other non-financial strategic indicators and tools
"The number of complaints and customer satisfac-
tion" indicator affect the average and above-aver-
age performance of a group and "Technological In-
novation"; by applying this indicator companies
reach ROE over 4 %.

In these analyses, the assumptions were not satis-
fied about the minimum frequency in cells of contin-
gency tables by differentiating ROE to the 6 original
groups, or the gradual merging of three and two perfor-
mance groups. There is enough evidence to unequivo-
cally state that the strategic tools presented significant-
ly affect business performance.

Statistically significant dependence has not been
proven in further analysis of the relationship between
strategic parameters and business performance in the
wood processing industry according to the results of
chi-square tests with p-value > 0.05. It was not appro-
priate to investigate contingent factors or levels of resi-
dues.

From further characteristics of wood processing
industry, several strategic parameters were selected,
and they are presented in Table 2 to Table 5 and in Fig-
ures 1 and 2.

Considering the type of organizational structure,
it follows that wood processing companies use the tra-
ditional function-oriented organizational structure to
the greatest extent (68 % of companies), and the most
numerous group in terms of performance is 0-2. This
may be affected by the overall poor condition, and the
result of the fact that the wood processing companies
achieve the lowest average ROE of all monitored sec-
tors.

The results of strategic management tools (strate-
gic planning, controlling and reporting) in a set of

Table 2 Type of organizational structure in the companies of wood processing industry
Tablica 2. Tip organizacijske strukture u drvopreradivackim poduze¢ima

Type of organizational structure in the Perfor- Perfor- Perfor- Perfor- Perfor- | Row totals
companies of wood processing industry mance mance mance mance mance Ukupno
Tip organizacijske strukture u (ROE)-0 | (ROE)-1 | (ROE)-2 | (ROE)-3 | (ROE)-5
drvopreradivackom poduzecu

Process / procesna 1 0 2 0 0 3
Divisional / divizionalna 0 2 0 0 0

Traditional functional 6 6 5 3 3 23
tradicionalna funkcijska

Matrix / matricna 0 1 0 0

Any type / bilo koja od navedenih 1 3 0 0 1 5
Total / ukupno 8 11 8 3 4 34
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Table 3 Use of strategic management tools in the companies of wood processing industry
Tablica 3. Primjena alata za stratesko upravljanje u drvopreradivackim poduzeéima

Using of strategic management tools in Perfor- Perfor- Perfor- Perfor- Perfor- | Row totals
the companies of wood processing mance mance mance mance mance ! Ukupno
industry (strategic planning, controlling | (ROE)-0 | (ROE)-1 | (ROE)-2 | (ROE)-3 | (ROE)-5
and reporting) / Primjena alata u
strateSkom upravljanju u drvo-
preradivackim poduzecéima (stratesko
planiranje, kontroling i izvjestavanje)
No / ne 2 4 1 0 0 7
Relative share / u relativiom udjelu 5.88 % 11.76 % 2.94 % 0.00 % 0.00 % 20.59 %
Yes / da 6 7 7 3 4 27
Relative share / u relativnom udjelu 17.65 % 20.59 % 20.59 % 8.82 % 11.76 % 79.41 %
Total / Ukupno 8 11 8 3 4 34
Relative share / u relativnom udjelu 23.53 % 32.35% 23.53 % 8.82 % 11.76 % 100.00 %
100 %
90 % Not use
80 % B Using
70 %
60 %
50 %
40 %
30 %
20 %
10 %
0%
Performance | Performance | Performance | Performance | Performance
(ROE)-0 (ROE) - 1 (ROE) -2 (ROE) -3 (ROE) -5
Business Performance Category / Kategorija performanse

Figure 1 Use of strategic management tools in the companies of wood processing industry in Slovakia
Slika 1. Primjena alata za stratesko upravljanje u drvopreradivackim poduze¢ima u Slovackoj

wood processing companies show that companies that
did not use these selected management tools in their
practice, failed to reach a better performance than
group 2. Although 80 % of companies of wood pro-
cessing industry use these strategic management tools
and systems, performance groups 0-2, with negative or
low value of ROE, are the most numerous.

The analysis of contingency tables in the sector
of wood processing industry showed that companies
do not use the BI information system. Two categories
were occupied, 8 companies consider the introduction
of BI in the longer term, and 26 companies do not con-

sider this possibility at all. BSC is a similar methodol-
ogy, used by a company (purely foreign capital). Com-
panies indicate an average or above-average satisfaction
in terms of satisfaction with the tools and concepts.

In the research, some conclusions can be made
on the basis of average values of performance in each
category, determined by strategic parameters in the
wood processing industry (Table 6).

Table 6 presents the analysis of five variables. In
terms of organizational structure, the most powerful
organizational structure is the matrix organizational
structure in companies of wood processing industry.

Table 4 Use / introduction of BI in the companies of wood processing industry in Slovakia
Tablica 4. Primjena / uvodenje Bl-a u drvopreradivackim poduze¢ima u Slovackoj

Perfor- Perfor- Perfor- Perfor- Perfor-

L Row totals

Use of Bl / Primjena Bl-a mance mance mance mance mance Ukupno
(ROE)-0 | (ROE)-1 | (ROE)-2 | (ROE)-3 | (ROE)-5 P

Not considering this possibility 6 8 7 1 4 26
ne razmatramo tu mogucnost 17.65 % 23.53 % 20.59 % 2.94 % 11.76 % 76.47 %
Considering the introduction in longer term 2 3 1 2 0 8
razmatramo tu mogucnost u dugorocnom 0 o 0 o o o
plany 5.88 % 8.82 % 2.94 % 5.88 % 0.00 % 23.53 %
Total / ukupno 8 11 8 3 4 34
Relative share / u relativiom udjelu 23.53 % 3235% 23.53 % 8.82 % 11.76 % 100.00 %
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Figure 2 Use / introduction of BI in the companies of wood processing industry in Slovakia

Slika 2. Primjena / uvodenje Bl-a u drvopreradivackim poduzeé¢ima u Slovackoj

[ Not considering
this possibility
Ne razmatramo
tu mogucnost

B Considering
the introduction
in longer term
Razmatramo tu
mogucnost u
dugorocnom
planu

Table S Use of selected concepts / tools for strategic performance management in the companies of wood processing industry

Tablica 5. Primjena odabranih koncepcija / alata za stratesko upravljanje poslovanjem u poduzec¢ima drvopreradivacke

industrije
S =
2 =
- £.%_|&x
“Selected concepts / tools for strategic performance R QX vy | » Sles|E8 &8 8 =
. . , 2S| 25| E2|ES ER(2gs &8
management in the companies of wood processing 5|85 es|e = S35 |%2 3 T2
industry / Odabrane koncepcije/alati za stratesko upravijanje | & 2| g 2“ & 50w :‘o e S| 323 g S
lovanjem u d. divackim poduzedi SE|ES|(va|dl| A2y &3 Ne
poslovanjem u drvopreradivackim poduzeéima SRS S z ¥ 88| 5 X
2| E = |2 |=E
= =
],
1 |Financial indicators based on data from financial 5 4 7 18 15 14
o, |accounting/ financijski indikatori utemeljeni na
% L= 14.71 11.76 |1 20.59 | 52.94 44.12 | 41.18
podacima iz racunovodstva
2 | Outcomes of management accounting 17 6 2 9 6 5
% | rezultati upravljanja racunovodstvom 50.00 | 17.65 | 5.88 26.47 17.65 | 14.71
3 19 3 5 2 5 6 5
Controlling / kontroli
7 5588 | 8.82 | 1471 5.88 | 1471 17.65 | 1471
4 Balanced S d (BSC) / sust tezenih cilj 32 ! ! !
alanced Scorecar 7 2
% sustay uravnoteZenih ciljeva == - XY XY
5 | Economic Value Added (EVA) 26 3 1 3 1 4 2
% | dodana ekonomska vrijednost 76.47 | 8.82 | 294 | 8.82 | 2.94 11.76 | 5.88
6 | ABC costing (Activity Based Costing) 27 3 1 3 1 3
% | troskovi prema aktivnostima 7941 | 882 | 2.94 | 8.82 294 | 8.82
7 | BI (Business Intelligence) information system 28 6
% |informacijski sustav Bl-a 82.35 | 17.65
8 | Quality Management System 19 5 2 2 6 5 4
% | sustav upravijanja kvalitetom 55.88 | 14.71 | 5.88 | 5.88 | 17.65 14.71 | 11.76
9 | Lean management and Kaizen 31 2 1 1 1 1
% | vitko upravijanje i Kaizen 91.18 5.88 294 (294 294 | 294
10 | The concept of CRM (Customer Relationship Manage- 28 3 1 2 3
% |ment) / koncepcija upravijanja odnosima s korisnicima | 82.35 | 8.82 | 2.94 | 5.88 8.82
11 | KPI system (Key Performance Indicators) 29 2 1 2 3 2
% | KPI sustav (kljucni indikatori poslovanja) 85.29 5.88 | 2.94 | 5.88 8.82 | 5.88

* Notice: presented concepts were selected from worldwide research in the area of application of various models and methods for business
performance managing, by authors Rigby and Bilodeau - Rigby, D., Bilodeau, B. (2013). Management Tools and Trends 2013. Boston: Bain &
Company. http://www.bain.com/Images/BAIN_BRIEF_Management_Tools_%26_Trends_2013.pdf
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Table 6 Average performance categories - file 2: wood processing industry
Tablica 6. Prosjecne kategorije djelovanja - skupina 2: drvopreradivacka industrija

Type of organizational structure / Tip organizacijske strukture

Traditional Anv fvpe
. Process | Divisional functional Matrix .y yp.. All categories
Answers / Odgovori . . .. Bilo koji ..
Procesna | Divizionalna | Tradicionalno | Matricna i Sve kategorije
funkcijska P
ROE Average / prosjecna tocka | | 333333 |1 000000 1739130 | 2,000000 | 1,600000 |  1,647059
pokrica
Frequency / ucestalost 3 2 23 1 5 34

The way of linking business strategy with a system of measurement and business performance management
Nacin povezivanja poslovne strategije sa sustavom mjerenja i upravljanja poslovanjem

Answers / Odeovori 0 — Insufficiently 1 —Well 2 — Very well All categories
& Nedovoljno Dobro Vrlo dobro Sve kategorije
ROE Average | Prosjecna tocka 1230769 1.000000 2.055556 1,647059
pokrica
Frequency / Ucestalost 13 3 18 34

Use of methods of strategic business planning and controlling
Primjena metoda poslovnoga strateskog planiranja i kontrolinga

Answers / Od i Not using Using but without BI All categories
W govort Ne primjenjuje se Primjena bez koristenja Bl-a | Sve kategorije
ROE Average 1.000000 1733333 1.647059
Prosjecna tocka pokrica
Frequency / Ucestalost 4 30 34

Use of software tools to measure and manage business performance
Primjena softverskih paketa za mjerenje i upravljanje poslovanjem

Answers / Odgovori

Not using software

Using software All categories

Bez primjena softvera Primjena softvera Sve kategorije
ROE Average 1400000 1.689655 1.647059
Prosjecna tocka pokrica
Frequency / Ucestalost 5 29 34

Use of Management Information Systems (MIS) in the company / Primjena upravljacko-informacijskih sustava u poduzecu

Answers Not using MIS Using MIS All categories
Odgovori Bez MIS-a Primjena MIS-a Sve kategorije
ROE Average 1500000 1.666667 1.647059
Prosjecna tocka pokrica
Frequency / Ucestalost 4 30 34

When there is a connection between business strategy
and system of measurement and management perfor-
mance, a better performance is recorded than when
there is no such connection. Enterprises that use the
methods of strategic business planning achieve better
business performance than enterprises that do not use
them. Companies that use some software tools or MIS
information system achieve better business perfor-
mance than companies that do not use MIS. However,
the results of software for measuring and managing of
business performance and information systems show
only a slight difference between the groups of compa-
nies of wood processing industry that use and do not
use the selected tools.

4 CONCLUSION
4. ZAKLJUCAK

The results of our scientific research show that
companies from the selected Slovak industries, which
achieve above average performance, are strongly fo-
cused on managing their strategic performance by ap-
plying many modern management concepts and meth-
ods.

144

Based on the results presented in this paper, the
following can be concluded in the area of the research
hypotheses, which were set out at the beginning of the
strategy research.

H1: Do not reject H . The impact of a particular or-
ganizational structure on the business perfor-
mance has not been established. A correlation
has been found between business performance
and the use of organizational structure, but
without specifying a particular type of struc-
ture.

H, is rejected in favor of H, for the concept of
strategic long-term business planning and con-
trolling system. Assumption failed in the ex-
amination of all management tools. The impact
was demonstrated of strategic planning and
controlling studied separately (used/not used)
to a higher — over average performance above
the valued of ROE of 4 % in used concepts.

Do not reject H. BSC methodology itself does
not affect the business performance of wood-
processing enterprises. However, in the statisti-
cal file consisting of all analyzed industries (Ta-
ble 1 - File 1), this dependence has been

H2:

H3:
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H4:

HS:

confirmed. BSC methodology enables industri-
al enterprises to achieve higher performance.
Do not reject H. BI information system itself
does not affect the business performance of
wood-processing enterprises. However, in the
statistical file consisting of all analyzed indus-
tries (Table 1 - File 1), this dependence has been
confirmed. The use of BI information system
has an impact on better business performance.
The analysis highlighted two categories - com-
panies that use BI system, they achieve the val-
ue of ROE over 4 %, companies that do not con-
sider the introduction of a BI information
system, reach lower performance.
Do not reject H,. However, in the statistical file
consisting of all analyzed industries (Table 1 -
File 1), this dependence has been confirmed. H,
is rejected in favor of H, at the financial perfor-
mance indicators, controlling, quality manage-
ment system, in which the time use of these
strategic parameters is important for the perfor-
mance achieved. The results show that the use
of financial indicators to measure and manage
business performance brought to higher levels
of performance after 2 years, in the quality
management system after 5 years, and compa-
nies typically achieve ROE above 4 %. How-
ever, in the concept of controlling, which is
used for more than five years, performance is
reflected by ROE above 7 %.

Based on our research, it has been shown that an

important tool to improve the overall business perfor-
mance also in conditions of Slovak wood-processing
industry seems to be a system of strategic performance
management. However, compared to the automotive or
engineering industry (results of our research related to
automotive and engineering industry will be published
in a separate scientific paper) this has not been con-
firmed with a sufficiently high degree of statistical rel-
evance. Still, we believe that traditional business man-
agement based only on financial performance must be
supplemented and confronted also in conditions of
wood-processing industry with the methods and mod-
els for strategic business performance management.

(S04, ]
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ABSTRACT ¢ The article introduces a potential use of a combination of the method of numerical modelling and
experimental tests for the treatment of the structure of a wooden prefabricated staircase with one-sided suspended
stairs. Numerical modelling was used to find critical details, which were experimentally tested on partial models
in the scale 1:1. The results of the numerical modelling in combination with experimental testing were used for de-
signing a prototype of a wooden prefabricated staircase with one-sided suspended stairs. The designed prototype
of a staircase in two versions was experimentally tested in the scale 1:1 in compliance with Czech design standards
CSN 73 0035, CSN 73 2030 and ETAG00S — Guideline for European technical approval of prefabricated stair kits
in edition January 2002 in terms of ultimate and serviceability state design.

Key words: analysis of behavior, prefabricated staircase, numerical modelling, experimental testing

SAZETAK ¢ Clanak obraduje potencijalnu primjenu kombinacije metode matematickog modeliranja i eksperimen-
talnih ispitivanja za obradu konstrukcije drvenih montaznih konzolnih stubista. Numericko modeliranje primijenjeno
Je za pronalazak kriticnih detalja koji su eksperimentalno testirani na parcijalnim modelima u mjerilu 1:1. Rezultati
numerickog modeliranja, u kombinaciji s eksperimentalnim ispitivanjem, primijenjeni su za izradu prototipa drvenih
montaznih konzolnih stubista. Dizajnirani prototip stubista u dvije verzije eksperimentalno je ispitan u mjerilu 1:1
radi utvrdivanja ponasanja stubista u upotrebi, u skladu s ¢eskim standardima CSN 73 0035, CSN 73 2030 i ETAG008
- Smjernica za europske tehnicko odobrenje setova montaznog stubista, iz sijecnja 2002. godine.

Kljucne rijeci: analiza ponasanja, montazno stubiste, numericko modeliranje, eksperimentalna ispitivanja

1 INTRODUCTION sign. Staircases are often perceived by architects and
1. UVOD end users, i.e. investors, as architecture elements that
help to create a visual style and well-being of a modern

When connecting two height levels during build-  home (Jiricna, 2001). The right choice of a staircase

ing of residential houses, the current trend is to use  contributes to elegance, originality, and a unique style
light and airy staircases with attractive and modern de-  of a building (Karre, 2005).

! Authors are associate professors at Institute of Building Structures, Faculty of Civil Engineering, Brno University of Technology, Czech
Republic. *Authors are assistant professors and Department of Wood Processing, Faculty of Forestry and Wood Technology, Mendel Univer-
sity in Brno, Czech Republic.

! Autori su izvanredni profesori Zavoda za gradevinske konstrukeije, Gradevinski fakultet, Tehnoloko sveugiliste u Brnu, Republika Ceska.
2Autori su docenti Odsjeka za preradu drva, Fakultet Sumarstva i drvne tehnologije, Mendelovo sveu¢iliste u Brnu, Ceska Republika.
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The choice of the construction system of stair-
cases is also related to the choice of material (Haber-
mann, 2002). Nowadays, various material alternatives
are combined; for example it is possible to see frequent
use of wood with other material, e.g. stainless steel,
glass, stone and fibreglass. In addition, there are many
examples of use of just a single material, most com-
monly wood.

Some examples of staircases that meet the men-
tioned qualities, i.e. elegance, originality, airiness, and
unique and modern style, include staircase bolts with in-
serted treads, or with central staircase bolt, or spiral stair-
cases. The mentioned types of staircases are produced by
a wide range of companies in the Czech Republic and in
EU countries. The extensive list of companies includes
e.2. SWN Moravia, s.r.o., TREPP-ART s.r.o., Bucher
GmbH, Kenngott Treppen GmbH, and others.

Within a project of MPO CR IMPULS, registra-
tion number FI-IM2/053 titled “Research and Develop-
ment of a New Generation of Staircases to Residential
and Civil Buildings”, the issue was the construction of
wooden prefabricated staircases with one-sided sus-
pended stairs. In accordance with the objectives of the
project, a new generation of prefabricated staircases
with one-sided suspended stairs was developed in the
form of a prototype of a staircase in two versions. The
modernized generation of prefabricated staircases im-
proved the universality and variability of the construc-
tion system, brought lower costs on production thanks to
material saving and simpler production and assembly.

The development of a new generation of stair-
cases and the design of its prototype took advantage of
a method of numerical modelling in combination with
experimental testing. The combination was also used
by other authors (Pousette, 2003; Pousette, 2006; La-
bans and Kalnins, 2012; Franke and Quenneville,
2011; Fleischmann et al., 2005). The method of nu-
merical modelling is used for the issues of construction
mechanics, or dynamics, i.e. static analysis, dynamic
analysis of analyzed structure or a detail with the use of

a finite element method (Tankut ez al., 2014). Using the
outputs of numerical modelling, an evaluation of an
analysed structure can be performed according to
standard regulations, and critical construction points
identified. These points can be modified and re-ana-
lysed thanks to the method of numerical modelling.
Subsequently, the first phase of verifying details be-
haviour with the use of experimental tests of partial
testing models will be performed. After verifying the
correct design of details, an experimental analysis of
the construction should be performed in the second
phase, in order to find whether the designed structure
complies with the existing standard criteria.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Structure of prefabricated staircases with
one-sided suspended stairs
2.1. Konstrukcija montaznoga konzolnog stubista

A prefabricated staircase with one-sided sus-
pended stairs (Fig. 1) consists of stairs without risers,
which leads to a lighter construction.

The stairs at the side of the wall are usually an-
chored in the bearing wall with the use of 2 steel bars
and partly anchored in the staircase bolt. In order to
eliminate footfall sound spreading into bearing walls,
the bars are put in rubber cases in the wall. A part from
this type of mounting, the mounting used in the design
of the staircase prototype can be used as well. At the
outer side, the stairs are suspended with the system of
bars anchored in a massive handrail. The height posi-
tion of stairs is delineated with the use of distance ele-
ments, which are placed in between stairs on a stair
edge. The details of the wooden prefabricated staircase
are shown in Fig. 2.

The staircase is predominantly made of glued
wooden profiles of European beech (Fagus sylvatica),
European white oak (Quercus petrea), Scotch pine (Pi-
nus sylvestris) and spruce (Picea abies), which improve
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Figure 1 Prefabricated staircase with one-sided suspended stairs (Jema Svitavy a.s., 2006)

Slika 1. Montazno konzolno stubiste (Jema Svitavy a.s., 2006.)
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(A) ‘

B

Figure 2 Details of the wooden prefabricated staircase: (A) Detail at the side of the wall (1 — rubber cases, 2 — steel bars, 3
— stair); (B) Detail at the side of the massive handrail (1 — massive handrail, 2 — system of bars, 3 — distance elements) (Jema

Svitavy a.s., 20006)

Slika 2. Detalji drvenoga montaznog stubista: (A) detalj sa strane zida (1 — gumeni dijelovi, 2 — Celi¢ne Sipke, 3 — gaziste
stube); (B) detalj masivnog rukohvata (1 — masivni rukohvat, 2 — sustav Sipaka, 3 — elementi koji odreduju udaljenost stuba)

(B: Jema Svitavy a.s., 2006.)

the shape durability and eliminate the effect of torsion of
profiles, in the versions of connected profiles and non-
connected profiles. The thickness of profiles ranges be-
tween 40 and 65 mm. The non-wooden parts are de-
signed from stainless steel, or surface treated steel.

2.2 Static analysis of behaviour of prefabricated
staircases with one-sided suspended stairs

2.2. StatiCka analiza ponasanja montaznoga
konzolnog stubista

In order to study the behaviour of prefabricated
staircases with one-sided suspended stairs, a straight
staircase was selected, which represents the most unfa-
vourable arrangement in terms of statics.

Regarding the use of prefabricated staircases for
building residential houses, a staircase made form
Scotch pine (Pinus sylvestris) with the construction
height of 3.0 m, aligned span of 4.862 m and ground dis-
tance of 3.98 m was considered (Fig. 3a). Dimensions of
stairs without risers of 900 mm comply with the require-
ments of a Czech design standard CSN 73 4130 for resi-
dential houses. The width of stairs at the walking line of
314 mm was designed with the stairs overlap of 10 mm.
The thickness of stairs of 50 mm was designed taking
into account the existing way of production. The dimen-
sions of the handrail and newels were designed to be
made of glued wooden profile 50 x 140 mm.

At the outer side, the stairs were suspended with
the use of a system of steel bars (24 pieces) of profile
of #12/2 mm to the bearing massive handrail, which is
taken along the outer side of the whole staircase. Each
stair was suspended on three bars (Fig. 1) and (Fig. 2)
and was connected with the previous and the following
stair with the use of wood distance elements (Fig. 1a).
At the wall side, the stairs were placed with the use of
2 steel bars 16 mm that were embedded in the bearing
wall through rubber cases (Fig. 2a).

2.3 FE modelling
2.3. FE modeliranje

A static analysis by FEM software systems was
performed for loading in compliance with Czech de-
sign standard CSN EN 1991-1-1 (73 0035) Eurocode

DRVNA INDUSTRIJA 66 (2) 147-156 (2015)

1: Action on Structures — Part 1-1: General actions -
Densities, self-weight, imposed loads for buildings.
Within the analyses dead load was considered, i.e. self-
weight and live load, which was considered as uniform
load, concentrated load of stairs, and concentrated load
acting in vertical and horizontal direction of the hand-
rail. The load was considered in characteristic and de-
sign values, which were set in compliance with article
6.10 of Czech design standard CSN EN 1990 (73 0002)
Eurocode: Basis of structural design.

The initial static analysis of behaviour of the se-
lected prefabricated staircase with one-sided suspend-
ed stairs and the performance of a standard evaluation
of this structure, according to Czech design standard
CSN EN 1995-1-1 (73 1701) Design of timber struc-
tures, Part 1-1: General - Common rules and rules for
buildings, was performed with the use of a 3D beam
analysis model and software IDA NEXIS 32 (2002).

In order to perform a detailed analysis of behav-
iour of the prefabricated staircase with one-sided sus-
pended stairs, a 3D analysis model and partial analysis
models of details (connection of the top and bottom
newel with the handrail, a detail of the mounting of a
stair on steel bars, detail of the connection of stairs
through distance elements) were developed in the soft-
ware ANSYS (2012a).

A 3D analysis model, where a fixed connection
of all construction parts was assumed, was developed
with the use of finite elements type of SOLIDA4S5,
SOLID92, SOLID95 and SURF154 (ANSYS, 2012b).
3D models (Fig. 3) were developed for stairs, rubber
cases, connecting screws, screw washers, bars, dis-
tance elements, handrail, and top and bottom newels.

Partial analysis models of massive handrail and
bottom newel connections (Fig. 3b) using submodel-
ling methods (ANSYS, 2012¢) were developed with
the use of finite elements of the type of SOLID92
(ANSYS, 2012b). The real glued connection between
the handrail and newels was considered for these mod-
els. The connections were modelled with contact ele-
ments TARGE170 and CONTA174 (ANSYS, 2012b).
In this case, the contact elements allowed the contact to
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Figure 3 3D analysis model (A): 3D analysis model and its detail; dimension in m; (1 — massive handrail, 2 — system of bars, 3
— distance elements, 4 — rubber cases, 5 — stair, 6 — bottom newel) (B): Partial analysis models of massive handrail and bottom
newel connections (1 — massive handrail, 2 — bottom newel, 3 — connection pin) with contact surface between 1, 2 and 3

Slika 3. 3D model analize (A): 3D model analize s detaljima (dimenzije u m) (1 - masivni rukohvat, 2 — sustav Sipki, 3 — el-
ementi kojima se odreduje udaljenost stuba, 4 — gumeni dijelovi, 5 — stuba, 6 — donja ograda); (B) modeli djelomi¢ne analize
spoja masivnog rukohvata i donje ograde (1 — masivni rukohvat, 2 — donja ograda, 3 — spoj izmedu rukohvata i donje ograde)

s kontaktnom povrsinom izmedu 1,21 3

open up, or a connection in the case of exceeded value
of shear and normal stress, which equalled the value of
glue strength of 10 MPa (Péncik and Lavicky, 2000).

In the 3D analysis model and partial analysis
models of details, the behaviour of wooden parts from
Scotch pine (Pinus sylvestris) was described in the
software ANSYS with the use of an orthotropic mate-
rial model (Table 1). Material properties were taken
from (Pozgaj et al., 1997; Matovic, 1993; 2004).

With the use of orthotropic material model, general
anisotropic material properties of wood caused by differ-
ent properties in different anatomic directions of wood
were simplified, i.e. longitudinal direction L, tangent di-
rection 7" and radial direction R (Pozgaj et al., 1997,
Kretschmann, 2010; Mascia and Lahr, 2006; Bucur,
2006). The possibility of using an orthotropic material
model is related to the method of producing laminated
wooden profiles. When producing the laminated wooden
profiles, it is possible to clearly define just the longitudi-
nal direction L, which is identical to the direction of
wood grains. The other anatomic directions of wood can-
not be clearly determined due to the different orientation.
This is the reason why the similar properties were con-
sidered for tangent 7 and radial R directions. Regarding
the dimensions of the wooden elements, the material
characteristics determined for the cylindrical system L7R
were used for the Cartesian system XYZ (Danielsson and
Gustafsson, 2013), where the material is considered to
have similar properties in the direction ¥ and Z.

The behaviour of connecting elements and rub-
ber cases was ideally modelled with the use of an iso-

tropic material model. The steel elements were includ-
ed in the analysis through material characteristics for
steel S235. The isotropic material model of rubber
cases was described by modulus of elasticity 10 MPa
(2012), density 50 kg/m?* and Poisson’s ratio 0.475.

Boundary conditions concerning the 3D analysis
model originated from the real support. The simple sup-
port was considered at the contact of the bottom newel to
the bearing floor structure. The fixation of the staircase
to the bearing ceiling structure was considered with the
use of a board under the last stair anchored in the ceiling
with three screws. Regarding the rubber cases, boundary
conditions were defined to their cylindrical surface in
the cylindrical coordinate system while preventing the
case face movement out of the wall.

The analyses made with the use of the 3D analy-
sis model and detailed analysis models were materially
linear and geometrically nonlinear. The 3D analysis
model was loaded in compliance with a Czech design
standard CSN EN 1991-1-1. Due to the use of the
method of sub-modelling, the partial analysis models
were only loaded by deformation load, which was de-
termined with the use of an analysis of the 3D analysis
model, i.e. the load of the partial analysis models was
taken over from the output of the 3D analysis model.

After the solution of the 3D analysis model, as
well as detailed analysis models, the evaluation of re-
sults was performed. The evaluation determined the
field of displacement (U,, U, ) and field of stress (S,,
S, S, 8, 8,). The vertical displacement U, and normal

r Oz
stress in the direction of grains for uniformly loaded

Table 1 Material properties of Scotch pine (Pinus sylvestris) in notation of ANSYS (ANSYS, 2012a)
Tablica 1. Obiljezja borovine (Pinus sylvestris) zapisana u programu ANSYS

EX, MPa 14300 GXY, MPa 800 NUXY 0.04

EY, MPa 545 GYZ, MPa 500 NUYZ 0.38

EZ, MPa 700 GXZ, MPa 1230 NUXZ 0.03
DENS, kg/m® 505
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Figure 4 3D analysis model — results for uniformly loaded staircase in intensity of uniform serviceability load V= 3.0 kN/m?
and self-weight (A): Vertical displacement U, (m) (B): Normal stress in the direction of grains (Pa) in the interval (-8;+8)

MPa; examples of “critical* places

Slika 4. 3D model analize — rezultati za ravnomjerno optereceno stubiste pri optereéenju V= 3,0 kN/m? i uz vlastitu tezinu: (A)
vertikalni pomak U, (m); (B) normalno naprezanje u smjeru vlakanaca (Pa) u intervalu (-8;+8) MPa; primjeri kriti¢nih mjesta

staircase in intensity of uniform serviceability load
V = 3.0 kN/m? (CSN EN 1995-1-1, 2004) and self-
weight is shown in Fig. 4. The average values of nor-
mal stress and principal stress in individual wooden
construction parts of the staircase were in the range of
the interval of the wood strength. The stress was dis-
tributed uniformly in the majority of construction parts
of the staircase. Using interactive failure criteria Hoff-
man’s criterion (Hoffman, 1967; Berthelot, 1998; Gal-
icky and Czech, 2013) and Tsai-Wu criterion (Tsai and
Wu, 1971; Danielsson and Gustafsson, 2013; Galicky
and Czech, 2013) “critical” places of the staircase
structure were identified (places of the contact of dis-
tance elements with stairs, at places of laying stairs on
steel bars, at places of the suspension of stairs with the
use of steel bars, and at places of the handrail contact
with the top, or bottom, newel).

The “critical” places of the staircase structure
were subsequently changed in order to reduce the con-

(A)

centration of stress at places of these details. The de-
signed changes were numerically reanalysed. After
their numerical verification, they were integrated in the
prototype design of the prefabricated staircase with
one-sided suspended stairs (Fig. 5).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Based on the results of numerical analyses from
the 3D model, a prototype of a wooden straight prefab-
ricated staircase was made from Scotch pine (Pinus
sylvestris) with one-sided suspended stairs in two ver-
sions. The prototype design applied the proposed
changes based on the numerical analyses. The changes
included the reduction of the number of bars from 24
pieces for the whole staircase (Fig. 5) to 4 pcs, the re-
duction of the thickness of steps from 50 mm to 40 mm,
the change of the anchoring of stairs in the bearing

(B)

Figure 5 Prototype of a wooden straight prefabricated staircase: (A) Dimensions and measuring points with potentiometric

sensors of the type MS04; (B) 3D analysis model

Slika 5. Prototip drvenoga ravnog montaznog stubista: (A) dimenzije i mjerne tocke s potenciometrijskim senzorima tipa

MS04; (B) 3D model analize

DRVNA INDUSTRIJA 66 (2) 147-156 (2015)
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Figure 6 Different ways of fixing the stairs into the bearing wall: (A) Version A (the stairs supported by a steel profile and by

a distance element); (B) Version B (the stairs supported by two steel profiles)
Slika 6. Razliciti nacini u¢vrséenja stubista u nosivi zid: (A) verzija A (nosivi su elementi ¢eli¢ni profil i element koji
odreduje udaljenost izmedu stuba); (B) verzija B (nosivi su elementi stuba dva ¢eli¢na profila)

wall, the modification of solutions of distance elements
through improved universality by height rectification,
and the change of the contact of the top and bottom
newel with the handrail was designed.

The two versions of the prototype of a wood
straight prefabricated staircase differed in the way the
stairs were fixed into the bearing wall. In the first version
marked A, the stairs were supported at the entry edge by
a steel profile L 80 x 60 x § mm and at the exit edge by
a distance element made of stainless steel (Fig. 6a) with-
out being fixed to the bearing wall. In the other version
marked B, the stairs were supported at the entry and exit
edge by a steel profile L 80 x 60 x 8 mm (Fig. 6b).

In accordance with the selected numerically ana-
lysed prefabricated staircase with one-sided suspended
stairs, two prototypes of the staircase in versions A and
B in the scale 1:1 were made in the testing laboratory
of the Institute of Building Testing, Faculty of Civil
Engineering, Brno University of Technology. The
staircase prototypes consisted of 15 stairs of the length
of 900 mm, width of 314 mm and thickness of 40 mm
and an atypical exit stair (Fig. 3). The height of both
staircases was 3.0 m, the handrail and the entry and exit
newels were of a rectangular cross-section 50 x
140 mm. The position of the handrail was secured with
the entry and exit newels. The handrail was connected
to four stairs No. 4, 7, 10 and 13 with steel bars
@12/2 mm, which ran through a stainless steel newel
and a height-rectifiable distance element 232/1.85 mm
made of stainless steel. The steel profiles L 80 x 60 x
8 mm were fixed to the wall with fixings Fischer FUR
10 x 115 T and screws 7 mm.

The prototypes of staircases were experimentally
tested in accordance with ETAG 008 — Guideline for
European technical approval of prefabricated stair kits,
edition January 2002. The results of tests were used for
the verification of the precision and function of the de-
signed modifications. The load tests monitored the re-
sponse of the structures to the effect of a static load.

Within the experimental tests, the measured time
data, i.e. the size of vertical displacement, were continu-
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ously recorded,. The loading scheme selected at the ef-
fect of the static load was chosen so as to model the ef-
fects of the uniform serviceability load (V= 3.0 kN/m?)
determined on the basis of Czech design standard CSN
EN 1991-1-1. The load was applied on the staircase with
the use of loading boxes (Fig. 7). The boxes were placed
on the staircase in such order, that the course of the
bending moment drew as close to the course of the ho-
mogeneous distributed load, i.e. 2™ degree parabola.
The reverse action was applied for the unloading.

During the static loading tests, the values of ver-
tical displacements at the stair faces at the selected 12
stairs (Fig. 5a) were continuously recorded with the
MS04 with the accuracy of 0.05 mm and the measure-
ment units HBM SPIDER 8 (2006). The measuring
points were located in the middle of the width and
thickness of the stairs. Two stairs No. 6 and 11 were
also equipped with potentiometric trajectory sensors
(Fig. 5a) in order to monitor vertical displacements at
the bearing wall. The position of the measuring points
was selected at the lower side of the stairs in the middle
of the stairs 30 mm of the edge.

3.1 Staircase A
3.1. Stubiste A

The staircase A was loaded in compliance with
Czech design standard CSN 73 2030 (1994) in two
steps. In the first step, the staircase was loaded with
uniform serviceability load (¥ = 3.0 kN/m?), which
was increased in the second step by the 0.3 multiple of
the uniform serviceability load (Fig. 7). Under the ef-
fects of the increased load (1.3 multiple of uniform ser-
viceability load), an extreme value of vertical displace-
ment of 20.66 mm occurred at the stair No. 8, which is
lower than the limit value according to (ETAG
008/2002, 2002; CSN EN 1995-1-1, 2006) amounting
to 29.797 mm ((1/200)xL Jcos a; L, = 4.862 m (Fig.
5b); a = 35.3281°) (Table 2). The course of vertical
displacements measured under gradual loading allows
to clearly identify the course of loading and the mo-
ments, when the glued contact of the top (or bottom)
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Figure 7 Prototypes of the staircase in version A during
static load test - staircase loaded with uniform serviceability
load (7= 3.0 kN/m?) increased by the 0.3 multiple

Slika 7. Prototip stubiSta verzije A tijekom testa statickog
opterecenja — stubiste je optereceno ravnomjernim
optere¢enjem ¥ = 3,0 kN/m*uvecanim za 0,3 puta

newel with the handrail was broken and opened. The
values of vertical displacements in individual load
steps are shown in Table 3. The graphical time record
of vertical displacement of the static load test of the
staircase A is shown in Fig. 8.

When relieving the load, there is a structure re-
sponse and after the complete unloading, permanent
irreversible deformations (notation PD in Table 3) ap-
pear amounting to 1.3 multiple of the uniform service-
ability load of approx. 13.7 %. Under the loading,
breaking occured as well as partial opening of the
glued contact of the top (or bottom) newel with the
handrail, while the screw contact showed no faults and
the joint between the top and bottom newel and stairs
was slightly opened and a distance element was par-
tially displaced from the bottom washer. Some anchor-
ing screws from the bearing wall were slightly pulled
out at some stairs, which was manifested by the turning
of the steel L 80 x 60 x 8 profile. After the load relief
of the staircase A, the partially opened glued contact of
the bottom and top newel, respectively, with the hand-
rail was closed up.

3.2 Staircase B
3.2. Stubiste B

The staircase B was loaded with the uniform ser-
viceability load in three steps in compliance with stand-
ard CSN 73 2030 (1994). In the first step, the staircase
was loaded with uniform serviceability load (V'=3.0 kN/
m?), which was increased in the second step by the 0.3

Table 2 Maximum measured vertical displacement U, (mm) for staircage A and B for uniform serviceability load with
self-weight compared with theoretical values (ETAG 008/2002, 2002; CSN EN 1995-1-1, 2006)

Tablica 2. Maksimalno izmjereni vertikalni pomak U, (mm) za stubiSte A i B pri ravnomjemqm opterecenju korisnika i
opterecenju tezinom stubista u usporedbi s teorijskim vrijednostima (ETAG 008/2002, 2002; CSN EN 1995-1-1, 2006.)

Staircase A / Stubiste A Staircase B / Stubiste B
U, (1/200)xL Jcos a U, (1/200)xLJ/cos a
20.540 < 29.797 13.320 < 29.797
Condition is satisfied. / Uvjet je zadovoljen. Condition is satisfied. / Uvjet je zadovoljen.
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Figure 8 Time record of vertical displacement U, (mm) of the static load test of the staircase A; numbers of potentiometric

sensors of the type MS04 according to Fig. 5

Slika 8. Vremenski zapis vertikalnog pomaka U, (mm) pri testu statiCkog optereCenja stubiSta A mjerenoga potenciometri-

jskim senzorima tipa MS04 sukladno slici 5.

DRVNA INDUSTRIJA 66 (2) 147-156 (2015)

153



Pencik, Lavicky, Kral, Havirova: Analysis of Behaviour of Prefabricated Staircases... «eee oo

Table 3 Measured vertical displacements in individual load steps U, (mm) for staircase A and B
Tablica 3. Izmjereni vertikalni pomak U, (mm) za razliita opterecenja stubista A i B

< E 4 'Stairc.ase A/ Stubiste A Stairc.ase B/ Stubiste B

< 3,3 5 Vertical displacement U, (mm) Vertical displacement U, (mm)

‘\3: g 2 _§ % Vertikalni pomak, U, (mm) Vertikalni pomak, U, (mm)

= |E8ics

g 12 5% 1.0-V 13-V PD % 1.0-V 157 PD %

el (@ (b) (a)/(b) © (d) (©)/(d)

1 P 1 3.890 7.030 1.580 22.5 3.090 4.480 0.490 10.9
2 P2 9.790 15.640 3.600 23.0 7.270 13.030 1.290 9.9
3 P 3 12.100 19.070 3.660 19.2 7.610 15.760 1.810 11.5
5 P 4 18.900 28.243 3.970 14.1 12.210 25.240 3.180 12.6
6 P 5 19.530 29.500 3.740 12.7 12.600 26.380 3.310 12.5
6 P 6 (wall) 1.890 2.420 0.160 6.6 1.070 1.891 0.190 10.0
7 P 7 19.760 30.270 3.870 12.8 12.950 27.480 3.290 12.0
8 P 8 20.660 31.050 3.870 12.5 13.480 28.750 3.480 12.1
9 P9 19.177 28.954 3.593 12.4 12.772 27.457 3.697 13.5
10 P_10 18.705 28.107 3.491 12.4 12.644 26.594 3.844 14.5
11 P 11 18.546 27.680 3.324 12.0 12.461 25.724 4.047 15.7
11 P_12 (wall) 2.103 2.826 0.336 11.7 1.047 1.693 0.176 10.4
13 P 13 10.862 16.653 2.500 15.0 7.567 16.051 2.993 18.6
15 P 14 4.277 6.951 1.584 22.8 2.940 6.595 1.624 24.6

PD ... permanent deflection / trajni progib

multiple and in the third step by 0.2 multiple of the uni-
form serviceability load. Under the effects of the in-
creased load (1.5 multiple of uniform serviceability
load), an extreme value of vertical displacement of 13.48
mm occurred at the stair No. 8, which is lower than the
limit value according to (ETAG 008/2002, 2002; CSN
EN 1995-1-1, 2006) amounting to 29.797 mm (Table 2).
The second part of the graph (Fig. 9) shows a noticeably
sharp rise of vertical displacements caused by the bro-
ken contact of the bottom newel with the handrail. The

values of vertical displacements in individual load steps
are shown in Table 3.

When relieving the load, there is again a notice-
able structure response and after the complete load re-
lief, permanent deformations (PD in Table 3) appear
amounting to 1.5 multiple of the uniform serviceability
load of approx. 12.8 %. Similarly to the situation with
staircase A, breaking and partial opening of the glued
contact of the top newel with the handrail occurred un-
der this load. In addition, a partial split of the handrail

30 £ _29797Tmm ———————— s ——————r--- -
1 limit value of vertical delay 0.3V 10.2- —o=r_
| displacement according M — =P 12
| (ETAG008/2002, 2002) P —me-P 14
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20 o
E delay unloading
o o5
g 15 + g
:
E- B
5 e
g 10 i N
> — - —
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H e permanent
51 demt™ — T 1o . deflection
— (. H = ey
e Cemra TR
(o = = - T =
R
4 " —_ _l e
0 of t } i } e e
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——— serviceability load (V) —————>p——— design load (1.5 V) ———>| time 7 [s]

Figure 9 Time record of vertical displacement U, (mm) of the static load test of the staircase B; numbers of potentiometric

sensors of the type MS04 according to Fig. 5

Slika 9. Vremenski zapis vertikalnog pomaka U, (mm) pri testu statickog opterecenja stubista B mjerenoga potenciometrij-

skim senzorima tipa MS04 sukladno slici 5.
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appeared. The distance of the handrail and the newel
reached approx. 3 mm. Some anchoring screws from
the bearing wall were slightly pulled out at some stairs,
which was manifested by the turning of the steel L 80
x 60 x 8 profile. After the load relief of the staircase A,
the opened glued contact of the bottom newel with the
handrail was not closed up.

3.3 Evaluation of static loading tests of staircase
Aand B
3.3. Ocjena testova statickog optereéenja stubiSta Ai B

The evaluation of static loading tests of prefabri-
cated staircases with one-sided suspended stairs in ver-
sions A and B was performed according to (ETAG
008/2002, 2002; CSN EN 1995-1-1, 2006). This condi-
tion was met by both staircases. Staircase A was loaded
by 1.3 multiple of the uniform serviceability load. Af-
ter applying the same load, the staircase B continued to
be loaded up to 1.5 multiple of the uniform serviceabil-
ity load. The values of the ratio between the permanent
and total deformation for staircases A and B are lower
than the coefficient /1], which, according to Section
D. 8 (CSN 73 2030, 1994), amounts to 0.25 and 25 %,
respectively, for glued structures. Both staircases met
these criteria of reliability in terms of ultimate limit
state.

The comparison of experimentally measured val-
ues of vertical displacements for comparable load
shown in Table 3 for 1.0 multiple and 1.3 multiple of
uniform serviceability load shows that staircase B is
stiffer than staircase A.

4 CONCLUSION
4. ZAKLJUCAK

The comparison of the measured data showed that
the prototype of staircase B is stiffer and more resistant
to the applied load than the prototype of staircase A. Re-
garding statics, this finding indicates that supporting
stairs with two steel profiles L 80 x 60% 8 mm is more
advantageous than the combination of a steel profile and
a rectifiable stainless steel distance element.

During a static loading test, staircases A and B
were loaded by their own weight and then by uniform
serviceability load of the intensity of V' = 3.0 kN/m?.
Subsequently, the load of staircases A and B was in-
creased up to 1.3 multiple for staircase A and up to 1.5
multiple of the load for staircase B. Even under the
higher load, the vertical displacements of selected
measuring points at staircase B were lower than those
at staircase A. Under the effects of increased loading,
which models the ultimate limit state, the staircase
structure showed no serious faults and deficiencies. It
should be emphasised that the pressing of newel wash-
ers into stairs occurred as well as opening of the con-
tact between the bottom newel and handrail for stair-
cases A and B, and opening of the contact between the
top newel and handrail for staircase B. Despite these
slight faults, the structures of staircases were reliable,
which was documented by subsequently performed
loading tests of broken and opened contacts.
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Staircases A and B were evaluated in accordance
with (ETAG 008/2002, 2002; CSN EN 1995-1-1, 2006;
CSN 73 2030, 1994) in terms of ultimate and service-
ability limit state. Both staircases A and B met the re-
quired criteria of the mentioned regulations.

Based on the behaviour of staircases in the course
of loading tests, it was recommended to increase ulti-
mate limit state of staircases structure and their general
stiffness by changes in the detail of the contact of the
top and bottom newel with handrail, and the detail of
the passage of the exit stair through the top newel.
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ABSTRACT ¢ “Uso Fiume” (UF) beams are a traditional peculiarity of the Italian wooden carpentry. They are
produced by parallel sawing of the log on four faces, which results in wanes on their whole length, while their
cross section is constant from end to end.

Structural timber is subjected to the dispositions of the European Construction Products Regulation (CPR) and
since January 2012 it can be placed on the market only if CE marked; structural timber with irregular section,
such as UF beams, shall be graded on the basis of a specific procedure named European Technical Assessment
(ETA). In particular, UF beams made of larch (Larix decidua Mill.) wood can be CE marked according to ETA —
11/0219. This is a relevant factor for the enterprises of some Italian Regions, such as Aosta Valley, where larch is
widespread and commonly used for producing structural assortments.

In this context the present work aims to assess the characteristics of UF larch beams production in the above
geographical site. To this purpose a survey was addressed at regional sawmills producing these assortments. The
inquiry was also designed in order to investigate different aspects such as enterprises dimensions, origin of round
wood and production methods.

The survey gave a picture of this production reality and can provide useful considerations for similar cases in other
Italian or European Regions.

Key words: Structural timber, larch, CE marking, Uso Fiume beams, sawmills, Aosta Valley

SAZETAK ¢ Uso Fiume (UF) grede tradicionalna su posebnost talijanske drvene grade. Proizvode se paralelnim
piljenjem trupca u Cetiri plohe, sto rezultira nepravilnim rubovima cijelom duljinom dok im je presjek ujednacen.
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ences (DISAFA), Grugliasco (TO), Italy. >Author is associate professor at University of Tuscia, Department of Science and Technology of
Agriculture, Forestry, Nature and Energy (DAFNE), Viterbo, Italy.
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Strukturna grada mora biti u skladu s Europskom uredbom o gradevinskim proizvodima (CPR), a od sijecnja 2012.
moze biti na trzistu samo ako ima oznaku CE. Strukturna grada nepravilnih dijelova kao sto su UF grede mora se
klasificirati na temelju odredenog postupka koji se naziva europskom tehnickom procjenom (ETA). Konkretno, UF
grede izradene od drva arisa (Larix decidua Mill.) mogu biti oznacene CE oznakom u skladu s ETA - 11/0219. To je
relevantan cimbenik za poduzeca u nekim talijanskim regijama kao Sto su Aosta Valley, gdje je aris rasprostranjen
i Cesto se upotrebljava za izradu strukturnih proizvoda.

U tom kontekstu, cilj je ovog rada procijeniti obiljezja proizvodnje UF greda od arisovine u regiji Aosta Valley. Za
tu svrhu provedena je anketa u pilanama regije koje proizvode UF grede. Anketni je upitnik izraden tako da bi se
mogli istraziti razliciti aspekti proizvodnje kao Sto su dimenzije pilane, podrijetlo trupaca te proizvodne metode.
Istrazivanje je omogucilo da se stvori slika stvarne produktivnosti, koja moze dati korisne podatke i zakljucke za

slicne primjere u drugim talijanskim ili europskim regijama.

Kljucéne rijeci: strukturna grada, aris, oznaka CE, greda

1 INTRODUCTION
1. UVOD

The EU Regulation No. 305/2011 (CPR, acro-
nym for Construction Products Regulation) lays down
harmonized conditions for marketing of construction
products within the European Union. Structural timber
is subjected to CPR’s dispositions and since January
2012 it can be placed on the market only if it is CE
marked (Negro et al., 2013).

According to CPR, structural timber with rectan-
gular cross section shall be classified in conformity
with EN 14081-1 and assigned to a strength class in-
cluded in the EN 338. Structural timber with irregular
cross section is not considered neither by the EN
14081-1 nor by other harmonized standards. In this
case the CPR envisages the possibility of placing the
CE marking only if a European Technical Assessment
(ETA) has been released for the specific product.

“Uso Fiume” (UF) beams belong to the category
of structural timber with irregular section and represent
a peculiarity of the Italian wooden carpentry (Figure
1). Uso Fiume larch beams are traditionally used by the
Aosta Valley sawmilling industry for producing wood-
en carpentry). Their cost is lower compared to that of

Figure 1 Uso Fiume larch beams are traditionally used by
the Aosta Valley sawmilling industry for producing wooden
carpentry

Slika 1. Grede Uso Fiume od drva ari$a tradicionalno se
upotrebljavaju u pilanskoj industriji regije Aosta Valley za
proizvodnju drvne stolarije
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Uso Fiume, pilana, Aosta Valley

larch beams with regular sections, particularly due to
higher transformation yields.

Their cross section is constant from end to end
and they are produced by parallel sawing of the log on
four faces, which results in wanes on their whole
length. Recently some Italian associations carried out,
together with National Research Bodies, a wide sam-
pling and testing on UF beams. As a result, the Consor-
tium Uso Fiume/Uso Trieste beams obtained the ETA
— 11/0219 that allows the enterprises part of the group
to CE mark their UF beams made of spruce, silver fir or
larch. Similarly, the Consortium Wood Cork — Techni-
cal Committee Chestnut Uso Fiume obtained the ETA
12/0540 for CE marking these assortments. Inclusion
of larch wood in ETA — 11/0219 is a relevant factor for
sawmills located in the Aosta Valley, where this wood
species is widespread: larch stands cover 44.528 ha
and constitute 45 % of the regional forest surface
(INFC, 2005).

In this context the present work aims to analyze the
characteristics of UF larch beams production in the above
Region of Northwestern Italy. To this purpose, a survey
was addressed to sawmills producing UF larch assort-
ments. The inquiry was designed for investigating differ-
ent aspects such as enterprises dimensions, origin of the
round wood and production methods. Collected data
were elaborated in order to obtain updated information
on the examined sector and to understand the peculiari-
ties and issues that characterize the regional production.

The survey gave a picture of this production real-
ity; considerations for similar cases in other Italian or
European Regions can also be drawn from the out-
comes of the study.

2 MATERIALS AND METHODS
2. MATERIJAL | METODE

The Chamber of Commerce of Aosta Valley was
contacted in order to individuate the regional sawmills
that currently produce UF larch beams. In particular,
the list of enterprises belonging to the following cate-
gories' was required:

! Derived from the statistical classification of economic activities in
the European Communities (NACE) by the National Institute of
Statistic (ISTAT, 2007).
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* code 16.10: sawmilling and planning of wood;
e code 16.23: manufacture of other builders’ carpen-
try and joinery.

The list included 238 regional enterprises and re-
ported general descriptive information such as the
number of employees or the main production activity
for each of them. The latter parameter was used for
shortening the list: for instance, all enterprises marked
as “Production of furniture” were excluded. Through
this selection, 56 enterprises were individuated as pos-
sible producers of UF larch beams in the area of study.
Each of them was directly contacted, which enabled
identifying the 9 enterprises that currently produce UF
beams in the Region. The remaining 47 enterprises, in-
stead, resulted to be mainly involved in timber com-
merce and in any case are not UF beams producers.

Taking as a reference other surveys describing
the productive realities of sawmilling industries
(Knowles et al., 2008; Crespell et al., 2006), a ques-
tionnaire addressed to the owners of the 9 shortlisted
sawmills was formulated. Its development was aimed
at assessing the main characteristics of UF larch beams
production in Aosta Valley. The questionnaire was de-
signed to be completed within 20 minutes and was
structured in two segments: trade flows (1) and beams
characteristics (2). Six questions were expressed; three
in segment 1 (origin of round timber, annual produc-
tion, selling destinations) and three in segment 2 (sec-
tions and lengths produced, production methods, grad-
ing procedures). A draft was submitted for revision to
experts in structural timber both in academia and in-
dustry; limited changes were made according to com-
ments received. The questionnaire was then subjected
to sawmill owners by direct visiting in loco. Answers
were registered in spreadsheets subsequently used for
data elaboration and statistical analysis.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Figure 2 shows the number of employees for
each of the nine regional enterprises that currently pro-
duce UF larch beams.

All of them have less than 10 employees (while
the activity of sawmills # 2 and 3 is entirely carried out
by the owner) and fall into the category of Small Me-
dium Enterprises, sub-category Microenterprises?.
They are generally family owned, which indicates a
sector still constituted by small productions fractioned
in the regional area.

The above sawmills buy round wood and timber
for producing UF larch beams from several provenanc-
es: Aosta Valley, Piedmont Region (still in Italy and
close to the above), Austria, France, Germany and
Switzerland. As shown in Figure 3, each sawmill
counts on two or more provenances, with the exception
of sawmill # 3 that satisfies its limited needs by buying
round wood of local origin only.

Figure 4 reports the percentage distribution of
logs provenances considering the collected data. The
main part of round wood and timber comes from Aosta
Valley (36 %) and France (28 %); relevant amounts are
also imported from Switzerland (12 %), Austria (11 %)
and Germany (10 %), while the remaining 3 % comes
from Piedmont. From these data, it emerges that, de-
spite the large presence of larch stands at local level,
the main part of round wood (61 %) is imported from
foreign countries. Sawmills owners indicated two main

2 According to the Recommendation of the European Com-
mission of May 6" 2003, a microenterprise is defined as “an
enterprise which employs fewer than 10 persons and whose
annual turnover and/or annual balance sheet total does not
exceed 2 million €.

Sawmill 1

Sawmill2 | 0

Sawmill 3 | 0

Sawmill 4 | 4

Sawmill 5 | 3

Sawmill 6

Sawmill 7

| 5

Sawmill 8 | 4

Sawmill 9 | 4

6 8 10

Number of employees / broj zaposlenika

Figure 2 Number of employees for each inquired enterprise

Slika 2. Broj zaposlenika u ispitivanim pilanama
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Sawmill 1 Sawmill 2

B Aosta
Valley

[ Austria
B France

Sawmill 4 Sawmill 5

10%

B Aosta
Valley

[ Austria
B France
B Germany

Sawmill 7 Sawmill 7

B Aosta
Valley

B France
[J Switzerland

Sawmill 3

B Aosta B Aosta
Valley Valley
I France
Sawmill 6
B Aosta B Aosta
Valley Valley
[ Austria I France
B Germany [ Switzerland
Sawmill 9
B Aosta B Aosta
Valley Valley
B France B France
[J Piedmont [ Piedmont

Figure 3 Provenance of round wood and timber used for producing UF beams

Slika 3. Podrijetlo oblovine za proizvodnju UF greda

reasons for that: firstly, in their opinion the regional
harvesting polices are too restrictive and not enough
oriented to the productive function, and secondly the
quality of regional round wood is not always able to
satisfy the market requirements.

As for dimensions of UF larch beams, their most
common sections range from 18x18 cm and 20x25 cm,
used for producing rafters, and from 30x30 cm to

[l Aosta Valley
[ Austria

[ France

B Germany
[ Piedmont
[ Switzerland

Figure 4 Provenance of round wood and timber considering
the grouped data

Slika 4. Podrijetlo oblovine prema podacima za sve
ispitivane pilane
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35x35 cm, used for ridgepoles. Most frequent lengths
vary within a broad range from 400 to 13.000 cm. On
the whole, the main combinations are 20x20 cm x 6-10
m, 20x25 cm x 6-8 m, 30x30 cm x 6-8 m.

From the analysis of the annual production of UF
larch beams per sawmill, it emerges that volumes are
generally limited (Figure 5).

Grouping the above data in volume classes shows
that five sawmills out of nine have a production equal
or minor to 100 m? per year, while the others reach a
larger productions, which in any case is not higher than
200 m? per year (Figure 6).

This distribution indicates that production of UF
beams represents a niche market and constitutes a mar-
ginal part of the whole activity of the inquired enter-
prises, as also stated by their owners.

Figure 7 reports the modalities used by enterpris-
es for producing UF beams. According to the standard
UNI 11035-3° Uso Fiume beams shall be “obtained
from a trunk by mechanical sawing, continuously and
parallel from end to end on four faces with constant
thickness”. Four sawmills declared to produce UF
beams using the above method, while one sawmill de-

3 This standard regards UF beams made of spruce and silver fire but
can be taken as a valid guide for many aspects of UF larch beam
production.
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Sawmill 1 [ ]20

Sawmill2 [ 120

Sawmill 3 40

Sawmill 4 | 70

Sawmill 5 | 130

Sawmill 6 | 100

Sawmill 7 | 200

Sawmill 8 | 200

Sawmill 9 45
T T T T

0 50 100 150 200 250

m?/year / m’/godisnje

Figure 5 Annual production of UF beams for each sawmill
Slika 5. Godi$nja proizvodnja UF greda za svaku ispitivanu pilanu

Sawmills number / broj pilana

0-5 51-100 101-150 151-200
m’/year / m*/godisnje

Figure 6 Annual production per volume classes
Slika 6. Godi$nja proizvodnja prema volumnim klasama

clared to produce these assortments by milling the The difference between these methods is not only
edges of rectangular beams, therefore artificially ob-  formal: beams milled along edges do not present, in
taining the wanes along the beam. The remaining four =~ correspondence of their wanes, the continuity of wood-
declared to use both methods. en tissues that is an added value of UF assortments.

Sawmills number / broj pilana

Sawing on four face Milling of rectangular Both methods
beams edges

Figure 7 Methods used for producing UF assortments
Slika 7. Metode proizvodnje UF greda
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M Aosta Valley

M France

[ Switzerland

M Other destinations

Figure 8 Selling destinations of UF larch beams
Slika 8. Destinacije prodaje UF greda

Therefore, it is recommendable for producers to exclu-
sively use the mechanical squaring.

Finally, Figure 8 shows destinations towards
which enterprises sale their UF larch beams. The high-
er amount (60 %) is sold within Aosta Valley, confirm-
ing that this reality is limited but relevant at local level.

Volumes sold to different destinations, mainly
other Italian Regions and in particular the near Piedmont
and Lombardia, are 20 % of the total. The remaining part
is exported to France (13 %) and Switzerland (7 %).

4 CONCLUSIONS
4. ZAKLJUCCI

Introduction of CE marking obligation for con-
struction products is a demanding challenge for enter-
prises of Aosta Valley that produce UF larch beams.
These are, in fact, microenterprises often family owned
and their organization is not always properly struc-
tured. On the other side, the new standard requirements
offer the opportunity for valorizing the regional struc-
tural timber. This can determine positive effects both
on sawmills and local wood sector. This aspect is par-
ticularly relevant since in the last years the entire for-
est-wood-chain has been weakened at regional and
national level by several factors, namely the competi-
tion of engineered wood-based products such as glue
laminated wood, the adverse economic period and the
delocalization of production processes.

The survey showed how, today, the production of
Uso Fiume larch beams in Aosta Valley is a niche real-
ity characterized by small volumes. Still, this is a herit-
age of the Italian wooden carpentry that should be val-
orized and, where possible, supported in increasing the
productive and commercial potential. The use of larch
wood for structural timber is, in fact, a valid alternative
to spruce and silver fir, in particular when the purpose
is to exploit and valorize the durability, the major me-
chanical properties and the aesthetic appearance of
larch wood or to promote the use of a local timber. It is,
therefore, worth considering further research aimed at
investigating the technical and economical perfor-
mance of sawmills producing these assortments.

In any case, the essential pre-requisite for valor-
izing the available wooden resources is to be able to
guarantee a full compliance of products and processes
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to the in-force technical and legislative dispositions.
Therefore, sawmills should make an effort, also sup-
ported by associations, to fully comply with the current
normative framework. In this context, CE marking of
UF larch beams, together with an adequate promotion
on the market, can give a relevant impulse to the sector.
This can help the regional enterprises to acquire more
updated, modern and efficient production methods.
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ABSTRACT e In order to utilize waste products such as sawdust and chips in the wood industry, pellets are made
using compaction pressures in the range of 100 MPa or higher. During the compaction process, the density and
the modulus of elasticity of the material rapidly increase. Wood materials generally show non-linear viscoelastic-
plastic behavior and, therefore, the pressure-deformation relationship is dependent on the loading velocity and on
the time during which the material is subjected to constant deformation or load. The energy requirement of pellet
production depends on many influencing factors and in such cases the use of dimensionless numbers in the form of
similarity equation facilitates the processing of experimental results and the obtained similarity relationship has
a more general validity for the users. Various fractions of different wood species were used in these experiments,
and the pressure, pellet diameter, temperature were also varied. The proposed similarity equation shows a good
correlation with the experimental results.

Key words: chip fraction, compaction, pellet diameter, temperature effect, compaction work, dimensionless numbers

SAZETAK e U praksi se cesto od poljoprivrednih ili drvnih materijala presanjem usitnjenog materijala pod vi-
sokim tlakom proizvode pelete pri cemu je tlak cesto jednak ili veci od 100 MPa. Tijekom presanja gustoca peleta
brzo raste, a zajedno s njom povecava se i modul elasticnosti. Drvo i od njega proizvedeni peleti ponasaju se
viskoelasticno, tj. njihova tlacna deformacija ovisi o vremenu odnosno brzini opterecenja. Prijasnja istrazivanja
presanja usitnjenoga drvnog ostatka pokazala su da cjelovito drvo ni tijekom prilicno male kompresije ne pokazu-
je obiljezja elasticnosti prema Hookeovu zakonu. Na kraju ciklusa opterec¢enja uvijek se zadrzi odredeni stupanj
deformacije, a postupkom rasterecenja velik je dio deformacije nepovratan. Osim vremenom, odnos naprezanja i
deformacije odreden je i velicinom naprezanja tako da se ne moze govoriti o linearnoj viskoelasticnosti. Na temel-
Ju rezultata provedenih istrazivanja nastala je jednadzba prema kriteriju bezdimenzionalnosti koja univerzalno
(neovisno o vrsti drva) karakterizira promjenu gustoce i pritiska s obzirom na presanje i temperaturu presanja
usitnjenoga drvnog ostatka i dobivenog peleta razlicitog promjera. Osim toga, istom se jednadzbom moze utvrditi
karakteristicna energija pri izradi peleta ovisno o pritisku presanja.

Kljucne rijeci: presanje, viskoelasticnost, specificni rad, bezdimenzionalni brojevi

1 INTRODUCTION facilitates its handling (transport, storage, feeding into
1. UVOD boiler) fundamentally. At the same time, energy and
suitable equipment are needed to perform the pelleting

A rational utilization of waste products in the  process. The most commonly used pelleting machines
wood industry is to make them into pellets. The pelleting  use a rotating die ring and the material is pressed into the
reduces the volume of the bulk chip considerably and  boreholes of the ring by rollers. The first comprehensive

! Authors are PhD student and professor at Institute of Machinery and Mechatronics, University of West Hungary, Sopron, Hungary.
! Autori su doktorand i profesor Sveucilista zapadne Madarske, Institut za strojeve i mehatroniku, Sopron, Madarska.
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analysis of the pelleting process is given by Schwang-
hart, (1969). Focus was placed on measuring and ana-
lyzing the working principle of the press rollers and the
effect of their operational parameters on the throughput.
For describing the compaction process, a relatively sim-
ple empirical relationship was used. Using non-linear
rheological models, a more generally valid description
of the compaction process was developed and used for
sawdust and chips (Sitkei, 1994; Sitkei, 1997) and, fur-
thermore, the non-linear viscoelastic behavior of the ma-
terial was experimentally mapped in the entire loading
velocity range. Some experimental results on the energy
requirement of the pelleting process for fodder flours
were already summarized by (Schwanghart, 1969) with-
out specifying the measurement conditions and material
properties. Later experiments also failed to give gener-
ally valid relationships for the energy requirement of the
pelleting process (Carlos et al., 2010).

The aim of the present work is to develop and
validate a relationship which takes into account the
pressure, the final density of the pellet, pellet diameter,
the effect of temperature and material properties. For
this purpose, the application of similarity equation
seems to be the most promising method, similarly to
those successfully applied in the last hundred years in
the field of heat transfer and fluid flow problems.

2 THEORETICAL CONSIDERATIONS
2. TEORIJSKA OSNOVA

Biological materials have very complicated ma-
terial laws and, in the case of higher volume changes as
is the pelleting process, the stress-strain relationship is
always highly non-linear. Therefore, pure mathemati-
cal methods for describing the compaction process in
all its details are today hardly available. A more practi-
cal and reliable approach is to perform carefully de-
signed experimental measurements and to process
these results in such a way that the obtained relation-
ship would be valid with as few constraints as possible.
In order to extend the validity of a relationship for dif-
ferent materials, it is necessary to include the proper
material properties.

The particles in the ring die channels are loaded
by compressive forces and, therefore, the material
property may be characterized, as a first approxima-
tion, by the compressive strength of the material in
question. Concerning the compaction process of wood
chips, the following main influencing factors should be
treated: material property of wood species, average
particle diameter, compaction pressure, temperature of
the material, diameter of the pellet, and final density of
the pellet and the total specific work of compaction.
There are further influencing factors with limited vari-
ability range due to the process itself. For instance, the
loading speed has always a definite influence on the
compaction process, but in real pelleting machines the
loading speed can not be varied as a process parameter.
The moisture content is also an important process pa-
rameter, but its range is also limited due to the durabil-
ity requirement of the pellet.

164

Keeping in mind the above statements, the fol-
lowing formal functional relationship with seven vari-
ables may be written:

W=fpydo,9438,) ()

where:
p — pressure, N/m?
W — total specific energy of compaction, Nm/m?
y — final specific weight of the pellet, N/m?
d — diameter of the pellet, m
o — compressive strength of the wood, N/m?
4, 9, —the pellet temperature and a reference tempera-
ture, here taken as 9, =25 °C (room temperature)
In order to derive the proper functional form of
Eq. (1), the standard dimensional analysis method was
used (Buckingham, 1914; Langhaar, 1951). It yields
the following dimensionless numbers
P Ly g
p Oc 9
and according to Buckingham’s theorem, we may fur-
ther write

or

chonst-()/.dj (ij (2
p Oc 9

where the constant and the exponents » and m should
be determined experimentally.

In the above equation, the dependent variable is
the specific energy consumption W, therefore, the di-
mensionless number 7z, containing the specific energy is
placed on the left side of Eq. (2). The other two numbers
containing only independent variables are on the right
side of Eq. (2). The total work of compaction is deter-
mined by the pure compression work and by the work
done during pushing out the pellet from the boreholes.

The pure compression work is given by integra-
tion of the pressure along the displacement. The pres-
sure—strain relationship is strongly non-linear and can
be given in the following form (Sitkei, 1994; Pronk,

2005):
p= A[ILJ (3)
—-&

where:

A — material dependent constant
n — exponent

& — strain.

The exponent # depends on the size and strength
of particles and on the pressure range. Its value varies
between 1.5 and 2.5 for various wood chips (Sitkei,
1994; Hotko, 2008). The strength of chips especially
influences the course of compaction curve as a function
of displacement. Soft particles can be compacted at
relatively low pressures and, increasing further the
pressure, the curve ascends steep giving a higher expo-
nent. On the contrary, particles of hardwood species
with higher individual strength will be compacted more
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Figure 1 Time course of the compression process (Sitkei,
1994)
Slika 1. Vremenski tijek procesa kompresije (Sitkei, 1994.)

uniformly as a function of displacement resulting in
lower exponent n. Due to the anatomical structure of
wood, the individual strength of particles depends not
only on wood species but also on the size of particles.
With decreasing particle size, the surface—volume ratio
increases (Csanady et al., 2013; R.C. Akdeniz et al.,
2013). The surface of a particle is created by fracture
with highly uneven surface and the load-bearing capac-
ity of this near-surface layer is less compared to that of
the sound inner part. As a consequence, a smaller parti-
cle may behave similarly as if it originated from a softer
wood species. The effect of size on the compaction pro-
cess can only be determined experimentally.

The second main part of the total compaction
work is the work done during the push-out of the pellet
from the boreholes. This work depends on the friction
coefficient between the pellet and channel wall, the
length of the channel and the elastic-plastic behavior of
the material at the given pressure. This work should
also be determined experimentally.

Concerning constant deformation velocity, the
particular phases of a compaction process is illustrated
in Fig. 1. Due to the constant deformation rate, the pres-
sure increases progressively. During constant load or
stress, the deformation and compaction continues to
grow (creep). After unloading the elastic part of the de-
formation, it recovers suddenly followed by a retarded
rebound. Much of the deformation is retained as perma-
nent deformation ensuring the required pellet density.

3 MATERIALS AND METHODS
3. MATERIJAL | METODE

In order to get industrial sized pellets (20-30 mm
in length), the design of the experimental equipment
should fulfill some basic requirements (Carlos et al.,
2010). A plunger type, cylinder and ram, compaction
unit was chosen with three diameters of 6, 8 and 16
mm. Its length was 150 mm enabling to use the re-
quired volume of loose material to get 20-30 mm pellet
length (Fig. 2a). The outer face of the cylinder could
have been heated to a given temperature, using proper
thermo-regulating equipment (Fig. 2b). An Instron uni-
versal testing machine served as a loading device. The
loading velocity was generally 1 cm/min, which more
or less corresponds to the real industrial condition.

Chips of softwood (spruce — Picea abies) and
hard wood (Black locust — Robinia pseudoacacia),
having different strength properties, were used in these
experiments. In order to get a more uniform chip size
distribution, a chipper was used and thereafter the sam-
ples were sieved into fractions. In these experiments,
fractions of 0.063 to 0.2 mm, 0.2 to 0.5 mm and 0.8 to
1.0 mm were used. For sieving, an electromagnetic
sieve shaker was used with 10 minutes shaking dura-
tion at 1.5 mm amplitudes.

The moisture content of chips was between 10
and 12 % corresponding to the air-dried condition and
also to the requirement of getting durable pellets.

Completing the compaction process, the bottom
of the cylinder is removed and the pellet is pushed out
from the cylinder measuring the required force as a
function of displacement. The integral of this force
along the displacement gives the work done during the
push-out cycle of the pellet.

Figure 2 Punch and temperature control and measurement system
Slika 2. Uredaj za peletiranje te sustav za kontrolu i mjerenje temperature
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4 RESULTS AND DISCUSSION
4. REZULTATI | RASPRAVA

Figure 3 shows the total specific work for spruce
chips for different pellet diameters using 140 MPa
pressure. With increasing diameters, the relative con-
tribution of wall friction decreases and therefore the
energy requirement also decreases.

0,4

Using pellet heating with different temperatures,
the viscoelastic properties of wood materials change
considerably. Figure 4 shows the effect of pellet tem-
perature on the total specific compaction energy.

The beneficial effect of heating is more efficient,
however, only up to 100-110 °C, while further increase
of temperature reduces the energy requirement in a
lesser extent. A possible explanation for this may be the

Spruce

Particle size: 0.2 to 0.5 mm
P =140 MPa

Vaer=10 mm/min
po=234 kg/m?
u=11%

T =25°C

o
o

ppellet:842 kg/m’
|
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Pellet diameter, mm / promjer peleta, mm

Figure 3 The change in specific work depending on the diameter of spruce pellets at ambient temperature
Slika 3. Promjena specificnog rada u ovisnosti o promjeru peleta od smrekovine pri ambijentalnoj temperaturi

0,4
Spruce
Particle size: 0.2 to 0.5 mm
P =140 MPa
Vaer=10 mm/min
Pellet diameter: 6 mm
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Figure 4 The change of total specific work depending on pellet temperature using spruce chips
Slika 4. Promjena ukupnoga specifi¢nog rada u ovisnosti o temperaturi peleta izradenoga od smrekova iverja
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0,4

Black locust

Particle size: 0.2 to 0.5 mm
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Figure 5 The change in specific work as a function of the punch diameter using black locust samples
Slika 5. Promjena specifi¢nog rada u ovisnosti o promjeru peleta izradenoga od drva obi¢nog bagrema

reduction in friction coefficient between particles and
in the virtual viscosity of the material as the tempera-
ture increases. Due to the limiting effect of solid wood
density on the compaction process, however, the com-
paction is an asymptotic phenomenon with decreasing
effectivity toward high densities. An inspection of Fig.
4 and Fig. 6 clearly shows that the pellet density over
100 °C is not far from the solid wood density. It should

also be remembered that the pellet density, due to the
rebound, is always less than the compaction density at
maximum pressure.

Similar measurement results are depicted in Fig-
ure 5 and 6 for black locust.

It is interesting to note that the total energy values
of compaction for black locust differ only slightly from
those of spruce, although the components are not the

04
Black locust

Particle size: 0.2 to 0.5mm

P =140 MPa
Vier=10 mm/min
Pellet diameter: 6 mm
po=286 kg/m3

L
)

Prellet=892 kg/m3
0,15
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0,12
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pellet=1437 kg/m?
0,1 P 0,09
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25 80
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Temperature, °C / temperatura, °C

Figure 6 The change in the specific work as a function of temperature using black locust chips
Slika 6. Promjena specificnog rada u ovisnosti o temperaturi peleta izradenoga od drva obi¢nog bagrema
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Table 1 Summary of research findings in the 100 and 140 MPa pressure range with 0.2 to 0.5 mm particle sized pellets at 25 °C
Tablica 1. Sazetak rezultata istrazivanja pri tlaku presanja 100 i 140 MPa i za pelete izradene od drvnih Cestica veli¢ine 0,2
— 0,5 mm pri 25 °C

Specific Specific Pellet specific Pellet
Species Pr;jcslll:re N eeclz;‘?;fiy rad | § eizﬁegfiy rad S, ec%grj:zzz“ina Prgrlrta':’etz;eta o
Vrsta P P Wip P peleta verp ¢ y-d/a,
drva » W W v d
N/m? Nm/mm? Nm/m? N/m? m N/m?
1.4-108 0.15 1.5-108 1.07 8920 0.006 65-10° | 8.93-107
black 1.4-108 0.13 1.3-10% 0.93 9470 0.008 65-10° | 11.65-107
locust 1.4-108 0.07 0.7-108 0.50 10680 0.016 65-10° | 26.28-107
obicni 1.0-10% 0.12 1.2-10% 1.20 8130 0.006 65-10° | 7.50-107
bagrem 1.0-108 0.10 1.0-108 1.00 8340 0.008 65-10° | 10.26-107
1.0-10% 0.05 0.5-108 0.50 9720 0.016 65-10° | 23.92-107
1.4-108 0.15 1.5-108 1.07 8420 0.006 55-10° | 9.18-107
1.4-108 0.12 1.2-108 0.86 8960 0.008 55-10° | 13.03-107
spruce 1.4-108 0.06 0.6-108 0.43 10420 0.016 55-10° | 30.31-107
smreka 1.0-10% 0.12 1.2-108 1.20 7030 0.006 55-10° | 7.67-107
1.0-10% 0.09 0.9-108 0.90 7500 0.008 55-10° | 10.90-107
1.0-108 0.05 0.5-108 0.50 8450 0.016 55-10° | 24.58-107

same. In order to calculate the dimensionless numbers,
the compressive strength of the wood species used are
needed. In general, this value varies for spruce in the
range of 45 to 55 N/mm? and for black locust in the
range of 60 to 65 N/mm? (Molnar, 1999). It should be
noted, however, that the strength ratio for small parti-
cles is not exactly the same as for the solid wood.
Therefore, a slight correction might be required. The
measured and calculated values for spruce and black
locust are summarized in Table 1.

Plotting the dimensionless numbers has revealed
that in our case the selection of compressive strength
values of 55 and 65 N/mm? for spruce and black locust,
respectively, is appropriate and all measurement points
are on the same line as shown in Figure 7.

The next step was to include the measurement
results for different temperatures. The summary of
measured and calculated data is given in Table 2.
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d
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[

¢

Figure 7 Dimensionless plot of experimental results for
ambient temperature

Slika 7. Bezdimenzionalni graf eksperimentalnih rezultata
pri ambijentalnoj temperaturi
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The exponent m in Eq. (1) should be determined
such that the measured points for different pellet tem-
peratures fit the same line properly as given in Figure
7. Taking m = 0.15, all measurement points including
also those for heated pellets fit the straight line as
shown in Figure 8.

The scattering zone of measurement points is
fully acceptable and it corresponds to a good engineer-
ing accuracy. The calculated correlation coefficient is
around 0.97.

In the following, the effect of particle size on the
compression work was examined. For these experi-
ments, three fractions of chips were used for both
spruce and black locust. The fractions had the follow-
ing particle ranges: 0.063 to 0.2 mm, 0.2 to 0.5 mm and
0.8 to 1.0 mm. The measurement and calculated results
are plotted in Figure 9 and 10. It is clearly seen that in
both cases the energy requirement changes in a very
low extent, although the slight decrease for both wood
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Figure 8 Measurement points including also those for
heated pellets
Slika 8. Mjerne tocke ukljuCujuéi i one za grijane pelete
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Table 2 Summary of measured and calculated results at 100 and 140 MPa, 0.2 to 0.5 mm size particles with the effect of the

temperature

Tablica 2. Sazetak izmjerenih i izracunanih rezultata istrazivanja pri tlaku presanja 100 i 140 MPa i za pelete izradene od

drvnih Cestica veli¢ine 0,2 — 0,5 mm uz u¢inak temperature

Specific Specific Pellet specific Pellet
Pressure energy energy gravity diameter
Species Tlak Specificni | Specificni Wi Sgeciﬁéna Promjer % (ﬂ).(i)(’”
Vista drva rad rad P | tezina peleta peleta o. 9,
p w w Y d
N/m? Nm/mm? Nm/m? N/m? m N/m?
1.4-10° 0.12 1.2:10° 0.86 12450 0.006 65-10° | 13.67-10”
1.4-108 0.11 1.1-108 0.79 13470 0.006 65-10° 15.29-107
1.4-108 0.10 1.0-10% 0.71 13950 0.006 65-10° 16.74:107
black locust | 1 4.1 0.09 0.9-10° | 0.64 14370 0.006 6510° 18.04107
b“gﬁ:; 1.0-10° 0.09 0.9:10° | 0.90 11200 0.006 65-10° 12.30-107
1.0-108 0.08 0.8-10% 0.80 11960 0.006 65-10° 13.58-107
1.0-10% 0.07 0.7-10% 0.70 12870 0.006 65-10° 15.44-107
1.0-108 0.07 0.7-108 0.70 13110 0.006 65-10° 16.46-107
1.4-108 0.11 1.1-10% 0.79 12260 0.006 55-10¢ 15.91-107
1.4-108 0.10 1.0-10% 0.71 13360 0.006 55-10¢ 17.92-107
1.4-108 0.09 0.9-10% 0.64 13570 0.006 55-10°¢ 19.24-107
spruce | 1.410° 0.08 0.8:10° | 0.57 14050 0.006 55-10° 20.84-107
smreka 1.0-108 0.09 0.9-10% 0.90 10520 0.006 55-10¢ 13.65-107
1.0-108 0.08 0.8-108 0.80 11100 0.006 55-10¢ 14.89-107
1.0-108 0.07 0.7-108 0.70 12360 0.006 55-10° 17.53-107
1.0-10% 0.06 0.6-10% 0.60 12860 0.006 55-10¢ 19.08-107
species has the same tendency. If these additional data % y-d -075 9 0.15
are used in the similarity equation without any correc- p_ =C- (G—CJ (g—oj “)

tion and plotted quite similarly to Figure 7 and 8, Fig-
ure 11 is obtained including all measurement points.

The scattering of data points is not much higher
and in this case the correlation coefficient is also as
high as 0.96. This is also due to the fact that for the
construction of Figure 7 and 8, the middle fraction of
the three fractions was used and therefore, the points of
the other two fractions are placed on the opposite sides
of the resultant straight line. The final similarity equa-
tion is given in the following form:

0,4 Black locust
P =140 MPa
Pellet diameter: 6 mm
Vdef. =10 mm/min

s
w

| Preiie=876 kg/m?®
0,165 Pretler=892 kg/m?
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.

—_— ]

(We + Wp)/V, Nm/mm?
L
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L
=

! !
0 0,063 02 04 05 06 0,8 1,0

Particle size, mm / velicina cestica, mm

Figure 9 The change in the specific work as a function of
particle size using black locust

Slika 9. Promjene specificnog rada u ovisnosti o veli¢ini
Cestica usitnjenog drva bagrema
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where the constant C has the value of 3.12 - 10°*

It should finally be noted that in these experiments
a plunger with bottom face was used. In practice, how-
ever, due to the continuous operation requirements, the
chip material is pressed into the boreholes of a die ring
and the counter-force is assured by friction forces. There-
fore, the push-out force is more or less the same as the
maximum compression force. This means that under real
conditions somewhat higher specific energy is required.

04
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'”E 0,3
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g
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Figure 10 The change in the specific work as a function of
particle size using spruce samples

Slika 10. Promjene specifi¢nog rada u ovisnosti o veli¢ini
Cestica usitnjenog drva smreke
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Table 3 Summary of measurement results at 140 MPa pressure and with three different particle fractions: 0.063 to 0.2 mm,
0.2 to 0.5 mm and 0.8 to 1.0 mm
Tablica 3. Sazetak mjernih rezultata pri tlaku 140 MPa i za tri razli¢ite frakcije veli¢ine ¢estica: 0,063 — 0,2 mm, 0,2 — 0,5
mmi0,8 — 1,0 mm

Pressure Specific Specific Pellet sp.ec1ﬁc .Pellet
gravity diameter
Species Tk egel:gy epel:gy Specificna tezina | Promjer o,
Vista drva Specificni rad | Specificni rad | Wip peleta peleta y - d/o,
p w w ) d
N/m? Nm/mm? Nm/m? N/m? m N/m?
1.4-108 0.165 1.65-10% 1.18 8760 0.006 65-10° |  8.08-107
black locust ™77 ¢ 0.150 1510° | 1.07 8920 0.006 | 6510°| 8.93107
obicni bagrem
1.4-10° 0.145 1.45-108 1.04 9140 0.006 65-10° |  8.74-107
1.4-108 0.160 1.6-108 1.14 8220 0.006 55-10° |  8.96-107
e 1.410° 0.150 1510° [ 1.07 8420 0.006 | 55:10°| 9.18:107
1.4-10° 0.138 1.38-10° 0.99 8750 0.006 55-10° | 9.54-107
20 size on pelletizing characteristics of olive cake. Depart-
ment of Agricultural Machinery, International Conferen-
ces Engineering, Agriculture, Waste Management and
Green Industry Innovation. G6do6llé, Hungary, 13-19.
. ° ; October, p. 33-41.
1,0 R_0.9 2. Buckingham, E., 1914: On the physically similar sy-
%V g’z gt - stems. Physical Review (4), p. 345.
0’7 o http://dx.doi.org/10.1103/PhysRev.4.345
’ S 3. Carlos, S.; Tore, F.; Geir, S.; Odd-Ivar, L.; Olav, H.; Rei-
0.6 dar, B., 2010: Compression rheology and physical qua-
0,5 lity of wood pellets pre-handled with four different con-
ditions. Annual Transactions of the Nordic Rheology
0.4 Society, Norwegian, 14: 152-168.
4. Csanady, E.; Magoss, E., 2013: Mechanics of Wood Ma-
0,3 chining. Springer-Verlag Berlin Heidelberg 2013, p. 25-
6 7 8 910 20 30 40 50 4 30. http://dx.doi.org/10.1007/978-3-642-29955-1
9 0,15 5. Hofko, B., 2008: Rheologische Modelle zur Beschreibung
7%1 [97] des Verformungsverhaltens von Asphalten. p. 98-112.
¢ 6. Langhaar, H., 1951: Dimensional analysis and theory of
Figure 11 The final similarity plot of all measurement models. John Wiley London. p. 25-34.
results 7. Molnar, S., 1999: Faanyagismerettan [ Wood material sci-
Slika 11. Konacni graf sli¢nosti za sve mjerne rezultate ence]. Mezdgazdasagi Szaktudds Kiadd, Budapest. p.
292. (in Hungarian).
5 CONCLUSIONS 8. Pronk, C., 2005: The Huet-Sayegh Model; a Simple and
5. ZAKLJUCAK Excellent rheological Modell for Master Curve of Asp-
haltic Mixes. Geotechnical Special Publication No. 146.
Based on theoretical and experimental investiga- Asphalt Concrete. p. 115-185. . .
tions, the following main conclusions may be drawn: 9. S}tkel, Gy., 19.94: Non-linear rheological mqthod descri-
— The main influencing factor is the pellet diameter, ll);nzg compaction processes. Int. Agrophysics, pp.137-
which fundamentally determines the role of wall 10. Sitkei, Gy., 1997: A non-linear viscoelastic-plastic model

friction forces in the total energy requirement;

The heating of chips during pellet formation seems
to be advisable up to 100 °C. Above this tempera-
ture limit, its effect continuously decreases;

The chip size distribution has some effects on the
energy requirement but, disregarding its effect, it
does not cause significant error;

Using similarity equation is a powerful method to
generalize experimental results also for compaction
processes. In this way a simple and quick estima-
tion of energy requirement is possible.
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Products
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Sredisnji dogadaj za
podrucje prerade drva i
proizvodnje namjestaja
europskog jugoistoka

ADRIATIC WOOD DAYS 2015 (AWD) krovni
je naziv koji obuhvaca Sest razlicitih znanstvenih i struc-
nih konferencija koje zajednicki organiziraju WoodE-
MA, i. a., Hrvatski drvni klaster i Forest Products Soci-
ety. Konferencije ¢e se odrzavati istodobno u tjednu od
5. do 10. listopada 2015. u Mlinima pokraj Dubrovnika.
Sest konferencija nose naslove: RIM 2015 — Razvoj i
modernizacija proizvodnje; Marketing u drvnom sekto-
ru; Trgovina u drvnom sektoru; Energija na bazi drva
poprima globalne razmjere; WoodEMA 2015 — Izazovi
pred preradom drva i proizvodnjom namjestaja na svjet-
skom trzistu 1 Dizajn u proizvodnji namjestaja. ADRIA-
TIC WOOD DAYS 2015 zamisljen je kao sredi$nje do-
gadanje posvecéeno preradi drva i proizvodnji namjestaja
u Srednjoj i Jugoisto¢noj Europi, s ciljem da preraste u
jedno od najvecih okupljanja subjekata i stru¢njaka dr-
vopreradivackog sektora u Europi.

Zasto sudjelovati

Tijekom AWD tjedna ocekuje se oko 500 znan-
stvenika, stru¢njaka, menadzera, Sumara, Sumovlasni-
ka, predstavnika poduzeca, predstavnika ministarstava
zemalja regije, ¢lanova Europskog parlamenta i drugih
sudionika iz Europe i ostalih svjetskih regija.
1. Dvije konferencije: Poziv za slanje sazetaka/

prezentacija/prijava za sudjelovanje

a) Jednodnevnu konferenciju Energija na bazi
drva poprima globalne razmjere (Wood-based
Energy Goes Global), koja ¢e se odrzati 7. listopada
kao dio ADRIATIC WOOD DAYS 2015 (AWD), orga-
niziraju Forest Products Society (FPS), Louisiana Fo-
rest Products Development Center, Louisiana State
University Agricultural Center, Hrvatski drvni klaster i
WoodEMA, i. a. — medunarodna asocijacija za ekono-
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miku i menadzment u preradi drva i proizvodnji namje-
Staja. Glavne teme bit ¢e vezane za energiju na bazi
drva, tj. za stanje na svjetskom trzistu vezano za pelete,
brikete i druge izvore energije na bazi drva. Glavni pre-
davaci bit ¢e dr. Richard Vlosky, potpredsjednik Forest
Products Society i direktor Louisiana Forest Products
Development Center, Crosby Land & Resources, pro-
fesor na Forest Sector Business Development, Louisia-
na State University Agricultural Center, Baton Rouge,
Louisiana, SAD, te dr. Marius C. Barbu, voditelj Eu-
ropske sekcije Forest Products Society i profesor na
Fakultetu za drvno inZenjerstvo Sveucilista Transilva-
nia, Brasov, Rumunjska. Savjetovanje ¢e se odrzati 7.
listopada 2015. Formulari za slanje sazetaka i regi-
straciju mogu se naci na web stranici WoodEMA, i.a.
www.woodema.org.

b) WoodEMA 2015 — Izazovi pred preradom
drva i proizvodnjom namjestaja na svjetskom trzistu
(Wood Processing and Furniture Manufacturing Chall-
enges on the World Market) osma je po redu godiSnja
konferencija medunarodng udruzenja za ekonomiku i
menadzment u preradi drva i proizvodnji namjestaja
WoodEma, i. a. Glavne teme savjetovanja bit ¢e orga-
nizacija proizvodnje, ekonomika poduzeca i poslova-
nja, trgovina drvom i drvnim proizvodima, upravljanje
proizvodnjom, upravljanje kadrovima, upravljanje
kvalitetom i osiguranje kvalitete, inovacije i informa-
cijski sustavi. Jedan od glavnih predavaca bit ¢e prof.
Mikula$ Supin, predsjednik WoodEMA, i. a. i predstoj-
nik Katedre za marketing, trgovinu i svjetsko Sumar-
stvo na Tehnickom sveucilistu u Zvolenu. Savjetovanje
¢e se odrzati 8.19. listopada 2015. Formulari za slanje
sazetaka i registraciju mogu se naci na web stranici
WoodEMA, i .a. www.woodema.org.
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2. Druge konferencije i dogadanja tijekom
ADRIATIC WOOD DAYS 2015

RIM 2015 - Razvoj i modernizacija proizvodnje
(Development and Modernisation of Production)

Ovogodisnju, desetu konferenciju organizira
Tehnicki fakultet iz Bihaca (Bosna i Hercegovina).
Glavne su teme konferencije Istrazivanje i razvoj u me-
hanickim proizvodnim sustavima i tehnologijama;
Istrazivanje i razvoj u preradi drva; Tehnologije i teh-
nike u elektrotehnici, elektronici i informacijskoj teh-
nologiji; Inzenjerstvo u graditeljstvu; Moderne tehnike
i tehnologije u tekstilnoj industriji; Nove tehnologije;
Menadzment, poduzetnistvo i gospodarski razvoy;
Upravijanje kvalitetom, upravljanje ljudskim resursi-
ma i upravljanje prirodnim resursima; Studentska sek-
cija.

Konferencija ¢e se odrzati 5. 1 6. listopada 2015.

Marketing u drvnom sektoru (Marketing in the
Forest-based Industry)

U organizaciji Hrvatskoga drvnog klastera, ta
¢e konferencija predstaviti znanstveni i strucni pristup
marketingu i promociji poduzeca za preradu drva i pro-
izvodnju namjestaja. Drvni sektor u Hrvatskoj, kao i u
zemljama regije, ostvaruje rezultate koji su medu naj-
boljima u sektoru tijekom povijesti, no medijsko prace-
nje tih rezultata nije ni priblizno na toj razini. Konfe-
rencija ¢e sudionicima dati uvid u znanstvena
dostignuéa i prezentirati najbolje primjere iz prakse na
tom podrucju. Savjetovanje ¢e se odrzati 5. i 6. listopa-
da 2015.
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Trgovina u drvnom sektoru (Trade in the
Wood Sector)

Hrvatski drvni klaster organiziranjem te konfe-
rencije zeli predstaviti najbolje primjere iz prakse i pre-
nijeti posjetiteljima znanstvena dostignuéa s podrucja
trgovine drvom i drvnim proizvodima u regiji i svijetu.
Sudionici ¢e dobiti informacije 0 moguénostima trgo-
vanja na razli¢itim trziStima u podru¢ju Sumarstva, pre-
rade drva i proizvodnje namjestaja. Savjetovanje ¢e se
odrzati 7. 1 8. listopada 2015.

Dizajn u proizvodnji namjestaja
(Design in Furniture Manufacturing)

Tu konferenciju organizira Hrvatski drvni klaster
s ciljem prezentacije najboljih primjera iz prakse u pro-
izvodnji namjestaja u Republici Hrvatskoj i u regiji.
Bit ¢e rijeci o europskim i svjetskim sajmovima na ko-
jima predstavnici hrvatskog dizajna ostvaruju odli¢ne
rezultate i dobivaju vrijedne nagrade za dizajn namje-
Staja. Hrvatska udruga dizajnera predstavit ¢e svoje
ideje s podrucja dizajna namjestaja. Savjetovanje ¢e se
odrzati 9. 1 10. listopada 2015.

Kontakt za detaljnije informacije:

prof. dr. sc. Denis Jelaci¢, generalni tajnik WoodEMA, 1. a.
Sumarski fakultet

SvetoSimunska 25

HR-10000 Zagreb

HRVATSKA

tel: +385 1 2352 483; faks: +385 1 2352 530

e-mail: djelacic@sumfak.hr
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PEROBA ROSA / CRVENA

PEROBA

UDK: 674.031.937.32

NAZIVI

Peroba rosa trgovacki je naziv drva skupine vrsta
botanickog roda Aspidosperma Mart. & Zucc. iz poro-
dice Apocynaceae. U toj se skupini naj¢esée nalazi vr-
sta Aspidosperma polyneuron Muell. Arg.

Boja peroba drva Cesto sluzi kao lokalni trgovac-
ki naziv drva. Na primjer, peroba reta ima uocljive crne
pruge; peroba miuda je crvena, s tamnijim mrljama;
peroba peca je bijelo drvo; peroba rajada je svjetlocr-
vene boje, sa svijetlim, gotovo zlatnim mrljama, a pe-
roba revesa ima teksturu slicnu pti¢jem javoru.

Trgovacki naziv vrste Aspidosperma polyneuron
jest peroba rosa (Brazil, Njemacka, Velika Britanija);
peroba rose (Francuska); palo rosa (Argentina); amare-
llo, armogoso, buchiero, muirajussara, peroba grauda
rosa (Brazil); red peroba (Velika Britanija).

NALAZISTE

Stabla crvene perobe rastu u Juznoj Americi te u
isto¢nom i juznom Brazilu, a rasprostranjene su i dalje,
do Paragvaja i Sjeverne Argentine. Nalazimo je u trop-
skim nizinskim ki$nim Sumama, na nizoj razini eleva-
cije, do 1400 metara nadmorske visine, gdje se pojav-
ljuje u zajednici s cedrom (Cedrus Trew), palisandrom
(Dalbergia nigra (Vell.) Benth.) i ostalim vrstama roda
Aspidosperma Mart. & Zucc.

STABLO

Crvena peroba u svojoj domovini naraste od 30
do 35 metara, duzina njezina Cistog debla doseze od 15
do 20 metara, a prsni joj je promjer (0,8)1,3 do 1,5 me-
tara. Deblo je pravilnoga, cilindricnog oblika.

DRVO

Makroskopska obiljezja

Drvo crvene perobe jedric¢avo je. Srz mu je zucka-
stosmeda, narancasta do ruzicastocrvena, ¢esto nejedno-
licno crvenkasta do ljubiastosmeda. Stajanjem pota-
mni. Bjeljika je uska, zu¢kasta do zuckastobijela. Drvo
je rastresito porozno. Granica goda jasno je vidljiva.
Pore i drvni traci uocljivi su pod povecalom. Drvo je fine
strukture i pretezito pravilnog toka vlakanaca.
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Mikroskopska obiljezja

Traheje su pojedinacno rasporedene, rjede se po-
javljuju u parovima ili u malim skupinama. Promjer
traheja iznosi 12...30...50 mikrometara, a gustoca im je
80...100...115 na 1 mm? popre¢nog presjeka. Volumni
udio traheja iznosi oko 24 %. Traheje su Cesto ispunje-
ne tilama.

Aksijalni parenhim perobe je apotrahealan, tan-
gentnog rasporeda. Volumni je udio aksijalnog paren-
hima oko 1 %.

Drvni su traci perobe homocelularni, visine
70...270...500 mikrometara, odnosno do 10 stanica viso-
ki, a Sirina im je 32...42...49 mikrometara, odnosno od 1
do 2 — 3 stanice. Gustoc¢a drvnih trakova je 8...10...11 na
I mm. Volumni udio drvnih trakova iznosi oko 17 %. U
drvnim tracima i aksijalnom parenhimu ima kristala.
Drvna su vlakanca perobe libriformska, odnosno vla-
knaste traheide. Dugacka su 700...1000...1250 mikro-
metara. Debljina stanicnih stijenki vlakanaca iznosi
1,75..3,2...4,2 mikrometara, a promjer lumena
1,5...3,7...8,4 mikrometara. Volumni je udio vlakanaca
oko 58 %.

FiziCka svojstva
Gustoca standardno suhog drva, p, 700...740 kg/m’
750...800 kg/m?

900...1100 kg/m?

Gustoca prosusenog drva, p,,

Gustoca sirovog drva, p_

Poroznost Oko 55 %

Radijalno utezanje, 8 3,8..5,0 %

Tangentno utezanje, f3, 7,2...9,0 %

Volumno utezanje, 8, 11,2..14,2 %

Mehanicka svojstva

Cvrstoéa na tlak oko 56 MPa

Cvrsto¢a na savijanje oko 86 MPa

Cvrstoéa na smik oko 17,5 MPa

Tvrdoéa (prema Janki),

paralelno s vlakancima oko 93 MPa

Tvrdoéa (prema Janki),

okomito na vlakanca oko 78 MPa
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TEHNOLOSKA SVOJSTVA
Obradivost

Drvo se dobro strojno i ru¢no obraduje. Dobro se
blanja i tokari. Blanjane su povrsine vrlo glatke. Dobro
se lijepi i politira. Brusevina nastala obradom drva pe-
robe, prema navodima iz literature, karakterizirana je
kao nadrazujuca. Najces¢e su pojave iritacija oéiju,
koze i disnih organa te nazalni i astmati¢ni simptomi.
Svjeze drvo uzrokuje znatno jace reakcije, dok prosu-
Seno drvo ima bitno smanjenu toksi¢nost.

Susenje

Grada se sporo susi. SuSenje treba provoditi pa-
zljivo kako ne bi doslo do njegova vitoperenja, iskriv-
ljavanja i kolapsa.

Trajnost i zastita

Prema normi HRN 350-2, 2005, srz drva vrlo je
otporna na gljive truleznice (razred otpornosti 1) i sred-
nje otporna na termite (razred otpornosti M). Stz je sla-
bo permeabilna (razred 3).

Prema normama, moze se upotrebljavati i bez ke-
mijske zastite u razredu opasnosti 4 (u dodiru sa ze-
mljom ili vodom).

Uporaba

Od drva crvene perobe izraduju se furnir, namje-
Staj i dijelovi namjestaja, parket, drvne intarzije, stolar-
sko drvo, a upotrebljava se i za izradu skulptura i noze-
va od drva te za gradevinske drvene konstrukcije na
otvorenome.
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Sirovina

Drvo na trziste dolazi u obliku trupaca i piljenica
razli¢itih dimenzija.

Napomena

Drvo crvene perobe ne nalazi se na popisu ugro-
zenih vrsta medunarodne organizacije CITES. No me-
dunarodna organizacija [IUCN Red List crvenu je pero-
bu uvrstila na popis ugrozenih vrsta zato S$to se
populacija tog drveca zbog izumiranja i pretjerane ek-
sploatacije u posljednje tri generacije smanjila za vise
od 50 %.

Drvo ostalih vrsta roda Aspidosperma sli¢nih je
svojstava, a tih vrsta ima oko 70.

Literatura

1. Richter, H. G.; Dallwitz, M. J. (2000 onwards):
,»Commercial timbers: descriptions, illustrations, identi-
fication, and information retrieval“. In English, French,
German, and Spanish. Version: 4th May 2000. http://bio-
diversity.uno.edu/delta/

2. Wagenfiihr, R.; Scheiber, C., 1974: HOLZATLAS, VEB
Fachbuchverlag, Leipzig, 261-262.

3. ***1964: Wood dictionary, Elsevier publishing com-
pany, Amsterdam.

4. ***http://tropix.cirad.fr/FichiersComplementaires/EN/
America/ARARACANGA.pdf (preuzeto 7. lipnja
2015.).

prof. dr. sc. Jelena Trajkovic¢
doc. dr. sc. Bogoslav Sefc
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Upute autorima
Opce odredbe

Casopis Drvna industrija objavljuje znanstvene radove (izvorne
znanstvene radove, pregledne radove, prethodna priopéenja), 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,
dijelova objavljenih predavanja ili magistarskih radova odnosno di-
sertacija, Sto mora biti navedeno u napomeni) te da su objavljiva-
nje odobrili svi suautori (ako rad ima viSe autora) i ovlastene osobe
ustanove u kojoj je istrazivanje provedeno. Kad je rad prihvacen za
objavljivanje, autori pristaju na automatsko prenosenje izdavackih
prava na izdavaca te na zabranu da rad bude objavljen bilo gdje drug-
dje ili na drugom jeziku bez odobrenja nositelja izdavackih prava.
Znanstveni i struéni 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 treba-
ju biti napisani dvojezi¢no. Ostali se ¢lanci uglavnom objavljuju na
hrvatskome. Uredni$tvo osigurava inozemnim autorima prijevod na
hrvatski. Znanstveni i stru¢ni radovi podlijezu temeljitoj recenziji
najmanje dvaju recenzenata. Izbor recenzenata i odluku o klasifika-
ciji 1 prihvacanju ¢lanka (prema preporukama recenzenata) donosi
Urednicki odbor.

Svi prilozi podvrgavaju se jezi¢noj obradi. Urednici ¢e od autora zah-
tijevati da tekst prilagode preporukama recenzenata i lektora, te zadr-
zavaju 1 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 terminolosku i me-
trolosku 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 Zimes 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 kljunim 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 Uredni$tvo biti u
vezi.

Znanstveni i struéni radovi moraju biti sazeti i precizni. Osnovna
poglavlja trebaju biti oznagena odgovarajuéim podnaslovima. Na-
pomene se ispisuju na dnu pripadajuce stranice, a obrojéavaju 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 oznaCavaju 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 obrojc¢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 mogucénost
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 Sirine slike ili tablice. Fotomikrografije moraju imati
naznaku uvecanja, pozeljno u mikrometrima. Uvecanje moze biti do-
datno naznaceno na kraju naslova slike, npr. “uvecéanje 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 odgovaraju¢im 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 navodenja 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 (brosure, 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. sijecnja 2010).

Autoru se prije konac¢nog tiska Salje pdf rada. Rad je potrebno pazlji-
vo procitati, 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 casopisa.

Dodatne informacije o nacinu 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. When the paper is accepted
for publication, the authors agree to the transfer of the copyright to
the publisher and that the paper will not be published elsewhere in
any language without prior consent of the copyright holders.

The 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 1” or “Figure 1”). 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 plo¢a. 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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