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Bending Moment of Mortise-and-Tenon
Joints in a Crossed Chair Base

Moment savijanja spojeva s ¢epom i rupom na
kriznoj potkonstrukciji sjedala stolice

ORIGINAL SCIENTIFIC PAPER

Izvorni znanstveni rad © 2023 by the author(s).
Received — prispjeIO' 21.12. 2021 Licensee Faculty of Forestry and Wood Technology, University of Zagreb.

. , This article is an open access article distributed
Accepted - prlhvaceno: 14. 5. 2022. under the terms and conditions of the

UDK: 684.4.058; 684.412 Creative Commons Attribution (CC BY) license.
https://doi.org/10.5552/drvind.2023.0004

ABSTRACT . This paper investigated the bending moment of chair base joints. The ultimate bending moments
(maximum moment), calculated on the base of the measured maximum applied loads (maximum force), were com-
pared for the front leg and rear leg joints of a chair base. The joints had different angles between the stretcher
and the leg (joint angle) as well different tenon lengths (30 mm and 32 mm). The results of the tests indicated that
for different test specimen configurations but the same tenon-and-mortise geometry, the maximum force of joints
with a smaller value of joint angle (front leg joints) was higher than the force values of joints with a larger angle
(rear leg joints) for all tenon lengths. However, the results showed less difference among the calculated bending
moments of the analysed sets of joints. A significant difference was not revealed between the bending moments
of joints with a smaller value of joint angle and the bending moments of joints with a larger angle for all tenon
lengths. A significant difference between the bending moments for the tenon length of 30 mm and tenon length of 32
mm was determined for rear leg joints but not for front leg joints. The presented approach of joint strength analysis
through the testing of specimens with different shapes and dimensions are applicable to research and practice.

KEYWORDS: chair; mortise-and-tenon joint; bending moment; joint angle; tenon length

SAZETAK * U radu je proucavan moment savijanja spojeva na kriznoj potkonstrukciji sjedala stolice. Krajnji
momenti savijanja (najvec¢i moment), izracunani na temelju izmjerenih najvecih optereéenja (najveca sila), us-
poredeni su za spojeve prednjih i straznjih nogu krizne potkonstrukcije sjedala stolice. Spojevi su imali razlicite
kutove izmedu poveznika i noge (kut spoja), kao i razlicitu duljinu cepova (30 i 32 mm). Rezultati ispitivanja
pokazali su da je za razlicitu konfiguraciju ispitnih uzoraka, ali za istu geometriju ¢epa i rupe, najveca sila bila
veca za spojeve s manjim kutom (spojevi prednjih nogu) nego za spojeve s ve¢im kutom (spojevi straznjih nogu),
i to za cepove obiju duljina. Rezultati su takoder pokazali manju razliku izmedu izracunanih momenata savijanja
analiziranih grupa spojeva. Nije utvrdena znacajna razlika momenata savijanja spojeva s manjim i ve¢im kutom
za cepove obiju duljina. Znacajna razlika izmedu momenata savijanja za cepove duzine 30 i 32 mm utvrdena je
za spojeve straznjih nogu, ali ne i za spojeve prednjih nogu stolice. Prikazani pristup analize cvrstoce spojeva
ispitivanjem uzoraka razlicitih oblika i dimenzija primjenjiv je u istrazivanju i u praksi.

KLJUCNE RIJECI: stolica; spoj s cepom i rupom,; moment savijanja, kut spoja, duljina cepa
! Authors are researchers at University of Sarajevo, Faculty of Mechanical Engineering, Department of Wood Technology, Sarajevo, Bosnia and Herzegovina.
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1 INTRODUCTION
1. UVOD

Different forms of mortise-and-tenon joints are
still the most common solutions for connecting ele-
ments of wood chairs. The mechanical properties of
tenon joints are widely researched in order to improve
the quality of joints and chair structure, and hence dif-
ferent factors that affect the strength, stiffness and
load-carrying capacity have been investigated.

The tenon size is well known to be the main factor
affecting the moment capacity of a mortise-and-tenon
joint. The bending-moment capacity is strongly affected
by the length and width of the tenon, while the width has
a slight lower influence (Kasal et al., 2015; Likos et al.,
2012; Derikvand et al., 2014; Hajdarevic et al., 2020).
Elek et al. (2020) investigated the effects of fitting for
pairing of open full-width mortise-and-tenon-joint ele-
ments on the strength of joints, and this type of joint was
found to be the strongest at a tight fit of 0.1 mm. The
mortise-and-tenon joint, in combination with PVAc,
provided the best strength for all investigated wood spe-
cies (Vassiliou et al., 2016; Bardak ef al., 2017), while
PU glue has appropriate strength in comparison with
PVAc, and can completely fill and cover the gaps be-
tween the elements of a joint (Hrovatin ez al., 2013). The
suitable construction type of chairs, constructed with
defined tenon dimensions, has been determined based
on the required load-carrying capacity (Kili¢ et al.,
2018; Hitka et al., 2018; Kasal ef al., 2016; Ayrilmis et
al., 2020). Different chair structures and chair joints
were analysed with the finite-element method to obtain
the stress and strain states under loading, and the results
showed good agreement with experimental tests to de-
termine the mechanical properties of such constructions
and joints (Smardzewski, 2008; Horman et al., 2010;
Hajdarevic and Martinovic, 2014; Hajdarevic and Busu-
ladzic, 2015; Kasal ef al., 2016).

a)
Figure 1 Crossed chair base: a) assembled structure (1 — leg; 2 — stretcher; 3 — corner block), b) frame of two chair legs
(1 — front leg; 3 — rear leg) and stretcher (2), ¢) specimens prepared for bending test of mortise-and-tenon joint
Slika 1. Krizna potkonstrukcija sjedala stolice: a) sastavljena konstrukcija (1 — noga; 2 — poveznik; 3 — kutni poveznik);
b) okvir dviju nogu stolice (1 — prednja noga; 3 — straznja noga) i poveznik (2); ¢) uzorci spojeni ¢epom i rupom pripremljeni
za ispitivanje

4 ) DRVNA INDUSTRIJA 74 (1) 3-11 (2023)

The strength of the joints represents the strength
of the entire system of a chair frame and, as the most
critical parts of a chair, these should have adequate
strength (Kili¢ et al., 2018). However, there is a prob-
lem in joint strength testing of real chair structures. The
analysis of such joints should enable obtaining realistic
and comparable values of joint strength regardless of
the conditioned shape and dimensions of the tested
sample, although the shape and dimensions of the test-
ed samples depend on the shape and dimensions of the
structure from which they were cut.

The aim of the study was, therefore, to explore
the capabilities of the test method to obtain a compara-
ble joint strength of two different sets of specimens
that were cut from specific wooden frame configura-
tions. The objective of the present study was to deter-
mine the effects of joint angle and length of the tenon
in the joints of the crossed chair base in bending.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

This study investigated the bending moment of the
crossed chair-base joints taken from an industrial manu-
facturing process. The front and rear leg joints of the
crossed chair base had different angles, i.e. the positions
of'the stretcher and the front leg and the stretcher and the
rear leg were different and asymmetric. In addition, all
joints had the same geometry configuration with two dif-
ferent tenon lengths (30 mm and 32 mm).

Each crossed chair base was assembled from two
frames and four corner blocks and supplied from furni-
ture manufacturers (Figure la), and specimens for the
bending test of the mortise-and-tenon joint were pre-
pared using these chair bases by cutting the frames into
two parts and shortening the leg length (Figure 1b-c).
All parts of the crossed chair base were made of com-
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Figure 2 Configuration of test specimens: a) front leg joint (left) and configuration of mortise-and-tenon (right); b) rear leg
joint (left) and configuration of mortise-and-tenon (right)

Slika 2. Konfiguracija ispitnih uzoraka: a) spoj prednje noge (lijevo) i konfiguracija ¢epa i rupe (desno); b) spoj straznje noge
(lijevo) i konfiguracija ¢epa i rupe (desno)

mon oak wood (Quercus robur L.). The moisture con-  Each frame was composed of two chair legs and a
tent and density of oak wood were evaluated in accord-  stretcher. PVA-c adhesive (Kleiberit 303.0, Klebche-
ance with the procedures described in ISO 13061-1 mie, Weingarten, Germany) was used to bond the
(2014) and ISO 13061-2 (2014) after testing. The aver- ~ frame elements together at ambient conditions and
age value of moisture content and density of the wood = with applied pressure. The adhesive met the require-
specimens were 12.1 % and 0.77 g/cm’, respectively.  ments of stress group D3 according to DIN/EN 204,

Table 1 Test set-up and description of specimens (see Figure 2)
Tablica 1. Postavke ispitivanja i opis uzoraka (v. sl. 2.)

Specimen Specimen Position Angle between No. of Tenon length,
group No. group mark Pozicija stretcher and leg, ° specimens mm
Broj skupine | Oznaka skupine Kut izmedu poveznika i | Broj uzoraka | Duljina cepa,
uzoraka uzoraka noge, °© mm
1 FL—-T30 Front leg / prednja noga 102 9 30
2 FL-T32 Front leg / prednja noga 102 9 32
3 RL-T30 Rear leg / straznja noga 112 9 30
4 RL -T32 Rear leg / straznja noga 112 9 32

) DRVNA INDUSTRIJA 74 (1) 3-11 (2023) 5
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a)

A:
T A

F“i EN

b)

Figure 3 Diagram of joint loading: a) front leg joint, b) rear leg joint. Notation used: F — force (load), F, and F, — support
reactions, a, and a, — moment arms, i.e. perpendicular distances from support reaction line to force line, sides (a, b and ¢),
angles (c, # and y) and base distances to height (a, and a,) of a scalene triangle

Slika 3. Dijagram opterecenja spoja: a) spoj prednje noge; b) spoj straznje noge. Oznake: F — sila (opterecenje), F, i F,
—reakcije oslonca, a, i a, — krakovi momenta, tj. okomiti razmaci od osi reakcije oslonca do osi sila, stranice (a, b i ¢), kutovi
(a, B i7) iudaljenosti baza do visine (a, i a,) razmjernog trokuta.

with the density of 1.1 g/cm?®, pH approx. 3 and viscos-
ity at 20 °C of about 13.000 mPa-s. The stretcher joined
and supported a front leg and a rear leg of the chair by
mortise-and-tenon joints. All joints were of mortise-
and-tenon type with rounded tenons.

Configurations of specimens of front and rear leg
joints for the bending test of the mortise-and-tenon
joint are shown in Figure 2. The geometry and dimen-
sions of the specimens were different, i.e. the front leg
joint had a smaller angle between the stretcher and leg
(102°) than the test specimens of the rear leg joint
(112°). The test set-up is presented in Table 1.

The loading diagrams of the front leg joints and
rear leg joints are shown in Figure 3. The supports were
set up on the edges of the leg and stretcher cross-section.
The load was applied to the joint in a manner that cor-
responded to the tension of the specimen. The test was
carried out on a universal testing machine Zwick 1282
(Zwick Roell Group, Ulm, Germany), as shown in Fig-
ure 4. The force (load cell RSCC-C3/1t HBM, Darm-
stadt, Germany) and displacement (inductive displace-
ment transducer WI10 HBM, Darmstadt, Germany)
along the force line were measured simultaneously until
a joint failure and large fall in the load occurred.

The applied load values and the corresponding
displacement along the force line were ascertained us-
ing the data collected by the software. Working dia-
grams of the 36 tested specimens were then created.

The ultimate (maximum) bending moment of the
joints, based on the ultimate applied load values, were
calculated both for front leg joints and rear leg joints by:

Mmax - F(A max) ’ aA - F(B max) ’ aB (1)

Where M_ is maximum bending moment,

F\ ay @nd Fy - are support reactions and, a, and a,

6 ) DRVNA INDUSTRIJA 74 (1) 3-11 (2023)

Figure 4 Joint testing: a) set-up of joints in testing machine,
b) load cell and inductive displacement transducer

Slika 4. [spitivanje spoja: a) postavljanje spojeva u ispitni
uredaj; b) davac sile i induktivni dava¢ pomaka

are moment arms. Support reactions were obtained
based on the trigonometric analysis and static condi-
tions.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Figure 5 shows the force-displacement diagrams
of the tested specimens. All joints had a wide defined
elastic region, i.e. proportional zones. The initial wood
or bond-line fractures occurred at load values higher
than 4000 N for all specimens. There was a noticeable
difference among the ultimate loads of the front and
rear leg joints, although the differences were not appar-
ent among the ultimate loads of the front or rear leg
joints with different tenon lengths. The values of dis-
placements at ultimate load ranged from 8 to 12 mm.

The results of maximum force (F, ) and maxi-
mum moment (M, ) of the front leg joints and rear
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Figure 5 Force-displacement diagram of joint strength testing for front leg joints with tenon length of a) 30 mm and b) 32
mm, and rear leg joints with tenon length of ¢) 30 mm and d) 32 mm
Slika 5. Dijagram sila-pomak pri ispitivanju ¢vrstoce spojeva prednje noge s cepom duljine: a) 30 mm i b) 32 mm, te straznje

noge s ¢epom duljine: ¢) 30 mm i d) 32 mm

joints with two different tenon lengths are given in Ta-

bles 2 and 3, respectively.

The characteristic pattern of the ultimate frac-
tures of joints is shown in Figure 6. The tenon started
to take the load after the bond-line failed, and then the

tenon was partially pulled out from the mortise, while

fracture of mortise wood occurred. This typical frac-

2015).

Table 2 Results of forces and bending moments of front leg joints
Tablica 2. Rezultati sila i momenata savijanja spojeva prednjih nogu

ture mode of L-shape mortise and tenon joints glued
with PVA-c glue was also described in (Kasal ef al.,

Front leg — joint angle 102° / Prednja noga — kut spoja 102°
No. of specimen Tenon length 30 mm / Duljina ¢epa 30 mm | Tenon length 32 mm / Duljina cepa 32 mm
Broj uzorka Max force, N Max moment, Nm Max force, N Max moment, Nm
Najveca sila, N Moment savijanja, Nm Najveca sila, N Moment savijanja, Nm
1 6421.1 359.0 4891.8 273.5
2 6329.1 353.8 5940.1 332.1
3 7136.9 399.0 6336.9 354.3
4 7155.9 400.1 6165.2 344.7
5 6511.0 364.0 6514.8 364.2
6 7986.0 446.5 6622.2 370.2
7 6647.7 371.7 6631.4 370.7
8 6670.1 372.9 6496.1 363.2
9 5736.1 320.7 6881.9 384.7
Mean / srednja vrijednost 6732.7 376.4 6275.6 350.8
Median / medijan 6647.7 371.6 6496.1 363.2
Standard deviation 635.1 35.5 587.7 32.9
standardna devijacija
Coefficient of variation 9.4 % 9.4 % 9.4 % 9.4%
koeficijent varijacije
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Table 3 Results of forces and bending moments of rear leg joints
Tablica 3. Rezultati sila i momenata savijanja spojeva straznjih nogu

Rear leg — joint angle 112° / Straznja noga — kut spoja 112°

No. of specimen Tenon length 30 mm Tenon length 32 mm
Broj uzorka Duljina ¢epa 30 mm Duljina cepa 32 mm
Max force, N Max moment, Nm Max force, N Max moment, Nm
Najveca sila, N Moment savijanja, Nm Najveca sila, N Moment savijanja, Nm
1 6194.4 386.0 4682.0 291.8
2 6503.6 405.3 5131.5 319.8
3 6222.6 387.8 5248.6 327.1
4 5452.7 339.8 6088.4 379.4
5 5670.8 3534 5670.9 3534
6 5969.5 372.0 5451.6 339.7
7 5261.7 327.9 4863.4 303.1
8 5931.4 369.6 6282.1 391.5
9 6080.2 378.9 5372.8 334.8
Mean / srednja vrijednost 5920.8 369.0 5421.3 337.9
Median / medijan 5969.5 372.0 5372.8 334.8
Standard deviation 395.2 24.6 527.2 32.9
standardna devijacija
Coefficient of variation 6.7 % 6.7 % 9.7 % 9.7 %
koeficijent varijacije

Generally, the results indicated that the maxi-
mum force mean values of front leg joints with a small-
er angle between the stretcher and leg were higher than
the mean values of rear leg joints for all tenon lengths.
The mean maximum force of the front leg joints (angle
102°) with a tenon length of 30 mm was 13.7 %, and
with a tenon length of 32 mm 15.7 %, higher than the
rear leg joints (angle 112°) with the same tenon length.
The differences are partly the result of different con-
figurations of test specimens of the front and rear leg
joints, e.g. the different lengths of the specimen ele-
ments that were obtained during their construction.

Consequently, the values of maximum force were not
comparable due to dimensional differences of these
two groups of joints and, in this case, the maximum
force cannot be an indicator of the joint strength.
Moreover, the results show differences among
the mean values of the maximum force of joints con-
structed using two different tenon lengths (30 and 32
mm). The mean values of maximum force increased by
7.3 % (front leg joints — 102°) and 9.2 % (rear leg joints
-— 112°) as the tenon length decreased from 32 mm to
30 mm. These results contradict the data in the litera-
ture, which claim that joints became stronger as tenon

Figure 6 Characteristic joint failures
Slika 6. Karakteristi¢ni lomovi spoja

8 ) DRVNA INDUSTRIJA 74 (1) 3-11 (2023)



Hajdarevic, Obucina, Kitek Kuzman, Sandberg: Bending Moment of Mortise-and-Tenon Joints in a Crossed Chair Base

500
M FL-T30 WM FL-T32 RL-T30 RL-T32
450
400
g X
Z
% 350
g
= e x
\
300
250
200

Figure 7 Box and whisker plot — distribution of maximum moment results of front leg joints (FL) and rear leg joints (RL) for

tenon length of 30 mm and 32 mm (T30 and T32)

Slika 7. Dijagram raspodjele rezultata najve¢eg momenta spojeva prednjih nogu (FL) i spojeva straznjih nogu (RL) za

duljinu ¢epa 30 1 32 mm (T30 1 T32)

length increased. It is assumed that the results of the
current work were influenced by a small difference be-
tween the examined tenon lengths (2 mm).

The left support reactions were F, = =0.842-F
and F, =0.802-F  for front and rear leg joints, re-
spectively. The values of the ultimate bending moment
of the joints were calculated using the moment arm (1),
i.e. the distance from the left support reaction to the
force line, a,=66.39 mm for front leg joints and the
distance a,=77.66 mm for rear leg joints.

Certainly, the percentages of the ratio of maximum
moments of the joints with tenon lengths of 30 and 32
mm had the same values as the differences among the
mean values of maximum force of the joints constructed
using those two tenon lengths. However, the front leg
joints (angle 102°) with a tenon length of 30 mm had
only 2.0 %, and with tenon length of 32 mm only 3.8 %,
higher mean maximum moments than the rear leg joints
(angle 112°) with the same tenon length. The differences
between the ratio of maximum force with two tenon
lengths and the ratio of maximum moment with the
same tenon lengths were the results of the specimen con-
figuration of front and rear leg joints. Unlike maximum
force, the values of maximum moment were comparable
and, in this case, they can be an indicator of the strength
of the front and rear leg joints.

The basic descriptive statistics of the maximum
moment results of front and rear leg joints are present-
ed in Tables 2 and 3. The coefficients of variation (CV)
indicate the extent of variability in relation to the mean
values of the maximum moment results of the four
tested groups of joints. The front leg joints with tenon
lengths of 30 mm (CV 9.4 %) and 32 mm (CV 9.4 %),

as well the rear leg joints with a tenon length of 32 mm
(CV 9.7 %), turned out to exhibit the highest and simi-
lar variability, whereas the rear leg joints with a tenon
length of 30 mm (CV 6.7 %) were characterised by the
lowest variability.

Comparative distributions of the maximum mo-
ment results of the tested groups of joints, i.e. the front
and rear leg joints for two tenon lengths, are shown in
a Box and Whisker plot (Figure 7). The median line of
the RL — T32 box lies outside of all three other com-
parison boxes and indicates that there is a difference
between this group of joints and the other tested joint
groups. The interquartile range of the data group FL —
T32 (with an outlier) is smaller compared to the other
box lengths and indicates that the maximum moment
results are less dispersed. Larger ranges for the group
FL — T30 (the extreme values) indicate a wider distri-
bution of the maximum moment results. The groups of
maximum moment results show different kinds of
asymmetry, i.e. skewness.

The t-test was used to determine if the means of
two sets of maximum moment results were significant-
ly different from each other. The p-values, shown in
Table 4, are used to determine statistical significance in
the hypothesis tests.

A significant difference (p = 0.1326) was not
demonstrated with a 95 % level of confidence (¢=0.05)
between bending moments for the tenon lengths of 30
mm and 32 mm for the front leg joints, while a signifi-
cant difference (p =0.0371) was demonstrated between
the bending moments for tenon lengths of 30 mm and
32 mm for the rear leg joints. According to the litera-
ture (Hajdarevic et al., 2020), increasing the tenon
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Table 4 P-values to determine statistical significance of difference between bending moments for front and rear leg joints

with tenon lengths of 30 mm and 32 mm

Tablica 4. p-vrijednosti za odredivanje statisticki znacajne razlike izmedu momenata savijanja za spojeve prednjih i straznjih

nogu s ¢epovima duljine 30 mm i 32 mm

Data source Variable 1 Variable 2 p-value
Izvor podataka Varijabla 1. Varijabla 2. p-vrijednost
Front leg Tenon length 30 mm Tenon length 32 mm 0.1326
prednja noga duljina ¢epa 30 mm duljina ¢epa 32 mm '
Rear leg Tenon length 30 mm Tenon length 32 mm
.. N L 0.0371
straznja noga duljina cepa 30 mm duljina cepa 32 mm
Tenon length 30 mm Front leg joint Rear leg joint
L . . 0.6137
duljina cepa 30 mm prednja noga straznja noga
Tenon length 32 mm Front leg joint Rear leg joint
N . .. 0.4138
duljina ¢epa 32 mm prednja noga straznja noga

length increases the maximum moment and propor-
tional moment of the mortise-and-tenon joints. The re-
sults in this paper indicate that the effect of tenon
length is not always clear when there are small changes
in it (the difference in tenon length was 2 mm).

A significant difference was not found between
the bending moments for front and rear leg joints (dif-
ferent angles between the stretcher and leg) for the
tenon length of 30 mm (p = 0.6137) or tenon length of
32 mm (p = 0.4138). In both cases, the bending mo-
ments of the front and rear leg joint specimens were
analysed with the same tenon-and-mortise configura-
tion of geometry.

The axial force and transversal force (internal,
cross-section forces) of the front and rear leg joint
specimens had significantly different values. However,
these internal forces are not dominant, and in this case,
it can be assumed that they had little effect on the stress
state of loaded joints, i.e. joint strength.

4 CONCLUSIONS
4. ZAKLJUCAK

This paper analysed the joint strengths of two
sets of specimens with different shapes and dimensions
that were cut from real wooden frame constructions.
The maximum applied load and bending moment of
the front and rear leg joints of the crossed chair base
were investigated. All specimens had the same tenon-
and-mortise geometry, while the difference in the joint
angles was 10°.

The results showed that the joints with a smaller
value of joint angle (front leg joints) had greater maxi-
mum force than those with a larger joint angle (rear leg
joints). The results of maximum force were not com-
pletely comparable due to different lengths of speci-
men elements of front and rear joints. The maximum
force increased less than 10 % as the tenon length de-
creased by 2 mm for both the front and rear leg joints.

The result of calculations showed that the joints
with a smaller value of joint angle (front leg joints) had

10 ) DRVNA INDUSTRIJA 74 (1) 3-11 (2023)

a higher maximum bending moment than those with a
larger joint angle (rear leg joints). However, the differ-
ences among the values of bending moment were only
2.0 % and 3.8 % for the tenon lengths of 30 mm and 32
mm, respectively. A significant difference was not re-
vealed between the bending moments of joints with a
smaller value of joint angle and the bending moments
of joints with a larger angle for all tenon lengths. Sig-
nificant differences between bending moments for the
different tenon lengths were determined for rear leg
joints, but not for front leg joints.

The approach presented here to determine and
compare joint strength through testing different types
of specimens is applicable to research and practice.
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ABSTRACT - In this study, phenol-formaldehyde (PF) resin has been modified with titanium dioxide nanopar-
ticles (nano-TiO,) at a varying ratio from 0.05 wt.% to 1.5 wt.% to enhance the thermal properties and combustion
performance of the resins. The effect of the nano-TiO, modification on the properties (chemical or thermal) of the
resins was determined by Fourier to transform infrared (FT-IR) and thermal analysis (TGA) techniques. In addi-
tion, the combustion performance of laminated veneer lumber (LVL) samples bonded with the PF resin modified
with nano-TiO, was tested. The result of the FT-IR analysis indicated that the modified PF resins had match peaks
to the reference PF resin. These similarities of the peaks supported that the modified PF resins were successfully
synthesise with phenol, formaldehyde, and nano-TiO,. The PF resins modified by nano-TiO, demonstrated better
thermal stability than the reference resin. The nano-TiO, modified PF resin exhibited a favourable influence on the
combustion characteristics of LVL. In consequence, PF resin modified with nano-TiO, could be used as a combus-
tion retardant adhesive in the wood industry.

KEYWORDS: adhesive; combustion; FT-IR; nano-chemicals; TiO, nanoparticles

SAZETAK « U ovom Je istrazivanju fenol-formaldehidna smola (PF) modificirana nanocesticama titanijeva diok-
sida (nano-Ti0,) u razlicitim omjerima, od 0,05 tez.% do 1,5 tez.% kako bi se poboljSala njezina toplinska svojstva
i svojstva gorivosti. Utjecaj modifikacije nanocesticama TiO, na svojstva smola (kemijska i toplinska) odreden je
Fourierovom transformiranom infracrvenom spektroskopijom (FT-IR) i termogravimetrijskom analizom (TGA).
Osim toga, ispitana je gorivost uzoraka lamelirane drvne grade (LVL) lijepljene PF smolom modificiranom nano-
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cesticama TiO,. Rezultati FT-IR analize pokazali su da modificirane PF smole imaju jednake vrhove kao referen-
tna PF smola. Te slicnosti vrhova potvrduju da su modificirane PF smole uspjesno sintetizirane s fenolom, formal-
dehidom i nanocesticama TiO,. PF smole modificirane nanocesticama TiO, pokazale su bolju toplinsku stabilnost
od referentne smole i povoljno su utjecale na gorivost LVL-a. Stoga zakljucujemo da bi se PF smola modificirana
nanocesticama TiO, mogla upotrebljavati kao ljepilo za usporavanje gorenja u drvnoj industriji.

KLJUCNE RIJECI: ljepilo; gorenje; FT-IR, nanokemikalije; nanocestice TiO,

1 INTRODUCTION
1. UVOD

Adhesive plays a fundamental role in the strength
and durability of wooden structures. Recently, adhesives
reinforced by different types of chemicals have become
a very significant area of research since they can be pro-
vided to improve dimensional stability and fire retar-
dancy of wood constructions. In that case, phenolic res-
ins are generally used as wood adhesives for outdoor
applications. They are classified into two main types:
novolac and resol. Novolac resins are synthesise by re-
acting to a molar excess of phenol and formaldehyde
under acidic conditions. Resol resins are prepared by an
alkaline reaction of phenol and formaldehyde. PF resol
resin is generally preferred for the production of wood
and wood-based composites (laminated veneer lumber
(LVL), laminated strand lumber (LSL), oriented strand
board (OSB), plywood, etc.), due to its faultless durabil-
ity, strong bonding quality, water resistance, and me-
chanical strength. However, the resin has two main dis-
advantages. First, it is more expensive than other amino
resins such as melamine-formaldehyde (MF) and urea-
formaldehyde (UF) as the price and availability depend
on petroleum. Secondly, the application of PF resin at
high temperatures has poor thermal stability (Turunen et
al., 2003; Pizzi, 1993; Kokten et al., 2020; Hassan et al.,
2009; Farhaninejad et al., 2021; Park et al., 2002; Cheng
et al., 2012; Lima Garcia et al., 2018). Several studies
around the world have shown that there are several
methods to improve the combustion and thermal proper-
ties of the composites, such as reinforcing adhesive with
micro and nano chemicals (Prasad et al.,, 2018; Hanu-
mantharaya et al., 2021; Ozbay et al., 2021; Guerra et
al., 2019). Kumar and co-workers studied the influence
of nano-TiO, in enhancing the mechanical and thermal
properties of the flax fibre reinforced epoxy composites.
They reported that the nanofillers have specific charac-
teristics that can improve the mechanical and thermal
properties of the composite system (Kumar et al., 2016).

Nano-chemicals such as nano-SiO,, nano-TiO,,
nano-AlO,, and nano-ZnO have gained increasing in-
terest due to their comprehensive industrial applica-
tions. In particular, these chemicals are widely used in
different types of polymers synthesis for improving the
desired properties (Mu et al., 2011; Yuen et al., 2009;
Kavitha et al., 2013; Zhang et al., 2018; Prabhu ef al.,
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2021). There are many reports on adhesive modifica-
tion with nano-chemicals including nano-SiO,, nano-
CaCO,, nano-Al O,, nano-TiO,, and others to enhance
the mechanical, physical, and chemical properties of
adhesives in the literature (Zhai et al., 2008; Zhang et
al., 2013; Ghosh et al., 2016; Li et al., 2016; Raghav-
endra et al., 2021). However, there is less information
about the effect of nano-chemicals on the thermal
properties of adhesives (Pang et al., 2018; Ataberk et
al., 2020; Gultekin et al., 2021).

The purpose of this experimental study was to
examine the effect of the addition of nano-TiO, on
some properties of PF resins such as chemical, physi-
cal and thermal. The combustion behaviour of LVL
bonded with modified PF resins was also identified by
considering ASTM-E 160-50 Standard.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

The chemicals applied in resin synthesis are ana-
lytical grades of NaOH (pellets) and nano-TiO, all pur-
chased from Sigma Aldrich. The diameter of the nano-
TiO, particle size was 50 nm. Phenol (liquid) and
paraformaldehyde were supplied by GENTAS chemi-
cal industries (Turkey).

2.2 Preparation of test samples
2.2. Priprema ispitnih uzoraka

Laminated veneer lumbers (LVL) were produced
from beech wood (Fagus Orientalis Lipsky) with a
density of 0.58 g/cm®. Wood planks were purchased
from a local supplier. Initially, LVL samples with the
dimension of 25 mm x 25 mm x 500 mm were cut from
planks and acclimatise at a temperature of (20 = 2) °C
and (65 £ 5) % relative humidity until they reached an
equilibrium in moisture content. Then the resin was ap-
plied on one surface (200 g/m?) of the lamella using a
hand brush. The pressure, temperature and duration
were 0.2 N/mm?, 130 °C, and 15 min, respectively.
LVL samples were conditioned for 10 days in the cli-
mate room at (20 £ 2) °C and (65 * 5) % relative hu-
midity. Combustion test samples (Figure 1) dimensions
of 13 mm x 13 mm x 76 mm were cut from the lami-
nated lumbers according to ASTM E 160.
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Figure 1 Combustion test samples
Slika 1. Uzorci za ispitivanje gorivosti

2.3 PF resin synthesis procedure
2.3. Postupak sinteze PF smole

The PF resin was prepared in a glass-made reactor
endowed with a mechanical stirrer, cooling condenser
and a water bath. Control PF (unmodified) was synthe-
sise in the reactor according to the following procedure:
the reactor was charged with phenol (90 %), paraformal-
dehyde (46 %), and pure water. After heating the mix-
ture to 40 °C, the first part of the NaOH solution (50
wt%) was added slowly. The temperature was slowly
increased to 60 °C. The temperature of the components
was increased to 90 °C and maintained at this tempera-
ture for 60 min. After that, the second proportion of
NaOH solution (50 wt%) was put into the reactor to
regulate the pH value of about 11 at 60 °C. When the
reaction was completed, the temperature of the PF resin
was cooled to near room temperature. Similar proce-
dures as described above were carried out for the synthe-
sis of the PF resin as the control PF resin and other nano-
PF resins with varying nano-TiO, ratios (0.05 wt.%,
0.10 wt.%, and wt.% 0. 15). Before the synthesis pro-
cess, various amounts of nano-TiO, were mixed with
phenol, paraformaldehyde, and pure water using a me-
chanical stirrer at about 600 rpm until a homogeneous
appearance was achieved at room temperature.

Figure 2 Test samples and combustion test
Slika 2. Ispitni uzorci i test gorivosti

2.4 Resin characterisation methods
2.4. Metode karakterizacije smole

The effect of nano-TiO, addition on the physical
properties such as pH value, gel time, dynamic viscos-
ity, and the solid content of the resin was examined.
The pH value was measured using a previously cali-
brated digital pH meter (TES-1380 pH meter). The vis-
cosity was measured by Brookfield digital viscometer
(model: Dv-I Prime), number spindle 1 at 2.09 rad/s
(20 rpm) at 25 °C. This test method is described in
ASTM D1084-08 standard. The solid content of resins
was calculated according to ASTM D3529M-97. The
liquid PF resin characterisation was subjected to Infra-
red spectrometry (FT-IR, model- Alpha) by direct
transmittance using KBr pellet technique. Infrared
spectra were scanned in a range wavenumber between
4000-400 cm™. The thermal stability of the liquid PF
resins was analysed by thermo-gravimetric technique
on a TGA (HITACHI STA 7300). Appx. 10 mg of the
sample was used with a heating rate of 10 °C /min un-
der nitrogen atmospheres flow rate of 30 ml/min. The
curves were recorded by heating from 20 °C to 700 °C.
Three replicates were used for each resin.

2.5 Combustion test
2.5. Test gorivosti

A combustion test was performed in a combus-
tion test stand based on ASTM E 160-50 standards. In
accordance with this standard, laminated samples were
conditioned until they reached a moisture content of 7
% before the combustion test. In the combustion test,
24 pcs test samples were aligned as a rectangular prism
and burned. 3 different tests were made for each com-
bustion test and 72 pcs test samples were used for each
of them (Figure 2).

Combustion tests were performed in three steps:
combustion from the flame, self-combustion, and com-
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bustion as an ember. Each sample batch was weighed
before the test was put on a wire stand. The samples on
the stand were placed vertically to the below and above
stands. The fire distance from the lower maker type
outlet was set as (25 = 1.3) cm when the device was
empty, and the gas pressure was set as 0.5 kg/cm? in the
manometer. When the gas was burned, the temperature
in the thermocouple funnel was tried to be fixed at (200
+ 8) °C. The flame source was centred at the bottom of
the sample pile, and then the burning of the flame
source was maintained for 3 minutes. The temperature
change of combustion was also measured with a ther-
mometer (ASTM E 160-50, 1975).

2.6 Evaluation of data
2.6. Evaluacija podataka

Multiple variance analysis was utilised to identi-
fy both the combustion properties and the effects of
rate TiO, on combustion with flame sourced (FSc),
flameless: self-burning (FLs) and combustion period
within the context of fire test. Furthermore, the Duncan
test was applied between groups at the end of the anal-
ysis in case the differences were recognised to test the
homogeneity of the groups.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Resin properties
3.1. Svojstva smole

The basic physical properties of modified resins
and control PF resin are given in Table 1. The solid
content ranges from 43.14 % to 44.51 %. The solid
content of the PF resin-modified with nano-TiO, varied
depending on the additive ratio of nano-TiO,. The pH
value of PF resins ranged from 11.50 to 10.90. The vis-
cosity of PF resins ranged from 294 to 334 cPs. The
viscosity of PF resins modified with nano-TiO, was
more viscous than that of the control PF resin, so it can
be said that the addition of nano-TiO, up to 0.15 % did
not reveal any significant trend in the fundamental
physical properties of the PF resin.

PF resin modified with nano-TiO, was character-
ised by FT-IR spectral analysis to determine the effect
of adding nano-TiO, on the chemical properties of the
PF resin. The FT-IR spectra of the resins reveal that the

functional groups observed were similar to each other,
indicating structural similarity between PF and modi-
fied PF resins. (Fig. 3). Mainly, the bonds that appeared
in the spectrum of PF were also observed in the spectra
of modified PF resins. IR spectrum of all samples had
a strong wideband between 3400 and 3200 cm™', as-
signed to OH stretching vibrations (1). The absorption
peak between 2950 cm™ and 2800 cm™ was assigned
to C—H stretching frequencies from methyl and meth-
ylene groups (2). The band at 1750-1700 cm™' showed
the aromatic ring C=C stretching vibrations (3). The
peaks at about 1600 and 1480 cm™' corresponded to
aromatic ring stretching bands (4), and the peak at
1250 - 1200 cm ™! was assigned to the C-O stretching in
the aromatic ring for all samples (5). The peak was ob-
served in the range of 800-750 cm™ presenting C—H
out-of-plane bending vibrations of the aromatics (6).
(Cui et al., 2017; Poljansek and Krajnc, 2005; Ibrahim
et al., 2011; Horikawa et al., 2003; Wang et al., 2009;
Wang et al., 2011). It was confirmed that the synthesis
of nano-TiO, PF resin followed a reaction pathway
similar to that of the control PF resin.

Thermal degradation and stability of the PF and
PF resin modified with nano-TiO, were studied by
TGA analysis. Figure 4 shows the TGA graphs of the
PF resin and modified PF resins. The control PF resin
was stable up to 250 °C. The maximum rate loss in
control PF resins occurs at the temperature range of
300 - 450 °C. The PF resins modified with nano-TiO,
were more thermally stable than the control PF resin in
the range of 200 - 600 °C. The thermal stability of PF
resin modified with nano-TiO, showed a rising trend
with adding nano-TiO,. TGA analysis results were con-
sistent with previous studies on the thermal stability of
adhesives modified with nano-chemicals (Yuan et al.,
2008; Lin et al., 2009; Ekrem et al., 2018; Sahoo et al.,
2017; Zheng et al., 2021).

3.2 Combustion properties
3.2. Gorivost

The results of multiple variance analysis regard-
ing the effect of combustion type and content of nano-
TiO, on combustion temperature (°C) are given in Ta-
ble 2.

The effects of combustion type and amount of
TiO, on combustion temperature were statistically sig-

Table 1 Basic physical properties of PF resins modified with nano-TiO,
Tablica 1. Osnovna fizi¢ka svojstva PF smola modificiranih nanocesticama TiO,

Resin Solid content, % pH at 20 °C Viscosity, cPs at 25 °C
Smola Sadrzaj suhe tvari, % pH pri 20 °C Viskoznost, cPs pri 25 °C
Control PF 43.14 11.90 294
0.05 % nano-TiO,- PF 43.75 11.78 319
0.10 % nano-TiO,- PF 44.16 11.71 325
0.15 % nano-TiO,- PF 44.51 11.50 334
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Transmittance / transmitancija, %
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0.05 % nano-TiO, - PF

0.10 % nano-TiO, - PF

0.15 % nano-TiO, - PF

T T T T
3500 3000 2500 2000

Wavenumber / valni broj, cm

Figure 3 FT-IR spectra of resins (control PF and modified PF)

Slika 3. FT-IR spektar kontrolne i modificirane PF smole
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Figure 4 TGA curves of PF resins
Slika 4. TGA krivulje PF smola

nificant (¢=0.05). Duncan test was applied to evaluate
the differences between the groups. The results of the
Duncan test are presented in Table 3.

It may be seen in Table 3 that the highest tem-
perature depending on the combustion type in flame
sourced combustion was 536 °C, and the lowest in Cb
was 260.5 °C; on the other hand, as for the amount of
nano-TiO,, the highest value was measured in 0.01
nano-TiO, — 389.1 °C, the lowest in 0.05 nano-TiO, -
389.1 °C. Lin and co-workers reported that nano-PF

Table 2 Multiple variance analysis results
Tablica 2. Rezultati analize viSestruke varijance

resins were thermally stable up to a temperature of
about 300 °C. This thermal stabilisation may be ex-
plained by new structures, which can be formed during
resin synthesis (Lin et al., 2006). With respect to com-
bustion type and content of nano-TiO,, the highest tem-
perature value was measured in flameless+0.15 - 560.3
°C, and the lowest in charcoal burning+0.15 - 245 °C.
According to these results, when the % amount of na-
no-TiO, was increased, the combustion temperature
decreased.

Source Degrees of freedom Sum of squares Mean square F value Prob.
Izvor Stupnjevi slobode Zbroj kvadrata Srednji kvadrat F-vrijednost

Factor A 460898.604 460898.604 230449.302 749.0285 0.0000
Factor B 12328.539 12328.539 4109.513 13.3571 0.0000
AB 24913.756 24913.756 4152.293 13.4962 0.0000
Error 7383.943 7383.943 307.664

Total 505524.842 505524.842

Factor A — combustion type, Factor B — nano-TiO2+control, coefficient of variation: 4.50 % / faktor A — vrsta izgaranja; faktor B — nano-TiO,

+ kontrola; koeficijent varijance: 4,50 %
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Table 3 Duncan test results
Tablica 3. Rezultati Duncanova testa

Combustion type* / Vrsta izgaranja™* X, °C |[HG

Flame sourced / s izvorom plamena (FSc) 536.0| A

Flameless / bez plamena (FLs) 3722 | B

Charcoal burning / pougljenje (Cb) 260.5| C

Nano chemical ** / Nanokemikalije**

Control / kontrolni uzorci (C) 4193 | A

0.10% TiO, 389.1| B

0.15% TiO, 380.2 | BC

0.05% TiO, 369.7| C

Type of process *** / Vrsta procesa ***

Flameless + 0.15 % TiO,

bez plamena + 0,15 % TiO, 26031 A

Flameless + 0.10 % TiO,

bez plamena 0,10 % TiO, 538.3| AB

Flameless + C / bez plamena + C 527.7| B

Flameless + 0.05% TiO,

bez plamena + 0,05 % TiO, S17.71 B

Flame sourced + C / s izvorom plamena + C | 449.0 | C
o, T

Fl.ame sourced + 0.05 % TiO, . 3713| D

s izvorom plamena + 0,05 % TiO,

Flame sourced + 0.10 % TiO,

s izvorom plamena + 0,10 % TiO, 364.8| D
o

Fllame sourced + 0.15 % TiO, . 3037| E

s izvorom plamena + 0,15 % TiO,

Charcoal burning + C / pougljenje + C 281.3 | EF

Charcoal burning + 0.10 % TiO,

pougljenje + 0,10 % TiO, 2640 FG

Charcoal burning + 0.05 % TiO,

pougljenje + 0,05 % TiO, 2517 FG

Charcoal burning + 0.15 % TiO,

pougljenje + 0,15 % TiO, 24501 G

*LSD value = 14.54, ** LSD value = 16.79, *** LSD value =29.07,
X — Average, HG — Homogeneous group

*LSD vrijednost = 14,54, ** LSD vrijednost = 16,79, *** LSD vri-
jednost = 29,07, X — srednja vrijednost, HG — homogene grupe

Multivariance analysis (Table 4) was applied to
determine the effect of both the amount of nano-TiO,
and combustion type on the length of burning time or
combustion duration. Considering the significance of
the Duncan test, each test group was compared with
each other and with themselves (in Table 5).

The multivariance analysis was carried out to test
the results obtained from the combustion tests. In accord-
ance with the multivariance analysis, the effects of nano-

Table 4 Results of multivariance analysis
Tablica 4. Rezultati analize viSestruke varijance

TiO, and combustion type on combustion duration were
statistically significant. The interactions between nano-
TiO, and combustion type were statistically important
(P<0.05). The means of variation sources that were found
to be significant were compared using Duncan’s test and
the average values are summarised in Table 5.

According to total combustion duration, in terms
of'the effect of combustion type on the combustion dura-
tion, the highest value was 40.58 min in charcoal burn-
ing, the lowest was 3.87 min. in Flameless. As for the
amount of nano-TiO, (%), the highest value was 61.61
in 0.01 TiO,, the lowest was 3.76 min in 0.05 TiO,. The
interaction of combustion type and the amount of nano-
TiO,, total combustion duration +0.05 TiO, showed the
longest combustion duration as 99.10 min, the shortest
duration was obtained in flameless +0.15 nano-TiO, -
3.867 min. The duration of combustion was reduced by
the amount of nano-TiO,. The nano-chemical was quite
effective in flame sourced combustion, extinguishing
the flame and decreasing the risk of fire enhancement.
This situation positively affected especially the charcoal
duration at the end of the combustion. Similar to other
reported results, nano-chemicals improved the thermal
stability of phenolic resin (Zheng et al., 2003; Ma et al.,
2005; Wang et al., 2011; Ozbay etal., 2021).

4 CONCLUSIONS
4. ZAKLJUCAK

The purpose of this study was to evaluate the in-
fluence of adding nano-TiO, on the chemical, physical
and thermal characteristics of PF resins. Additionally,
combustion properties of laminated veneer lumber
(LVL) bonded with the PF resins modified with differ-
ent content of nano-TiO, were determined. The follow-
ing can be concluded:

The addition of nano-TiO, up to 0.15 % did not
reveal any significant trend in the fundamental physi-
cal properties such as solid content, pH value and vis-
cosity of the PF resin.

The synthesis of nano-TiO, PF resin followed a
reaction pathway similar to that of the control PF resin
as confirmed by FT-IR spectroscopy analysis.

TGA analysis indicated that the increase of nano-
TiO, content in the resin formula enhanced the thermal
stability of the PF resin.

Source Degrees of freedom | Sum of squares Mean square F value Prob.
Izvor Stupnjevi slobode Zbroj kvadrata Srednji kvadrat F-vrijednost
Factor A 2 15476.264 7738.132 521.0473 0.0000
Factor B 3 10437.310 3479.103 234.2655 0.0000
AB 6 5347.205 891.201 60.0090 0.0000
Error 24 356.427 14.851
Total 35 31617.206

Factor A — combustion type, Factor B —nano-TiO, + control, coefficient of variation: 4.40 % / faktor A —vrsta izgaranja; faktor B — nano-TiO,

+ kontrola; koeficijent varijance: 4,40 %

18 ) DRVNA INDUSTRIJA 74 (1) 13-20 (2023)



Ozbay, Atar, Ozcifci: Synthesis of Phenolic Resin Reinforced with TiO, Nanoparticles and its Effect on Combustion...

Table 5 Effects of nano-TiO, content (%) and combustion

type on length of burning time, or combustion duration (min)
Tablica 5. Utjecaj sadrzaja nano-TiO, (%) i vrste izgaranja

na duljinu gorenja odnosno na trajanje izgaranja (min)

Combustion type* / Vrsta izgaranja™ X |HG
Flameless / bez plamena 3875| C
Charcoal burning / pougljenje 40.58| B
Total comb'ustl'og duratlgn 563 A
ukupno trajanje izgaranja

Nano-chemical** / Nanokemikalije**

Control / kontrolni uzorci (C) 2144 | C
0.10% TiO, 61.62| A
0.15% TiO, 26.02| B
0.05% TiO, 2036 | C
Type of process*** / Vrsta procesa™**

Total combustion duration + 0.15 TiO, 99.10| A
ukupno vrijeme izgaranja + 0,15 TiO, '
Charcoal burning + 0.05 TiO, /

pougljenje + 0,05 TiO2 82.00\ B
Total com‘t.>.ust10r.1 durat19n +0.10 T.102 4420| C
ukupno vrijeme izgaranja + 0,10 TiO,

Total Comlj).uStIOI.l durat19n / 3500| D
ukupno vrijeme izgaranja

Total corn‘t.>.ust10r.1 duratlgn +0.15 T.IO2 220! D
ukupno vrijeme izgaranja + 0,15 TiO,

Charcoal burning + 0.10 TiO,

pougljenje + 0,10 TiO, 30.001 DE
Charcoal burning / pougljenje 2533 | E
Charcoal burning + 0.15 TiO,

pougljenje + 0,15 TiO, 2500\ E
Flameless — control / bez plamena — kontrola | 4.000 | F
Flameless + 0.15 TiO,

bez plamena + 0,15 TiO, 3.867| F
Flameless + 0.10 TiO,

bez plamena + 0,10 TiO, 3865 F
Flameless + 0.05 TiO,

bez plamena + 0,05 TiO, 3.767| F

*LSD value = 3.069, ** LSD value = 3.688, *** LSD value= 6.388,
X — Average, HG — Homogeneous group

*LSD vrijednost = 3,069, ** LSD vrijednost = 3,688, *** LSD vri-
Jednost = 6,388, X — srednja vrijednost, HG — homogene grupe

LVL samples bonded with nano-TiO, modified

PF resin exhibited better fire resistance as compared to
LVL bonded with PF resin (control). The PF resin
modified with nano-TiO, can be used as a combustion
resistance adhesive in the wood industry.

Nano-TiO,, due to its availability and remarkable

thermal properties, can be used as reinforcement in
phenolic resin production.
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ABSTRACT - Dipteryx panamensis and Hieronyma alchorneoides are two species of high specific gravity used
in reforestation programs in Costa Rica, but they lack products with structural value for commercialization. In
order to introduce the wood of these two species in the market, the objective was established to study the behavior
of solid timber beams and glued laminated timber beams of two cross sections (2 cm % 10 cm and 2 cm % 15 cm)
and establish the design values in bending test. The results showed that the bending design values (f,) ranged from
2 to 26 MPa in glued laminated timber beams, while in solid timber beams, fb ranged from 6 to 15 MPa. In the
shear design values (f), the variation was from 0.29 to 0.67 MPa in glue laminated timber beams and from 1.80
to 2.58 MPa in solid timber beams. It was also found that the D. panamensis beams showed higher values than H.
alchornoides beams. Finally, it was established that glued laminated timber beams showed better performance in
bending parameters and higher design values, resulting in wider span values, than solid timber beams when used
in floor and roof construction.

KEYWORDS: rropical species; bending; shear; mezzanine; glulam; mass timber

SAZETAK « Dipteryx panamensis i Hieronyma alchorneoides dvije su vrste drva velike specificne gustoce koje
su uvrstene u program posumljavanja u Kostarici, ali se ne iskoristavaju za strukturne proizvode kako bi se ko-
mercijalizirale. Da bi se te dvije vrste drva plasirale na trziste, istrazeno je ponasanje lameliranih greda i greda
od cjelovitog drva s dva razlicita poprecna presjeka (2 cm x 10 cm i 2 cm %X 15 cm) te su ispitivanjem savijanja
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utvrdene projektirane vrijednosti. Rezultati su pokazali da su se projektirane vrijednosti savijanja (f,) kretale u
rasponu od 2 do 26 MPa za lamelirane grede te od 6 do 15 MPa za grede od cjelovitog drva. Projektirane vrijed-
nosti smicanja varirale su od 0,29 do 0,67 MPa za lamelirane grede te od 1,8 do 2,58 MPa za grede od cjelovitog
drva. Za grede od drva D. panamensis izmjerene su vece vrijednosti ispitivanih svojstava nego za grede od drva H.
alchorneoides. Konacno, utvrdeno je da su lamelirane grede pokazale bolja svojstva savijanja i vece projektirane
vrijednosti od greda od cjelovitog drva, sto rezultira vec¢im vrijednostima raspona kada se rabe na podu ili krovu.

KLJUCNE RIJECI: tropske vrste; savijanje; smicanje; mezanin, lamelirana greda; cjelovito drvo

1 INTRODUCTION
1. UVOD

Costa Rica is a small Central American country
currently characterized by the conservation of its natural
resources, especially natural forests (Allen and Vasquez,
2017). However, the country has gone through several
stages in the harvesting of natural forests, and the most
critical point occurred in the 1980s, when forest cover
decreased to critical levels (Stan and Sanchez-Azofeifa,
2019). The selective harvesting of natural forests result-
ed in the production of bigger logs (Johns, 1988), where
large cross section lumber was obtained (Bello, 2020).
In the market, lumber for furniture fabrication could be
find with dimensions of 2.5 cm thickness, over 40 cm in
width and length over 3.36 meters, while in the case of
timber, the dimensions could be 10 cm in thickness, over
15 cm in width and length of up to 5.5 m. Thus, before
the 1980s, buildings (houses and buildings) were char-
acterized by the use of wood in all elements of high
structural demand, such as beams and columns (Serra-
no-Montero and Moya, 2011).

After this critical period, the government encour-
aged reforestation programs through forestry incentives,
with the aim to reduce the pressure on natural forests and
to increase a source of sawlog supply for the country
(Quesada-Mateo and Solis-Rivera, 1990). These pro-
grams were maintained for several years, resulting in the
fact that commercial plantations currently supply 60 %
of the volume of sawlogs consumed in Costa Rica
(Ugalde, 2021). Throughout this process, about 20 forest
species have shown adequate results in terms of growth
and production. So, farmers have accepted many species
to establish commercial plantations (Nichols and Van-
clay, 2012). Fast-growing species, with rotation periods
of less than 25 years, such as Dipteryx panamensis, Ter-
minalia amazonia, Vochysia guatemalensis, Cordia al-
liodora and Hieronyma alchorneoides (native species)
and Tectona grandis, Cupressus lusitanica, Acacia man-
gium and Gmelina arborea (exotic species), have been
extensively studied (Petit and Montagnini, 2006) and
have shown excellent results in forest plantations in
Costa Rica (Petit and Montagnini, 2006; Nichols and
Vanclay, 2012). However, it has been observed that most
of the above species are concentrated in moderate den-
sity wood, used as lumber for furniture manufacturing
(Moya et al., 2021).

22 \O) DRVNA INDUSTRIJA 74 (1) 21-32 (2023)

D. panamensis (almendro) and H. alchorneoides
(pilon) are two species used in reforestation programs
due to their high specific gravity and therefore their
high values in structural properties. However, three
main problems have been identified in wood from for-
est plantations: (i) presence of warp during sawmilling
process, (ii) high incidence of drying defects in the dry-
ing process and (iii) lack of product development for
marketing. The first two have been recently addressed
by Moya et al. (2021) and Moya and Tenorio (2021).
The lack of products for the commercialization of these
species is associated with two aspects: (i) they have a
density greater than 0.5 g/cm?, so they are classified as
high-density timber, and consequently they cannot be
used in the manufacture of furniture and pallets fabri-
cation, which are the main markets for plantation saw-
log, and (ii) the other most influential aspect is that the
heartwood color of plantation timber has lighter color
in relation to natural forest wood (Moya and Tenorio,
2021; Moya et al., 2021).

D. panamensis and H. alchornoides are classified
as high wood density considering their characteristics
of trees from natural forests in Costa Rica (Moya et al.,
2021). The wood from these trees has an established
market and is used for the construction of trusses,
floors and columns to support walls, bridges, and truck,
among others, that is, in uses where there is an impor-
tant demand for structural strength (Moya and Tenorio,
2021). However, wood from trees growing in fast
growth plantations showed a decreasing trend in spe-
cific gravity in relation to wood from natural forests
(Sentft et al., 1985). However, this decrease should not
be a problem for plantation wood to be introduced in
the same market sector established for wood from trees
from natural forest (Moya et al., 2021).

One way to mitigate the limitations of these spe-
cies is to develop new processing options and not only
to minimize problems during the sawing or drying pro-
cess (Moya et al., 2021, Moya and Tenorio, 2021 and
2022). It is also vital to develop highly engineered
products that would enable wood from these species
growing in fast growth plantation to competitively en-
ter new markets (Zobel, 1981). A good example is the
fabrication of glued laminated timber beams (Moody
and Hernandez, 1997). This type of product is manu-
factured with laminates of limited thickness, with a
certain degree of structural grading of its layers, and
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glued with structural adhesives (Kitek Kuzman et al.,
2010), but may present some differences in structural
values in relation to solid wood (Falk and Colling,
1995). For example, elements in compression are of
higher strength, but in bending test show a higher mod-
ulus of elasticity and a lower shear strength than solid
timber beams (Ndong Bidzo et al., 2021).

Although glued laminated timber beams and sol-
id timber beams are produced from wood of relatively
uniform quality, variations are always present (Moody
and Hernandez, 1997), so they need to be standardized
in order to establish different design values (Morin-
Bernard ef al., 2021). Thus, the present work aims to
study the behavior of solid timber beams and glued
laminated timber beams made of D. panamensis and H.
alchorneoides wood from fast growth plantations in
two cross sections (2 cm x 10 cm and 2 cm %15 cm)
and stablish the design values in bending test.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Site and characteristics of the
plantation
2.1. Polozaj i obiljezja plantaze

Two fast-growth plantations were sampled: one
of H. alchorneoides and another of D. panamensis. At
the time of sampling, the H. alchorneoides plantation
was 12 years old and had a density of 450 trees/ha,
while the D. panamensis plantation was 16 years old
and had a density of 550 trees/ha. More details on the
characteristics of the plantations can be found in Moya
and Tenorio (2021) and Moya et al. (2021).

(a)/

(b)

2.2 Sampling and sawing trees
2.2. Uzorkovanije i piljenje stabala

Approximately 70 trees of each species were
sampled, close to the average diameter of each planta-
tion, 19.7 cm for H. alchorneoides and 17.9 cm for D.
panamensis. Half of the logs were sawn using a typical
cutting pattern for timber production in Costa Rica
(Serrano-Montero and Moya, 2011), where a semi-log
was obtained, which was sawn into 2.5 cm thick timber
(Figure la). From the other half of the logs, a 6.2 cm
thick central block was obtained across the width of the
log (Figure 1b). Logs were sawn using a band saw and
a single-cut resaw. The 2.5 cm and 6.2 cm timber were
dried using a drying schedule proposed by Moya and
Tenorio (2022).

2.3 Timber dimension and beam fabrication
2.3. Dimenzije drvene grade i izrada greda

The timber was dried using the drying schedule
proposed by Moya and Tenorio (2022) with a target
moisture content of 12 %. Extensive details of the drying
process for the two species can be found in Moya and
Tenorio (2022). After drying, timber of 2.5 cm in thick-
ness was planed to 2 cm x 6.5 cm % 270 cm, while tim-
ber of 6.2 cm was planed to 5.0 cm. Two type of timber
beams (solid and glued laminated) were prepared with
length of 270 cm of two different cross dimensions: (i) 5
cm x 10 cm and (ii) 5 cm x 15 cm. For solid timber
beams, the dried timber with 5 ¢cm in thickness was cut
to the width of 10 cm and 15 cm. From each cross-sec-
tion, 15 solid timber beams were prepared. Meanwhile,
glued laminated timber beams were fabricated in two
cross sections and a length of 270 cm: (i) 5 cm x 10 cm

N

e

Figure 1 Sawing pattern used for obtaining 2.5 cm thickness for fabricating glued laminated timber beams (a), sawing patter
used for obtaining 6.2 cm thick solid timber beams (b) and three-point bending test (c)

Slika 1. Nacin piljenja za dobivanje 2,5 cm debelih elemenata za izradu lameliranih greda (a), nacin piljenja za dobivanje 6,2
cm debelih elemenata za izradu greda od cjelovitog drva (b) i ispitivanje savijanja u tri tocke (c)

) DRVNA INDUSTRIJA 74 (1) 21-32 (2023) 23



Moya, Tenorio, Navarro-Mora, Mufioz: Structural and Design Values of Solid Timber Beams and Glued Laminated Timber...

with 6 lamellas of 20 cm in thickness and (ii) 5 cm x 15
cm with 8 lamellas of 20 mm in thickness. A total of 15
glued laminated timber beams were constructed for each
cross section, for a total of 60 beams (2 different types of
beams X 2 cross-sections X 15 beams). Advantage EP-
950A® isocyanate polymer emulsion (EPI)+catalyst
200 Franklin® (isocyanate polymer) adhesive system
(Franklin Adhesives and Polymers, OHIO, USA) was
used. The adhesive was applied at a weight of 200 g/m?
on one side of lamellas. The lamella was placed on a
balance and the required amount of adhesive was ap-
plied with micropore rollers. The pressing was per-
formed with an ITALPRESSE PL/9/SCF/8 hydraulic
press (Italpresse S.A., Bergamo, Italy), at a pressure of
8.0 MPa for 3600 s.

2.4 Bending test
2.4. Ispitivanje savijanja

The solid and glued laminated timber beams
were tested by three-point static bending test over a
span of 2.10 m as shown in Figure 1c. Testing was con-
ducted with a Tinus Olsen Super L universal testing
machine, with the capacity of 60 tons. The test condi-
tions, load speed and deflection determination were
compliant with ASTM D198-21a (ASTM, 2021a). A
displacement sensor (LVDT) was placed at the center
of the beam under the king post, to measure the vertical
displacement at the time of load application, then load
and displacement were measured each 30 us. From the
results of these tests, the modulus of elasticity (MOE)
and modulus of rupture (MOR) were determined using
Eq. 1 and 2, respectively. The shear stress (t) in bend-
ing was determined according to Eq. 3.

852-F -
MOE = OSS—LP (GPa) (1)
481y
F‘mev(.l’.E
MOR = ———2.0.0981 (MPa) @)
3.F
7(MPa) =~ .0,0981 3
(MPa) 15.H (3)

Where: F,, — load at proportional limit (kgf),
F__ =rupture load (kgf), L — span (cm), / — moment of
inertia (cm?) for rectangular form, y — deflection (cm),
b —beam width, H — beam depth (cm), 0.0000981 con-
version units from kgf/cm? to GPa and 0.0981 — con-
version units from kgf/cm? to MPa, and 0.852 is derived
from general equation for MOE for one load (Eq. 3).

In addition, the type of failure that occurred in the
two types of beams was determined. For glued lami-
nated timber beams, the type of failure was first catego-
rized according to the location of the failure in the
lamina number, with L1 being the lamina where the
load is applied and Ln being the lamina farthest away
from the load; it was L6 for the 10 cm high beams and
L8 for the 15 cm high beams (Figure 2a-b). Second, it
was determined if the failure was due to delamination
(Figure 2c), which refers to the separation of the glue-
line between two lamellae, or if any lamellae that make
up the beam failed; this type of failure can be of two
types: tension and shear (Figure 2d-¢). Meanwhile, for
solid timber beams, 5 types of failure were established
according to ASTM D-143 standards (ASTM, 2021b):
simple tension (Figure 2f), cross-grain tension (Figure
2g), splintering tension (Figure 2h), brash tension (Fig-
ure 2i) and horizontal sheer (Figure 2j).

Figure 2 Number of laminates in glued laminated timber beams of 5 cm x 10 cm (a) and 5 cm X 15 cm (b), types of failures
in glued laminated timber beams: delamination of glued line (c) and failure in lamina by tension (d) or shear (e), and failure
in solid timber beams: simple tension (f), cross-grain tension (g), splintering tension (h), brash tension (i), and horizontal

sheer (j) in static bending

Slika 2. Broj lamela u lameliranim gredama presjeka 5 cm x 10 cm (a) 1 5 cm x 15 cm (b). Vrste lomova u lameliranim
gredama: lom po ljepilu (c) i lom po lameli zbog napetosti (d) ili smicanja (e); vrsta loma u gredama od cjelovitog drva:
jednostavna napetost (f), napetost u popre¢nom presjeku (g), cijepanje (h), trzajna napetost (i) i horizontalni pomak pri

statickom savijanju (j).
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2.5 Density, moisture content and stress in
shear parallel to grain

2.5. Gustoca, sadrzaj vode i smicno
naprezanje u smjeru vlakanaca drva

Following bending tests, a 5-cm cross-section
was extracted from each beam. Its volume and weight
were measured, and density (kg/m?®) was calculated.
Then, the sample was oven-dried at 103 °C for 24
hours, and moisture content was determined. Density
value was later used to calculate the total weight of the
beam. Glue line test was used for determining stress in
shear parallel to the grain in glued laminated timber
beam and shear resistance of solid timber beam. A sam-
ple of approximately 20 cm length was taken from
each beam, from a section away from the failure area.
From this, two samples of 6.5 cm in length were ex-
tracted (60 samples in total) and tested according to
ASTM D905 (ASTM, 2021c) for glued laminated tim-
ber beam (30 samples) and ASTM D143 (2021b) for
solid timber beam (30 samples).

2.6 Derivation of design values
2.6. Deriviranje projektiranih vrijednosti

Design values were derived from MOE and MOR
values of glued laminated timber and solid timber beams
tested in bending test, and its applicability will be shown
as beam in flexion applications. In the derivation of de-
sign values, the beam was structurally analyzed in two
different ways: (i) bending capacity, and (ii) deflection
in the span. For bending capacity, the superimposed load
in different spans was determined, considering only
maximum stress of the transverse section.

For the derivation of the design values, a normal
distribution of the MOR and MOE obtained for each
type of beam was assumed. Then using the t-student
statistical distribution function, the basic stress LRFD
is obtained according to Eq. 4 and transformed into
ASD stress by applying Eq. 5. This step was not per-
formed for the MOE because it was not necessary.
Next, the nominal bending strength (@Mn), nominal
shear strength (@Vn) and bending stiftness (E7) were
calculated, considering Eqs. 6, 7 and 8, respectively.

— cv
Fon=X|1-t — 4
LRFD ( f 100) ()
F
F — LRFD (5)
ASD KF¢
dMn=f,-S-K, ¢ (6)
2
PVn=2f, A K, ¢ (7)
EI = MOE I (8)

Where: X — average value of data, CV — coeffi-
cient of variation of data (percentage), 1~ t-Student fac-
tor for a 95 % exclusion level according to sample size,
K, — format conversion factor, according to NDS 2018
(American Wood Council, 2018), 2.54 for flexure and 2.

88 for shear, @ - strength reduction factor, according to
Seismic Code of Costa Rica 2010 revision 2014 (CIFA,
2011; INTECO, 2011), which in this case was 0.85 for
bending and 0.75 for shear, f, — bending design values, §
— elastic section modulus, f, — shear design values, 4 —
cross-sectional area, £ — MOE determined in Eq. 1, / —
moment of inertia and E/ — bending stiffness.

Subsequently, the maximum capacity in terms of
overload (distributed load per unit area, w) in support-
ed flexure was calculated, varying span length (L) and
the separation between beams (sep) using Egs. 9, 10
and 11. From these three calculated values, the lowest
one was selected by safety factor, which is the one that
determines the design values.

8- dMn
w= p )
sep-L
384-Y-EI
w=—- (10)
5-sep-L
2-DVi
W= " (11)
sep-L

Where: @Mn — nominal bending strength, ¥ —
maximum allowable deflection (L/240), EI — product
of modulus of elasticity and the second moment of area
and @Vn — nominal shear strength.

2.7 Statistical analysis
2.7. StatistiCka analiza

One-way ANOVA was applied to mechanical pa-
rameters in flexure test (load and deflection at propor-
tional limit, maximum load, MOR and MOE) and max-
imum stress in shear test - the physical parameters
(density, MC and WA). The Tukey test was used to test
the mean difference at a level of significance of p<0.01
per species and each type of beams. The SAS 8.1 sta-
tistics program for Windows (SAS Institute Inc., Cary,
N.C., USA) was used to carry out the analyses.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Density and moisture content
3.1. Gustoéa i sadrzaj vode

Figure 3 presents the MC and density values ob-
tained for the two species by cross section and type of
beam. The MC was higher in the glued laminated timber
beams for both species and cross section of beams, ex-
cept for the 5 cm x 10 cm cross section of D. panamen-
sis (Figure 3a). Wood density of the solid beams of both
species presented the highest values, except for 5 cm %
10 cm cross section of D. panamensis, which showed no
differences between the two types of beams. In addition,
the beams manufactured with D. panamensis timber
(solid and laminated) had higher wood density in rela-
tion to the beams of H. alchorneoides (Figure 3b).
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Figure 3 Moisture content (a) and density (b) of laminated and solid beams made of D. panamensis and H. alchorneoides timber
Slika 3. Sadrzaj vode (a) i gustoca (b) lameliranih greda i greda od cjelovitog drva D. panamensis 1 H. alchorneoides

3.2 Bending and shear test
3.2. Ispitivanje na savijanje i smicanje

In the bending test for D. panamensis, no statisti-
cal differences were observed between laminated tim-
ber and solid timber beams in 5 cm X 10 ¢cm cross sec-
tion in terms of load at LP and deflection, but statistical
differences were observed in terms of maximum load,
with the glued laminated timber beams showed the
highest values (Table 1). For cross sections of 5 cm x

15 cm of the same species, it was observed that there
were statistical differences between the two types of
beams, in the three parameters evaluated, where the
solid timber beams showed the highest values (Table
1). In the case of H. alchorneoides, for 5 cm x 10 cm in
cross section, differences were observed in load at LP
and deflection at LP, where the solid timber beams
showed the highest value; in the case of maximum
load, no statistical differences were observed between

Table 1 Statistical values obtained in bending test for glued laminated timber and solid timber beams made of D. panamensis

and H. alchorneoides timber

Tablica 1. Statisticke vrijednosti dobivene ispitivanjem na savijanje lameliranih greda i greda od cjelovitog drva D. pana-

mensis 1 H. alchorneoides

Type of beam / Vrsta grede
5 cm x 10 cm cross section 5 cm x 15 e¢m cross section
?/fse;lee Parameter / Parametar G dPlreSszk St c(;n x 10 cm 5 dPlreSszkSt c(;n x 15 cm
ue . amunate Solid timber ue . aminate Solid timber
Ul Cjelovito drvo LTS Cjelovito drvo
Lamelirano drvo J Lamelirano drvo J
Load at PL Average (kN) 8.38" 9.04* 10.84° 32434
paga@t  |SD(kN) 2.84 417 461 14.73
opterecenje pri PL
= CV (%) 33.82 46.16 42.47 45.42
§ Deflection at PL Average (mm) 35.204 43.734 20.588 64.86"
g |Goeenonat e SD (mm) 7.55 15.46 7.29 14.40
§ |deformacija pri PL
S, CV (%) 30.74 35.36 3541 22.20
Q| Maximum load Average (kN) 17.81* 12.838 24.96° 35.694
maksimalno SD (kN) 4.73 4.99 7.63 13.19
opterecenje CV (%) 26.56 3891 30.56 36.97
Load at PL Average (kN) 5.478 12.67* 7.388 30.08%*
cadal L 5D (kN) 227 416 4.02 6.64
w | opterecenje pri PL
§ CV (%) 41.49 32.80 54.49 22.06
§ Deflection at PL Average (mm) 20.48" 56.90 17.28" 63.004
5 |oerecuonattt Top (mm) 7.54 11.97 8.18 9.49
< | deformacija pri PL
% CV (%) 36.83 21.03 47.36 15.06
m‘ Maximum load Average (kN) 11.034 14.18% 16.278 31.954
maksimalno SD (kN) 4.05 4.57 7.70 7.62
opterecenje CV (%) 36.75 32.24 47.33 23.84

Note: PL — proportional limit / granica proporcionalnosti, SD — standard deviation / standardna devijacija, CV — coefficient of variation /
koeficijent varijacije

26 ) DRVNA INDUSTRIJA 74 (1) 21-32 (2023)




Moya, Tenorio, Navarro-Mora, Mufioz: Structural and Design Values of Solid Timber Beams and Glued Laminated Timber...

14 80
A . . A
@ Laminated beam O Solid beam / greda B
12 A lamelirana greda  od cjelovitog drva 70 7 —
i B B
10 - A 00 B — —
1 (] A
£ g B 2 s A
° m =
:é A A & 40 A
= 6 1 B S
A = 30 A A
4 .
20
2] 10 1
0 - T T T 0 - T T T
5x10 cm 5x15 cm 5x10 cm 5x15 cm 5x10 cm 5x15cm 5x10 cm 5x15 cm
D. panamensis H. alchorneoides D. panamensis H. alchorneoides
a) b)
24 A
B
=& 20 B B B
&S — -
=2 —
£S5 16 1
2
=
25 n{ A
g2 A A A
£ s
R
£
=]
=
0 - T T T
5x10 cm 5x15cm 5x10 cm 5x15 cm
D. panamensis ) H. alchorneoides
c

Figure 4 MOE (a) and MOR (b) obtained in bending test and maximum stress in shear parallel to grain (c) for glued lami-
nated timber and solid timber beams made of D. panamensis and H. alchorneoides timber

Slika 4. MOE (a) i MOR (b) dobiveni pri ispitivanju savijanja i najvec¢ega posmicnog naprezanja u smjeru drvnih vlakanaca
(c) lameliranih greda i greda od cjelovitog drva D. panamensis i1 H. alchorneoides

the two types of beams (Table 1). For the 5 cm x 15 cm
in cross section, there were differences in the three pa-
rameters evaluated, where the solid timber beams
showed the highest values in relation to the glued lam-
inated timber beams (Table 1).

Figure 4 presents the MOE and MOR values ob-
tained for the bending test for the beams of the two
species. For D. panamensis in cross section of 5 cm %
10 cm, the glued laminated timber beams showed the
highest MOE value, while for 5 cm x 15 cm in cross
section there were no statistical differences in MOE
(Figure 4a). For H. alchorneoides, the glued laminated
timber beams showed the highest MOE in cross section
of 5 cm x 10 cm, while the lowest value of MOE was
observed in the cross section of 5 cm % 15 cm (Figure
4a). As for the MOE, the solid timber beams showed
the highest values for the two species and cross sec-
tions of beams, except for the 5 cm x 10 cm cross sec-
tion of D. panamensis, where the glued laminated tim-
ber beams showed the highest value (Figure 4b).

In the load vs. deflection curves obtained in the
bending test, it is observed that for both species at the
same deflection value, the 5 cm X 15 cm cross section
beams for solid wood and glulam beams show the
highest load value, followed by the 5 cm x 10 cm cross
section beams for glued laminated timber and solid
wood beams (Figure 5). In addition, it is observed that
the beams made of D. panamensis wood show higher
load values in relation to the beams made of H. alchor-
neoides for the same deflection (Figure 5). Regarding
the maximum stress in the shear test parallel to the
grain, it was observed that the solid timber beams
showed the highest values for the beams of two species
and two cross sections used (Figure 4c).

3.3 Types of failures
3.3. Vrste lomova

Due to the different configurations of the two
types of beams, the types of failures were different (Ta-
ble 2). In the case of the solid timber beams, the type of
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Figure 5 Average load versus deflection plots obtained in bending test for glued laminated timber and solid timber beams

made of D. panamensis and H. alchorneoides wood

Slika 5. Graficki prikazi prosjecnog opterecenja s obzirom na progib, dobiveni ispitivanjem na savijanje lameliranih greda i

greda od cjelovitog drva D. panamensis i H. alchorneoides

failure was different by species and cross section (Ta-
ble 2). Horizontal shear was the most frequent type of
failure in the solid timber beams made of D. panamen-
sis of 5 em x 10 cm in cross section, followed by sim-
ple failure and cross-grain tension, while in the 5 cm x
15 cm beams, horizontal shear and splintering tension
showed the highest percentages. In the solid timber
beams made of H. alchorneoides, cross-grain and
splintering tension failure were the most frequent in the
5 % 10 em dimension, while the splintering tension fail-
ures were the most frequent in the beams of 5 x 15 cm
in cross section, followed by cross-grain and simple
tension failure (Table 2).

Typical failures of solid timber beams are those
involving tension (cross-grain, splintering or simple

tension) (Nadir and Nagarajan, 2014), as occurred in
two species and two cross sections of beams tested (Ta-
ble 2). According to Conrad et al. (2003), the lack of
ductility between fibers in solid timber beams causes
the beam to fail in tension, as evidenced by the results
of the solid timber beams in the present study.

In the case of glued laminated timber beams, de-
lamination was the most frequent failure in the beams
made of D. panamensis of two cross sections tested
and in cross section of 5 cm x 15 cm of H. alchor-
neoides, followed by tensile failure in these dimen-
sions. In cross section of 5 cm % 10 cm of beams made
of H. alchorneoides, tension failure was the most fre-
quent failure (Table 2). This behavior was different
from that found by Nadir and Nagarajan (2014) for

Table 2 Percentage of presence of different types of failure for glued laminated timber and solid timber beams of D.

panamensis and H. alchornoides

Tablica 2. Postotak razli¢itih vrsta loma za lamelirane grede i grede od cjelovitog drva D. panamensis i H. alchorneoides

D. panamensis beam H. alchorneoides beam
Type of Greda od D. panamensis Greda od H. alchorneoides
beam Type of failure, % 5 emx10 cm 5 emx15 cm 5 cmx10 cm 5 emx15 cm
Vista Vista loma, % cross section cross section cross section cross section
grede Presjek Presjek Presjek Presjek
5 cmx10 cm 5 cmx15 cm 5 cmx10 cm 5 cmx15 cm
Cross-grain ten51(3n 4 143 200 467 26.7
napetost u poprecnom presjeku
Solid Horizontal shear
greda od | horizontalni pomak 371 400 0.0 6.7
¢jelovitog | Simple tension / jednostavna napetost 28.6 0.0 6.7 26.7
d
v Brash tension / trzajna napetost 0.0 0.0 6.7 0.0
Splintering tension / cijepanje 0.0 40.0 40.0 40.0
Delamination / delaminacija 58.3 90.9 0.0 64.3
Glued Delamination and shear
laminated | delaminacija i pomak 0-0 0.0 0.0 7.1
lame-" 1 Shear / pomak 0.0 9.3 143 0.0
lirana
greda Tension / napetost 41.7 0.0 85.7 14.3
Tension and shear / napetost i pomak 0.0 0.0 0.0 14.3
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glued laminated timber beams of rubber wood tested in
flexure, where tensile was the most frequent type of
failure, while delamination was the least frequent. In
this regard, these authors explain the different types of
failures that occur in glued laminated timber beams
tested in flexure and this may explain the results of the
present study:

Due to the different configurations of the two types
of beams, the types of failures were different (Table 2).
In the case of solid timber beams, the type of failure was
different by species and cross sections (Table 2). Hori-
zontal shear was the most frequent type of failure in the
solid timber beams of D. panamensis of 5 cm x 10 cm
cross section, followed by simple failure and cross-grain
tension, while in the 5 cm X 15 ¢cm beams, horizontal
shear and splintering tension were the most frequent
failures. In the solid timber beams of H. alchorneoides,
cross-grain and splintering tension failure were the most
frequent failures in the 5 cm X 10 cm dimension and
splintering tension failures were the most frequent in the
beams of 5 cm X 15 cm cross sections, followed by
cross-grain and simple tension failure (Table 2).

Typical failures of solid timber beams are those
involving tension (cross-grain, splintering or simple
tension) (Nadir and Nagarajan, 2014), as occurred in
two species and two cross sections of beams tested (Ta-
ble 2). According to Conrad et al. (2003), the lack of
ductility between fibers in solid timber beams causes
the beam to fail in tension, as evidenced by the results
of the solid timber beams in the present study.

In the case of glued laminated timber beams, de-
lamination is the most frequent type of failures in the

beams of D. panamensis of two cross sections tested
and in cross section of 5 cm x 15 cm of H. alchor-
neoides, followed by tensile failure in these dimen-
sions. In the cross section of 5 cm x 10 cm of H. al-
chorneoides, tension was the most frequent failure
(Table 2). This behavior is different from that found by
Nadir and Nagarajan (2014) for glued laminated tim-
ber beams of rubber wood tested in flexure, where ten-
sile was the most frequent type of failure, while de-
lamination was the least frequent. In this regard, these
authors explain the different types of failures that occur
in glued laminated timber beams tested in flexure and
this may explain the results of the present study:

i. A delamination failure in glued laminated timber
beams can occur when there is a defectively glued
area within the lamella, as then the cracks start to
propagate through the adhesive surface. However,
when a very strong glued area appears, it passes
through the wood and another type of failure occurs
(Nadir and Nagarajan, 2014). Thus, the results of
high occurrence of delamination failure (Table 2) in
the beams of D. panamensis of two cross sections
tested and in H. alchorneoides beams of 5 cm x 15
cm cross section indicate that these lamellae had
problems of adhesion between the lamellae.

ii. Tensile failure is the type of failure that is expected
to occur and occurs when the joints are perfectly
bonded and there are few defects in the timber that
could have an adverse effect on the laminates. This
results in failures starting from bottom lamina and
spreading to the top (Nadir and Nagarajan, 2014).
Finally, the H. alchorneoides beams of 5 cm X 10

Table 3 Design values for glued laminated timber and solid timber beams made of D. panamensis and H. alchorneoides wood
Tablica 3. Projektirane vrijednosti za lamelirane grede i grede od cjelovitog drva D. panamensis i H. alchorneoides

Species / Vrsta drva | Type of beam / Vista grede f,MPa | f,, MPa | MOE, GPa
Glued laminated timber / lamelirano drvo 0.67 17.61 541
Scm % 10 cm — ; -
D. panamensis Solid timber / ¢jelovito drvo 2.58 6.24 4.37
P S om x 15 cm Glued laminated timber / lamelirano drvo 0.29 9.83 4.99
Solid timber / cjelovito drvo 1.81 6.22 2.14
Glued laminated timber / lamelirano drvo 0.34 6.94 7.27
S5cm x 10 cm — ; -
. Solid timber / ¢jelovito drvo 2.43 11.07 5.81
H. alchorneoides - - -
S em x 15 om Glued laminated timber / lamelirano drvo 0.39 2.16 3.58
Solid timber / ¢jelovito drvo 1.80 15.42 4.36

Table 4 Design values for glulam and solid wood beams made of D. panamensis and H. alchorneoides
Tablica 4. Projektirane vrijednosti lameliranih greda i greda od cjelovitog drva D. panamensis i H. alchorneoides

Species / Vrsta drva | Type of beam / Vrsta grede ®Mn, kN'm | ®Vn, kN | EI, kN-m’
Glued laminated timber / lamelirano drvo 3.17 4.85 22.56
S5cmx 10 cm — - -
D . Solid timber / ¢jelovito drvo 1.12 18.55 18.22
. panamensis - -
p Glued laminated timber / lamelirano drvo 3.98 3.13 70.16
S5cmx 15cm — - -
Solid timber / ¢jelovito drvo 2.52 19.57 30.13
Glued laminated timber / lamelirano drvo 1.25 2.46 30.28
S5cmx 10 cm — - -
. Solid timber / ¢jelovito drvo 1.99 17.48 24.20
H. alchorneoides - - -
Glued laminated timber / lamelirano drvo 0.87 4.24 50.38
S5cmx 15cm — - -
Solid timber / ¢jelovito drvo 6.24 19.44 61.29
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Slika 6. Preopterecenje u odnosu prema rasponu za lamelirane grede i grede od cjelovitog drva D. panamensis (aib) te

H. alchorneoides (c i d)

cm cross section, where tension was the most fre-
quent type of failure (Table 2), was the type of
beam made ofout problems of laminate adhesion
and therefore only normal failures occurred.

3.4 Derivation of design values
3.4. Deriviranje projektiranih vrijednosti

Table 3 shows the f, f, and MOE parameters de-
rived from the bending tests of the two types of
beams. These values were used to determine the max-
imum allowable length for each beam at ®Mn, ®Vn
and EI, respectively. The results obtained first show
that the two types of beams made of D. panamensis
timber have higher values than the beams made of H.
alchorneoides timber in some parameters, while some
other parameters are lower than those of the beams
made of H. alchorneoides timber (Table 3 and 4),
meaning that both species have similar structural
properties. It is also observed that solid timber beams
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have higher values of fv than those of glued laminated
timber beams (Table 3). However, the fb parameter is
higher in glued laminated timber beams than in solid
timber beams. In the case of the MOE parameter,
there is a tendency of higher values for glued lami-
nated timber beams, except for the 5 cm x 15 cm
cross section.

With respect to the nominal bending strength
(@Mn), the two species and different cross sections of
the beams show different behavior (Table 4). In the
beams of D. panamensis, the glued laminated timber
beams showed higher values than the solid timber
beams. However, the behavior of H. alchorneoides
beams was quite the opposite as the solid timber beams
showed higher values of ®Mn. As to the nominal shear
strength (@Vn), the solid timber beams of the two test-
ed species showed higher values than the glued lami-
nated timber beams. The bending stiffness (EI) was
higher in the glued laminated timber beams of D. pana-
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mensis in two cross sections, while in the beams of H.
alchorneoides, there is no clear trend; the glued lami-
nated timber beams of 5 X 10 cm cross section showed
the highest value of £/, while 5 cm x 15 cm cross sec-
tion showed the lowest (Table 4).

Figure 6 represents the maximum allowable
lengths and overload for the use of beams as floors with
spans of 40, 60, 80, 100 and 120 cm for the two species
and two cross sections of beams, commonly used in
Costa Rica. For example, in solid timber beams of D.
panamensis of 5 X 10 cm cross sections with a spacing
of 60 cm and a load of 500 kg/m?, it is necessary to use
a span of approximately 1.2 m, but if the beam is fabri-
cated in laminated form, the span increases to 1.35 m
(Figure 6a). On the other hand, if the cross section of D.
panamensis beams is 5 x 15 cm, the span for solid tim-
ber beams is 1.45 m and 1.95 m for glued laminated
timber beams (Figure 6b). The same behavior was ob-
served in the beams of H. alchorneoides, with the differ-
ence that the span was slightly smaller in the two cross
sections of each type of beam (Figure 6¢-d).

According to the classification proposed by the
Andean Group for the tropical woods of South Ameri-
can countries, Group D can include species with basic
specific gravity from 0.56 to 0.70 (Keenan et al., 1987).
Thus, the two species studied can be classified in this
species group. For the species classified in this group,
design values in bending of 15 MPa for fb are present-
ed, which in most cases is higher than the obtained re-
sults, so they are categorized in group C, since they
present values close to 10 MPa, which is the range pro-
posed by the classification for the Andean Group. This
behavior and the presented overload results (Figure 6)
show that glued laminated timber beams, as expected,
show a better behavior in bending parameters and
therefore in design values, resulting in wider span val-
ues than those used for solid timber beams (Ndong
Bidzo et al., 2021).

4 CONCLUSIONS
4. ZAKLJUCAK

Although problems have been reported for its
commercialization due to the lack of products of
higher engineering value, Costa Rican plantation tim-
bers such as D. panamensis and H. alchorneoides,
whose characteristic is a high basic specific gravity,
are a viable option for commercialization and fabrica-
tion of glue laminated timber beams. Such beams can
become an engineered product with adequate bending
design values when compared to solid timber beams
or to design values used for tropical timbers of similar
densities. Therefore, it is possible to reach wider
spans when the proposed glued laminated timber
beams are used as floors.

Other conclusions can also be derived from the
present study: (1) the glued laminated timber beams
made of D. panamensis wood show similar bending
parameters as the glued laminated timber beams made
of H. alchorneoides wood and (2) two cross sections
studied for glued laminated timber beams show differ-
ent values in the bending strength parameters, so for
each one it is necessary to establish the design values
separately.
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ABSTRACT © The aim of this study was to investigate the effect of wood species, heat treatment, adhesive type
and joint technique on shear force capacity of H-type furniture joints. For this purpose, an experimental design
that consisted of 3 wood species, 2 treatment processes (untreated, heat-treated), 2 adhesive types (polyurethane
(PUR), polyvinyl acetate (PVAc)) and 2 joint techniques (dowel, mortise-tenon (MT)) and 5 replications for each
group were prepared, and accordingly, a total of 120 specimens were tested under static shear loads. Siberian pine
(Pinus sibirica), Iroko (Chlorophora excelsa), and common ash (Fraxinus excelsior), which are commonly used
in furniture constructions, were used as wood species. In general, iroko showed the highest shear force capacity
between the wood species. The specimens constructed of heat-treated wood species showed lower shear force
capacity by approximately 15 % in comparison to the same untreated specimens. MT joints showed better perfor-
mance than dowel joints higher by approximately 21 %. PVAc adhesive gave higher values than PU adhesive by
around 5 %. According to the results of four-way interactions, highest shear force capacities of H-type joints were
obtained from “Common ash-PVAc-MT” combination in groups of untreated specimens and from “Iroko-PU-MT”
combination in groups of heat-treated specimens.

KEYWORDS: heat-treated wood; H-type joint; mortise and tenon joint; dowel joint, shear force capacity

SAZETAK - Cilj ovog istrazivanja bio je ispitati utjecaj vrste drva, njegove toplinske obrade, vrste ljepila i teh-
nike spajanja na kapacitet posmicne sile spojeva namjestaja H-tipa. Za tu je namjenu pripremljen eksperiment s
ovim parametrima: tri vrste drva, dvije obrade (netretirani i toplinski tretiran namjestaj), dvije vrste ljepila (po-
liuretan — PUR, polivinilacetat — PVAc) i dvije tehnike spajanja (mozdanikom te cepom i rupom — MT). Za svaki
sustav pripremljeno je pet uzoraka te je pri statickom posmicnom opterecenju ispitano ukupno 120 uzoraka. Oda-
brane su vrste drva koje se cesto upotrebljavaju u konstrukcijama namjestaja: sibirski bor (Pinus sibirica), iroko
(Chlorophora excelsa) i jasen (Fraxinus excelsior). Prema rezultatima istrazivanja, drvo iroka pokazalo je najveci
kapacitet posmicne sile od svih ostalih vrsta drva obuhvacenih eksperimentom. Uzorci izradeni od toplinski obra-
denog drva imali su oko 15 % manje vrijednosti kapaciteta posmicne sile od netretiranih uzoraka. MT spojevi
pokazali su za oko 21 % vece vrijednosti od spojeva s mozdanicima. Uz upotrebu PVAc ljepila vrijednosti su bile

! Authors are researchers at Mugla Sitki Kocman University, Faculty of Technology, Department of Woodworking Industrial Engineering, Kotekli/Mugla, Turkey.
2 Author is researcher at Gumushane Vocational Education Center, 29000, Gumushane, Turkey.
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za oko 5 % vece od vrijednosti s PUR ljepilom. Prema rezultatima cetverosmjernih interakcija, najveci kapaciteti
posmicne sile spojeva H-tipa dobiveni su za kombinaciju jasenovina — PVAc — MT u netretiranim uzorcima i za
kombinaciju drvo iroka — PUR — MT u toplinski tretiranim uzorcima.

KLJUCNE RIJECI: toplinski obradeno drvo; spoj H-tipa; spoj cepom i rupom,; spoj mozdanikom, kapacitet

posmicne sile

1 INTRODUCTION
1. UVOD

Wood is a natural, sustainable and renewable
structural material that has been used by humankind
throughout the centuries. However, due to its organic
composition, wood can be subjected to several types of
degradation factors under adverse climate conditions
that could negatively affect physical and mechanical
properties of wood. Heat treatment is becoming popu-
lar in recent years to decrease the negative effects of
those factors.

Heat treatment of wood is a kind of modification
method that improves the properties of wood resulting
in a new material that is more durable against environ-
mental hazards as compared to the unmodified wood
(Hill, 2011). During the heat treatment process, wood
is subjected to high temperatures ranging from 160 to
280 °C for several hours in an environment with low
oxygen content (Chanrion and Scheiber, 2002; Cande-
lier et al., 2016). As a result of heat treatment process,
dimensional stability and biological durability of wood
are increased (Korkut ez al., 2012; Kasemsiri et al.,
2012; Romagnoli, 2015) but some physical and me-
chanical properties may decrease depending on condi-
tions and intensity of the heat treatment (Viitaniemi
2000; Syrjanen 2001; Candelier ef al., 2013; Romag-
noli et al., 2015).

Heat-treated wood is an eco-friendly alternative
to chemically treated wood and has a wide range of
utilization within indoor and especially outdoor furni-
ture applications. Garden furniture, such as tables,
chairs, benches, etc., are some of those exposed to and
affected by exterior weather conditions. Generally,
frame construction technique, which usually consists
of three types of joint combinations, namely, L-type
(front leg to side rail), T-type (back leg to side rail), and
H-type (back/front leg to side rail) joints is used to
build this kind of furniture. Mortise and tenon (MT)
joints and dowel joints are the most popular joint tech-
niques to connect wooden frame members. The joints
should be designed to resist the loads to which they
will be exposed during the service life, since the joint
strength is the most critical part of the whole frame
construction. Typical loading conditions of joints of a
simple sitting furniture are shown in Figure 1.

When a sitting furniture frame is exposed to seat
loading, the joints shown in circles in Figure 1, which
are connected to side, front, back and mid-rails with
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Top rail
/

Figure 1 Typical loading conditions on a sitting furniture
frame construction

Slika 1. Tipicno opterec¢enje okvirne konstrukcije
namjestaja za sjedenje

back, front legs and rails, are subjected to coercive
shear forces. The shear force capacities of the men-
tioned joints are quite important for the strength of the
complete furniture frame.

Many factors, including wood species, adhesive
type, tenon size, tenon shape, thickness of glue line,
shape of fit, and moisture content (MC), etc., may af-
fect the strength of the joints (Smardzewski, 2002; Dz-
incic and Skakic, 2012; Dzincic and Zivanic, 2014).
Kasal et al. (2013) suggested that joints became strong-
er and stiffer as either tenon width or length increased.
Prekrat and Smardzewski (2010) reported in their
study that the shape of the glue line has a definite influ-
ence on the strength of the tenon joint. Najafi (2013)
studied the withdrawal and shear strengths of dowel
joints. Results showed that the withdrawal strength re-
duced up to 15 % due to moisture content conditions;
furthermore, embedment diameter strongly affected
withdrawal strength. Kasal et al. (2013) studied ulti-
mate shear force capacity of various dowelled frame
type furniture joints. According to the results, they re-
ported that narrower dowel spacing provided greater
shear force capacity. They also developed predictive
expressions to estimate average shear force capacity of
dowel joints. Stress and strain analysis of double-dow-
el case-type furniture corner joint was made by
Hajdarevic and Martinovic (2016). Results of the study
indicated that dowel spacing and distance from the
edge of board have considerable effect on the stress
state of the face and edge member; joints became stift-
er when the distance between the dowels and board
edge was rationally defined. Diler ef al. (2017) studied
the effect of wood species, heat treatment, adhesive
type and of the study indicated that heat-treated speci-

Front leg
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mens showed lower performance (by 25 %) than un-
treated specimens and all the factors mentioned above
had significant effect on the withdrawal force capacity
of T-type joints.

Previous studies show that numerical analysis
theory is an alternative method to calculate the strength
requirements for MT joints. In this context, an estima-
tion formula was recommended by Erdil ez al. (2005),
which considers the effect of wood species, adhesive
type, and joint geometry on the strength of MT joints.
Kasal ef al. (2016) compared the results of empirical
tests and numerical analyses for various sizes of mor-
tise and tenon joints. The results of the comparison
showed that the numerical analyses gave reasonable
estimates of mechanical behaviour of joint strength.
Eckelman ef al. (2017) improved a statistical technique
that uses the same data to determine reduction factors
and impact of the selection of any given confidence-
proportion levels on design values for MT joints.

In addition, recent studies have shown that, with
the development of computer technology, finite element
method (FEM) has become widespread for the analysis
of furniture systems and connections as well as complex
structures. By the contribution of many researchers, fi-
nite element method (FEM) has been confirmed as an
effective method commonly used in wood engineering
(Kasal et al., 2016a; Kilic et al., 2018; Hu et al., 2019;
Xietal.,2020; Ceylan et al. 2021). Previous studies also
proved that the FEM can be used to analyse some furni-
ture joint techniques such as MT joint (Colakoglu ef al.,
2012; Smardzewski, 2016; Zhou, 2018; Kilic et al.,
2018; Chen, 2019; Zhang, 2021). By use of an advanced
finite element software, it is possible to perform accurate
simulations of the behaviour of furniture constructions
under loading conditions.

It is believed that the use of the heat-treated wood
in furniture products will increase by expanding the
knowledge regarding its strength properties. Although
the physical and mechanical properties of heat-treated
wood materials have been investigated in many studies,
the information on strength performance of furniture
joints made of heat-treated wood is very limited. Thus, it
is the aim of this study to investigate the effect of wood
species, heat treatment, joint types, and adhesive types
on shear force capacities of H-type furniture joints.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

In this study, three wood species, namely, Siberian
pine (Pinus sibirica), iroko (Chlorophora excelsa) and
common ash (Fraxinus excelsior) were used as wood
materials. Since all these wood materials were common-

ly used in the wood products industry, they are potential
wood species for industrial scale heat treatment. All
heat-treated and untreated wood materials were provid-
ed by Novawood Company in Gerede, Turkey.

According to information gathered from , compa-
ny, heat treatment process was applied according to that
described in Finnish ThermoWood Handbook (Finnish
Thermowood Association, 2003). The total heat treat-
ment time was 63h, while the time of exposure to the
highest temperature was 3h. The heat treatment opera-
tion was performed slowly because of the risk of cracks
and drying defects. The specimens were prepared from
selected defect free materials after heat treatment. Un-
treated planks of the same species, as control specimens,
were dried in industrial drying kilns at approximately 70
°C and 65 % relative humidity (RH), until they reached
an equilibrium moisture content. Care was given to se-
lect defect-free wood materials for preparing all test
specimens. All the prepared specimens were conditioned
at (20+2) °C and (65+3) % RH until an equilibrium was
achieved before testing.

Moisture content (MC) of control specimens and
heat-treated specimens was measured during testing in
a range of 6-8 % and 3-5 %, respectively. MC and den-
sity (8) of wood materials were measured according to
procedures described in ASTM D 4442-92 (2001) and
ASTM D 2395-14 (2015), respectively. In addition,
tensile strength and compression strength in parallel to
the grain and ultimate bending strength of wood mate-
rials were determined according to the test procedures
described in ASTM D 143-94 (2000).

Results of some physical and mechanical proper-
ties of wood species used in this study are given in Table
1 and Table 2, respectively. According to the results,
density of heat-treated wood materials was lower than
that of the same untreated species by 7.9 %, 5.2 %, and
6.8% for Siberian pine, iroko, and common ash, respec-
tively. In general, Siberian pine had the lowest density,
while common ash had the highest. In addition, the equi-
librium MC values of heat-treated wood specimens were
lower than those of the untreated specimens.

According to Table 2, all heat-treated wood spe-
cies yielded lower values of tensile strength as com-
pared to the same untreated specimens. Siberian pine
decreased by approximately 16.7 %, iroko by 11 % and
common ash by 3 %. On the other hand, results of com-
pression strength were contrary to expectations and
common literature (Unsal and Ayrilmis, 2005; Korkut
et al., 2008); heat-treated specimens yielded higher
values than untreated specimens by about 8 %, 19 %,
10 %, for Siberian pine, iroko, and common ash re-
spectively. This could be explained by differences in
moisture content between heat-treated and untreated
wood specimens. In bending strength, heat-treated Si-
berian pine decreased by approximately 20 %, while
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Table 1 Physical properties of wood materials (Demirci ez al., 2016)
Tablica 1. Fizicka svojstva drvnog materijala (Demirci et al., 2016.)

Test moisture | Oven dry density Test MC density
qud Heat treatment contenot MO), ®,), g/’cm3 cov¥, (64” i g/cm3 . COV*,
species o B ol V@ Gustoca u % Gustoca pri l.spztzva- %
Vrsta drva Sadrzaj vode | apsolutno suhom nom sadrzaju vode
(MC), % stanju (8 ), g/cm’ (®,,), glem’
Siberian pine | Heat-treated / toplinski tretirana 4.50 0.35 2.12 0.36 2.78
Z’fr’;i ];fa Untreated / netretirana 6.77 0.38 4.02 0.40 4.54
Iroko Heat-treated / toplinski tretirano 3.71 0.54 2.48 0.56 2.28
drvoiroka | Untreated / netretirano 7.54 0.57 3.01 0.61 2.59
Common ash | Heat-treated / toplinski tretirana 4.24 0.55 2.26 0.57 2.24
Jjasenovina | Untreated / netretirana 7.04 0.59 3.65 0.63 3.86
*COV: Coefficients of variation / koeficijent varijacije
Table 2 Mechanical properties of wood materials (Demirci ef al., 2016)
Tablica 2. Mehanicka svojstva drvnog materijala (Demirci et al., 2016.)
Tensile strength Compression Bending
Wood parallel to grain, strength parallel strength,
S Hea‘t treatment ) N/mm? cov, to grain, N'mm? | COV, ) N/mm? | COV,
Toplinska obrada Cvrstoca navlak | % | Cvrstoca na tlaku| % | Cvrstocana| %
Vrsta drva . . . . .
u smjeru drvnih smjeru drvnih savijanje,
viakanaca, N/mm? viakanaca, N/mm? N/mm?
Siberian pine | Heat-treated / toplinski tretirana | 36.49 10.05 | 51.72 9.33 |68.01 8.92
Zf;;i I;Za Untreated / netretirana 4381 927 |47.64 392 [8531 9.33
Iroko Heat-treated / toplinski tretirano | 51.54 10.07 | 69.72 8.38 |[88.29 8.58
drvo iroka Untreated / netretirano 57.78 5.66 |56.70 6.27 |87.51 8.21
Common ash | Heat-treated / toplinski tretirana | 69.25 9.30 |77.73 2.69 |137.67 6.18
Jasenovina | Untreated/ netretirana 71.21 9.26 [69.71 3.68 |138.44 7.49

there was no significant difference between heat-treat-
ed and untreated specimens of iroko and common ash.

Polyvinyl acetate (PVAc) and polyurethane
(PUR) adhesives were used to assemble the test speci-
mens in this study. According to specifications in data
sheet of the suppliers, viscosity of PVAc was 160 cps
to 200 cps at 25 °C with a density of 1.09 g/cm?, 50 %
solids content, liquid form and water resistance, vis-
cosity of PUR was 3300 cps to 4000 cps at 25 °C with
a density of 1.11 g/cm® and one component. The adhe-
sives were applied at (150 = 10) g/m? in accordance
with suppliers’ recommendation.

2.2 General configuration and construction
of test specimens

2.2. Opca konfiguracija i konstrukcija ispitnih
uzoraka

In this study, a total of 120 H-type joint speci-
mens, constructed of 3 different wood species (WS), 2
heat treatments (HT), 2 adhesive types (AT), and 2
joint techniques (JT) with 5 replications for each group,
were prepared and tested. Each test specimen was con-
structed with three structural elements, a post (200 mm
x 50 mm x 22 mm) and two rail (150 mm x 50 mm x
22 mm) members. Technical drawing of the specimen
and an assembled specimen are shown in Figure 2a and
2b, respectively.
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In the MT joint specimens, mortise and tenon
connections were produced with a mortising and ten-
oning machine. The dimensions of tenons measured
were 35 mm x40 mm x 8§ mm (lengthxwidthxthickness),
and a snug fit (average mortise-tenon clearance of
(0.076+0.025 mm) was obtained between tenons and
mortises. Adhesive of (150+10) g/m? was applied ap-
proximately to all tenon and mortise faces.

Dowel joints were constructed according to TS
4539 (1985). In the dowel joint specimens, multi-
groove beech (Fagus orientalis L.) dowels with 8 mm
in diameter and 36 mm in length were used. Two dow-
els were used in each joint with a 26 mm centreline
distance. Dowels were embedded at the depth of 20
mm in the rail and 16 mm in the post members. Clear-
ances of dowel-hole were not measured, but all dowels
fit snugly into the holes. Adhesive was spread over the
sides of the holes and all faces of the dowels. Wax pa-
per was used to prevent adhering between the speci-
men members. All specimens were assembled manu-
ally one by one with a clamp under the pressure
specified in the adhesive data sheet. Prior the test, all
the test specimens were allowed to cure for minimum
one month in an environmentally controlled condition-
ing room that was set to (65+3) % relative humidity
and (2042) °C. Technical details of the MT and dowel
joints are given in Figure 3a and 3b, respectively.
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Figure 2 Test specimen dimensions (a) and real picture (b) (dimensions in mm)
Slika 2. Dimenzije ispitnog uzorka (a) i stvarna slika uzorka (b) (dimenzije u mm)
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Slika 3. Detalji spoja ¢epom i rupom (a) i spoja mozdanikom (b) (dimenzije u mm)

2.3 Testing method
2.3. Metoda ispitivanja

All the static tests and shear force capacity tests
were conducted on a 50-kN capacity screw type uni-
versal-testing machine (Mares 2007, Turkey) under 6
mm/min static loading rate in the Physical and Me-
chanical Tests Laboratory of Wood Science and Indus-
trial Engineering Department of Mugla Sitki Kocman
University. Tensile and compression strength parallel
to the grain and bending strength of the wood materials
were determined according to the test procedures de-
scribed in ASTM D 143-94 (2000). Shear force capac-
ity tests were conducted based on the methods accept-
ed in previous studies (Ors and Efe 1998; Dizel 2005;
Yildirim et al. 2020, Balikci 2015). For the static tests,
samples were loaded to ultimate failure; however, for
the shear force capacity test samples, loading was con-
tinued until separation occurred on the intersecting sur-
faces. The test set-up used for shear force capacity tests
is illustrated in Fig. 4. The ultimate force monitored on
H-type joint specimens was recorded as the shear force
in Newton (N). The maximum force for H-type joint
elements was recorded as shear force capacity and cal-
culated by following equation:

max

; (M)

e

R SR

T_é:ét ragbar_a(uvs

Pl

Test specimen

e Test agpéra}\}s5l'_"_ PRI )

Figure 4 Shear force capacity test set-up
Slika 4. Postav za ispitivanje kapaciteta posmicne sile

F — Shear force capacity of a joint (N)
F_ . —Maximum force (N),
2 — Number of joints.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Experimental results for shear force
capacity of H-type joints

3.1. Eksperimentalni rezultati kapaciteta
posmicne sile spojeva H-tipa

In shear force capacity tests, specimens reached
ultimate values within 60-90 seconds. Commonly, all
untreated specimen combinations failed due to glue
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Figure 5 Typical failure modes of untreated (a) and
heat-treated (b) specimens (Force directions are all from the

top of photographs)

Slika 5. Tipicni nacini loma netretiranih (a) i toplinski
tretiranih (b) uzoraka (sile su usmjerene od vrha fotografija

prema dolje)

line fractures and cracking from upper edge of rail
members as shown in Figure 5a. However, in the case
of heat-treated specimens, generally, joints fractured
from glue line and split from the middle or toward up-
per edge of rail members as shown in Figure 5b.

Table 3 Results of multiple variance analysis

Tablica 3. Rezultati analize viSestruke varijance

A four-way analysis of variance (MANOVA) gen-
eral linear model procedure was performed to analyse
the main effects and interactions on the shear force ca-
pacity. Statistically significant results were further ana-
lysed by the least significant difference (LSD) multiple
comparisons procedure at 5 % significance level to de-
termine the mean differences of shear force capacity val-
ues of H-type joints tested considering the wood species,
heat treatment, adhesive type, joint technique, and their
interactions. MSTAT-C statistical software (Michigan
State University, USA) was used for statistical evalua-
tions. Multiple variance analysis results on the effect of
wood species (WS), treatment process (HT), adhesive
types (AT) and joint types (JT) on the shear force capac-
ity of H-type joints are given in Table 3.

According to the results given in Table 3, all sin-
gle and multiple interactions, except for “WS - HT -
AT” and “WS - AT - JT”, were statistically significant
at 5 % significance level. For the main factors and four-
way interactions, least significant difference (LSD)
multiple comparisons at 5 % significance level were
performed to determine mean differences in shear ca-
pacity of H-type joints.

Mean comparison results of the effect of wood
species on the shear force capacity of the joints are
shown in Table 4. The single LSD value was calculated
as 270.7 N based on the error mean square of the full
model.

According to Table 4, the effect of wood species
on the shear force capacity of the H-type joints was sta-
tistically significant at 5 % significant level. Iroko yield-
ed the highest shear force capacity. Accordingly, the re-
sults of common ash and Siberian pine were lower than

Variation sources | Degrees of freedom | Sum of squares Mean square F-value Probability (p<0.05)
Izvori varijacija Stupnjevi slobode Zbroj kvadrata Srednji kvadrat | F-vrijednost | Vjerojatnost (p<0,05)
WS 2 63743904.9 31871952.4 1739 0.0000

HT 1 10887157.118 10887157.118 59.4184 0.0000

WS -HT 2 7237462.381 3618731.191 19.7498 0.0000

AT 1 1188764.315 1188764.315 6.4879 0.0125

WS - AT 2 2880596.895 1440298.448 7.8607 0.0007

HT - AT 1 4442058.017 4442058.017 24.2433 0.0000

WS - HT - AT 2 695591.768 347795.884 1.8982 NS

JT 1 21249549.778 21249549.778 115.9729 0.0000

WS -JT 2 4273179.314 2136589.657 11.6608 0.0000
HT-JT 1 4764828.825 4764828.825 26.0048 0.0000

WS -HT-JT 2 7672005.539 3836002.770 20.9356 0.0000

AT -JT 1 7789169.147 7789169.147 42.5107 0.0000

WS -AT-JT 2 15635.711 7817.855 0.0427 NS
HT-AT-JT 1 3477986.129 3477986.129 18.9817 0.0000

WS -HT-AT-JT 2 1279682.618 639841.309 3.4920 0.0344

Error 96 17589946.561 183228.610

Total 119 159187518.977

NS — Not significant / nije znacajno, WS — Wood species / vrsta drva, HT — Heat treatment / toplinska obrada, AT — Adhesive type / vrsta
ljepila, JT — Joint technique / vrsta spoja
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Table 4 Mean comparisons of effect of wood species on
shear force capacity

Tablica 4. Usporedbe srednjih vrijednosti utjecaja vrste
drva na kapacitet posmicne sile

Table 6 Mean comparisons for effect of adhesive type on
shear force capacity

Tablica 6. Usporedbe srednjih vrijednosti utjecaja vrste
ljepila na kapacitet posmicne sile

Shear force capacity, N

WO TS Kapacitet posmicne sile, N

Shear force capacity, N

LN (7L Kapacitet posmicne sile, N

LSD+270.7 N, HG — Homogeneity group / homogene grupe

Table 5 Mean comparisons for heat treatment effect on
shear force capacity

Tablica 5. Usporedbe srednjih vrijednosti utjecaja toplin-
skog tretmana na kapacitet posmicne sile

Vrsta drva P G Vrsta ljepila e HG
Siberian pine / sibirski bor 2653 C PUR 3575 B
Iroko / drvo iroka 4304 A PVAc 3774 A
Common ash / jasenovina 4067 B LSD+ 155.1 N

Table 7 Mean comparisons for effect of joint technique on
shear force capacity

Tablica 7. Usporedbe srednjih vrijednosti utjecaja tehnike
spajanja na kapacitet posmicne sile

Shear force capacity, N

Heat treatment Kapacitet posmicne sile,

Toplinska obrada N

X HG
Heat-treated / toplinski tretirano 3374 B
Untreated / netretirano 3976 A

LSD+ 155.1N

those of iroko by approximately 5.5 % and 38 %, respec-
tively, whereas the results of common ash were higher
than those of Siberian pine by approximately 35 %.

The mean comparison values of the effect of heat
treatment on shear force capacity of tested H-type
joints are presented in Table 5. The single LSD value
was calculated as 155.1 N based on the error mean
square of the full model.

The specimens constructed of heat-treated wood
species performed lower than the untreated specimens
in terms of shear force capacity. The performance of
the joints decreased by approximately 15 % as com-
pared to the untreated specimens. This could be due to
the fact that heat treatment processing causes the phys-
ical changes in the cellular structure of wood. The neg-
ative effects of the heat treatment process on the me-
chanical properties of wood materials have been well
researched in the previous studies (Esteves and Pereira,
2009). As a result of thermal process, strength loss as-
sociated with thermal degradation and mass loss due to
applied temperature may occur (Rusche, 1973; Zaman
et al., 2000; Mazela et al., 2003). Mitchel (1998) indi-
cated that irreversible degradation of the mechanical
and technological properties of wood are caused by
thermal degradation.

The mean comparison values of the effect of ad-
hesives on shear force capacity of tested H-type joints
are given in Table 6. The single LSD value was calcu-
lated as 155.1 N based on the error mean square of the
full model.

In this study, PVAc adhesive performed better
than PU adhesive by approximately 5.3 % higher val-
ues in terms of the shear force capacity of H-type

Shear force capacity, N

ADIG{EE I GG Kapacitet posmicne sile, N

Tehnika spajanja X G
Dowel / mozdanik 3254 B
MT 4096 A

LSD+ 155.1N

joints. PU and PVAc are structurally different adhe-
sives. PUR is a thermosetting adhesive that results in a
rigid material after curing, while PVAc is a thermoplas-
tic adhesive with more elastic behaviour after curing. It
is deduced that these properties of adhesives may af-
fect the results and that PVAc might perform better in
terms of mechanical adhesion of these kind of joints.

The mean comparison values for the effect of
joint technique on the shear force capacity of tested H-
type joints are presented in Table 7. The single LSD
value was calculated as 155.1 N based on the error
mean square of the full model.

According to Table 7, MT joints performed better
than dowel joints by approximately 21 % in terms of
shear force capacity. The results suggest that M T joints
perform better where shear force capacity is needed.
This may be explained by the fact that the bonding sur-
face area of MT joints is larger than that of dowel
joints.

The mean comparison values of the effect of
four-way interactions on shear force capacity of tested
H-type joints are given in Table 8. LSD was calculated
as 537.4 N.

According to Table 8, in general, all combina-
tions made of untreated wood species yielded higher
values than combinations made of heat treated species
except for “Iroko-PUR-MT combination. “Common
ash—Untreated-PVAc-MT” combination showed the
highest shear force capacity in this study. Among com-
binations made of heat-treated wood species, the high-
est performance was obtained with “Iroko-PUR-MT”
and “iroko-PVAc-MT” combinations, and there was no
significant difference between the two combinations,
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Table 8 Mean comparison results of effect of four-way interactions with coefficient variations on shear force capacity
Tablica 8. Usporedba rezultata srednjih vrijednosti ¢etverosmjernih interakcija s koeficijentima varijacije na kapacitet

posmicne sile

. ) . Shear force capacity, N
Wood species Hea.t treatment Adhesw‘e type Joint typ.e Kapacitet smitne sile, N_| oV, %
Vrsta drva Toplinska obrada Vrsta ljepila Vista spoja X G
PUR Dowel 2826 H 11.06
Heat-treated MT 2446 HI 7.88
toplinski tretiran Dowel 2051 1 6.55
0 . PVAc
Siberian pine MT 2510 HI 11.65
sibirski bor PUR Dowel 2832 H 9.28
Untreated MT 2880 GH 8.65
netretiran Dowel 2273 1 13.30
PVAc MT 3407 FG 1621
PUR Dowel 3763 DEF 13.14
Heat-treated MT 4989 C 9.18
toplinski tretirano Dowel 3378 FG 10.63
PVAc
Iroko MT 4814 C 7.58
drvo iroka PUR Dowel 3964 DE 13.06
Untreated MT 4080 D 19.89
netretirano Dowel 3749 DEF 5.95
PVA
VA MT 5695 B 1332
PUR Dowel 3399 FG 20.53
Heat-treated MT 3376 FG 8.21
toplinski tretirana PVA. Dowel 3495 EF 15.15
Common ash ¢ MT 3436 EF 12.35
Jasenovina PUR Dowel 3671 DEF 7.51
Untreated MT 4677 C 9.26
netretirana Dowel 3646 DEF 6.83
PVAC MT 6838 A 6.17
LSD+ 537.4 N

while “Siberian pine-HT-PVAc—Dowel” combination
showed the lowest values.

There was no significant difference between “Si-
berian pine-HT-MT” combinations constructed with
both PUR and PVAc adhesives. A similar situation oc-
curred when both MT and Dowel joints were con-
structed with a the combination of “iroko-HT-PUR”
and “iroko-HT-PVAc”. In addition, when comparing
their combinations, no significant difference was found
when both MT and Dowel joints were constructed with
combinations of “Common ash-HT-PUR” and “Com-
mon ash-HT-PVAc”.

It is believed that these results could provide eco-
nomic and technical benefits for furniture designers,
engineers, and manufacturers.

4 CONCLUSIONS
4. ZAKLJUCAK

In this study, shear force capacity of H-type joints
made of heat-treated Siberian pine, Iroko and Common
Ash were investigated. From results of the study, it can
be concluded that wood species, heat treatment, adhe-
sive type, and joint type had significant effects on the
shear force capacity of H-type joints. In terms of adhe-
sive type, PVAc could be considered as a better alterna-
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tive, while the MT joint type could be preferred where
high strength was necessary.

In terms of wood species, iroko showed higher
shear force capacity values than common ash and Sibe-
rian pine. Shear force capacity of the specimens made
of heat-treated wood was by approximately 15 % lower
than that of the untreated specimens. As stated in many
previous studies, the present study also confirmed that
heat treatment has negative effects on the mechanical
properties of wood. In terms of the adhesive type, the
joints glued with PVAc had approximately 5 % higher
shear force strength than those glued with PUR. In
terms of the joint type, MT joints performed approxi-
mately 21 % better than dowel joints. For the speci-
mens made of heat-treated wood materials, the best
results were obtained from the iroko-PUR-MT and
iroko- PVAc- MT combinations, and there was no sig-
nificant difference between the two combinations.

It is believed that the results of this study will
help design more durable furniture frame construc-
tions, especially for sitting furniture, since most of
their joints are exposed to shear effect under applied
forces. The results of the study clearly indicate that de-
signers/engineers should select the joint type, wood
species, and adhesive, when using heat treated materi-
als, in order to reduce the effects of strength reductions
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caused by heat treatment. In future studies, different
wood species and joint types could be evaluated in or-
der to make a wider range of engineering decisions.
Such wide range of studies could also provide opportu-
nity to create predictions for optimum strength of joints
designed with heat treated materials.
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ABSTRACT ¢ In this study, effects of KBH, (PB), NaBH ,(SB), Etibor-48 (E48), Etidot-67 (E67), and colemanite
(Col) on kraft pulp and paper properties of Scots pine (Pinus sylvestris L.) wood were evaluated. The control and
boron compound-added kraft pulps were obtained under constant cooking conditions. The boron compounds were
used as digester additives in different ratios (2 % and 4 %). The addition of boron compounds to kraft cooking
liquor resulted in increases screened and total yield of pulps. The highest screened yield (52.05 %) and total yield
(55.09 %) were obtained from PB-4 pulp. The lowest reject ratio (0.61 %) and kappa number (34.60) were deter-
mined from PB-2 pulp. Furthermore, the highest tensile properties of handsheets were obtained from E67-4 pulp.
Also, E48-4 pulp had the highest burst index and tear index values. E48, E67, and Col are cheaper than PB and
SB. From these boron compounds, pulps with relatively low pulp yield but stronger can be obtained.

KEYWORDS: Pinus sylvestris; pulp yield; boron compounds, pulp strength

SAZETAK « U ovom Jje istrazivanju proucavan utjecaj KBH, (PB), NaBH ,(SB), Etibor-48 (E48), Etidot-67 (E67)
i kolemanita (Col) na kraft celulozu i svojstva papira od borovine (Pinus sylvestris L.). Kontrolna i kraft celuloza s
dodatkom spojeva bora dobivene su pri konstantnim uvjetima kuhanja. Spojevi bora upotrijebljeni su kao dodatci
za poboljsanje digestije u razlicitim omjerima (2 i 4 %). Dodavanje spojeva bora tekucini za kuhanje rezultiralo je
povecanjem prinosa nakon prosijavanja i ukupnog prinosa celuloze. Najveci prinos nakon prosijavanja (52,05 %)
i najveci ukupni prinos (55,09 %) dobiveni su za celulozu PB-4. Najmanji omjer odbacivanja (0,61 %) i kappa broj
(34,60) utvrdeni su za celulozu PB-2. Nadalje, najveca vlacna svojstva listova papira dobivena su za celulozu E67-
4. Takoder, celuloza E48-4 imala je najvece vrijednosti indeksa probijanja i vlacnog indeksa. E48, E67 i kolemanit
Jeftiniji su od PB i SB. Od tih spojeva bora moze se dobiti ¢vrscéa celuloza, ali s relativno malim prinosom celuloze.

KLJUCNE RIJECI: Pinus sylvestris; prinos celuloze, spojevi bora; ¢vrstoca celuloze
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1 INTRODUCTION
1. UVOD

Scots pine is a significant trading tree species that
is extensively planted for conservation and industrial
activities such as live snow hedges and soil erosion
protection (Sevik and Topagoglu, 2015). Scots pine
forests cover 28 million hectares in Europe (BuSkamp
et al.,2020). Scots pine covers 1.41 million hectares of
Tiirkiye forests and has a 6.15 % share of the Turkish
forested area (OGM, 2021).

Tiirkiye has 73 % of the world’s boron reserves
based on B,O, content. It is also the world’s largest
producer of boron compounds (57 % of the boron mar-
ket). Tiirkiye’s annual boron compound production is
1.73 million tons. The main boron minerals in Tiirkiye
are ulexite (NaCaB,O,. 8H,0) colemanite (Ca,BO,,.
5H,0), and tincal (Na,B,0.. 10H,0) (Eti Mine, 2021).

The pulp industry has commercially used chemi-
cal or mechanical pulping methods, or a combination of
the two, to obtain pulps with desirable properties. Chem-
ical pulp accounts for approximately 75 % of the world’s
wood pulp production. Among the chemical pulp pro-
duction methods, kraft pulping is the most widely used
method and the strength properties of kraft pulp are
higher compared to other methods. This process pro-
duces very high-strength papers. However, the process
also has some negative aspects such as giving relatively
low yields, being capital and energy-intensive, produc-
ing relatively low-value by-products, and generating
problematic wastes (Das and Houtman, 2004).

In 2020, the world’s paper and paperboard pro-
duction was 401 million metric tons. The global chem-
ical pulp production volume in 2020 was 148 million
metric tons (FAO, 2021). Due to the rapid increase in
paper consumption and demand, chemical pulp mills
are aiming to find new lignocellulosic raw materials for
pulp production (Kaur et al., 2018) or to increase pulp
yield with various cooking liquor additives. In the
chemical pulping process, cooking chemicals (NaOH,
Na_S, etc.) combined with heat break down the lignin.
During pulping, carbohydrate losses and thus the pulp
yield losses also occur. The oxidation or reduction of
carbohydrate reducing end can prevent these losses.
For this purpose, SB was extensively studied as cook-
ing liquor additive in the several lignocellulosic bio-
mass such as Pinus radiata (Meller, 1963; Meller and
Ritman, 1964), Pinus brutia (Akgul et al., 2007; Copur
and Tozluoglu, 2008; Tutus ef al., 2012; Saragbasi et
al., 2016), Pinus pinaster (Istek and Gonteki, 2009),
Pinus pinea (Giimiiskaya et al., 2011), Abies bornmul-
leriana (Akgul and Temiz, 2006), Picea orientalis (Tu-
tus et al., 2010a; Erisir et al., 2015), Populus tremula
(istek and Ozkan, 2008), Diospyros kaki (Tutus et al.,
2014), Prunus armeniaca (Tutus et al., 2016), Cas-
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tanea sativa and Corylus colurna (Aytekin, 2011), Eu-
calyptus camaldulensis and Eucalyptus grandis (Aya-
ta, 2008), Rhododendron luteum and Rhododendron
ponticum (Birinci et al., 2020), Acer saccharum (Letho
et al., 2021), Cyperus papyrus (Gabir and Khristov,
1973), Gossypium hirsutum (Tutus et al., 2010b),
Brassica napus (Akgil et al., 2018), poppy stems
(Tutus et al., 2011), and wheat straw (Tutus and Alma,
2005; Tutus and Cigekler, 2016). PB was also used in a
few lignocellulosic biomass types such as Pinus pin-
aster (Giilsoy et al., 2016), Pinus brutia (Cigekler and
Tutus, 2019), Pinus pinea (Erkan et al., 2020), Robinia
pseudoacacia (Cigekler et al., 2021), and Pteridium
aquilinum (Giilsoy and Simsir, 2018). However, the
influences of E48, E67, and Col on pulp and paper
properties were investigated only in Pinus nigra and
Populus tremula (Kilic Pekgozlii et al., 2017). To the
best of our knowledge, there was no published data re-
garding the influences of boron compounds on pulp
and paper properties of Scots pine. To this scope, we
evaluated the effects of SB, PB, E-48, E-67, and Col
additions at the different ratios (2 % and 4 % oven-
dried wood) as cooking liquor additives on pulp and
paper properties of Scots pine.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Scots pine, a commercially important forest tree,
was obtained from the Bartin province of Tiirkiye. The
bark of the wood samples was peeled and crumbled in
3.5-1.5-0.5 cm dimensions to be made into pulp. The
chips were air-dried to 12 % final humidity and stored in
dry conditions. SB and PB were purchased from Merck.
E48 (Na,B,0, . 5H,0), E67 (Na,B,O,, . 4H,0), and Col
(CaB,0,(OH),-H,0) were obtained from Eti Mine (Ttir-
kiye). The boron oxide (B,0,) contents of E48, E67, and
Col were 48 %, 67 %, and 40 %, respectively.

Chemical analysis samples were prepared ac-
cording to the TAPPI T 257 standard. The holocellu-
lose (Wise and Karl, 1962), lignin (TAPPI T 222),
a-cellulose (TAPPI T 203), cold-hot water solubility
(TAPPI T 207), ethanol solubility (TAPPI T 204), and
1 % NaOH solubility (TAPPI T 212) of samples were
determined according to the relevant methods. On the
other hand, Scots pine samples were macerated by the
chlorite method (Spearin and Isenberg, 1947). Fiber
length (L), fiber width (D), lumen width (d), and cell
wall thickness (w) of 100 randomly selected fibers
were measured. The flexibility ratio [(d/D) x 100],
slenderness ratio (L/D), and Runkel ratio (2w/d) were
calculated using the measured fiber sizes.

Kraft pulping conditions were as follows: 25 %
sulfidity, 18 % active alkali as Na,O, 4:1 liquor/wood
ratio, 90 min. to cooking temperature, 75 min. at cook-
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ing temperature, and 170 °C cooking temperature. The
2 % and 4 % (oven-dried wood) of each boron com-
pound were added to kraft cooking liquor. Abbrevia-
tions of 2 % and 4 % KBH,-added cookings were PB-2
and 4% PB-4. The cookings of other boron compounds
(SB, E48, E67, and Col) were carried out with similar
abbreviations. The boron compound-free (C) was also
done as a control. In each cooking, 700 g of wood chips
(oven-dried) were cooked in a laboratory-type rotary
digester. After digestion, pulps were washed with tap
water and were disintegrated in a pulp mixer. Somer-
ville-type pulp screen (TAPPI T 275) was used in the
screening of pulp samples. Pulp samples were then
beaten to 25 °SR in a Valley Beater according to TAPPI
T 200. Freeness, viscosity, screened yield, and kappa
number of pulps were determined according to ISO
5267-1, SCAN CM 15-62, TAPPI T 210, and TAPPI T
236, respectively. 75 g/m? handsheets made by a Rap-
id-Kothen Sheet Former (ISO 5269-2) were condi-
tioned according to TAPPI T 402. Tensile properties
(tensile index, stretch, and TEA) (ISO 1924-3), tear
index (TAPPI T 414), burst index (TAPPI T 403), and
brightness (TAPPI T 525) of the handsheets were de-
termined according to standard methods. The data of
the handsheet properties for all pulp samples were sta-
tistically analyzed using analyses of variance (ANO-
VAs) and the Duncan test at a 95 % confidence level. In
Figure 1-6, the different letter lowercase indicates that
the difference in the mean values of properties among
the compared groups was statistically significant
(P<0.05).

Table 1 Chemical composition of Scots pine
Tablica 1. Kemijski sastav borovine

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The chemical composition and fiber morphology
of Scots pine are given in Table 1 and Table 2, respec-
tively. These results showed that both the chemical
composition and fiber morphology of Scots pine used
in this study were similar to previous studies.

The pulp yield of kraft pulping is relatively low.
Therefore, some researchers have aimed to increase pulp
yield using digester additives such as anthraquinone,
polysulfur, NaBH,. The screened yields of pulps (except
for E67-4 pulp) were increased with the addition of bo-
ron compounds. The highest screened pulp yield, in-
creasing by 13.97 % (6.38 points from 45.67 % to 52.02
%), was obtained from PB-4 pulp. E67-4 pulp (45.51 %)
had a lower screened yield than the control pulp (45.67
%) (Table 3). The screened pulp yields of all boron com-
pounds-added pulps were increased with increasing bo-
ron addition ratios (except for E67-4 pulp). However,
the holocellulose contents of E67-4, Col-2, and Col-4
pulps were lower than the control pulp (Table 3). These
results showed that hemicellulose retention during pulp-
ing was significantly increased with PB, SB, and E48
additions (both 2 % and 4 %) to cooking liquor. How-
ever, hemicellulose retention was slightly increased in
the E67-2 pulping. The total pulp yields of all pulps
were also increased with boron additions (Table 3). The
highest total pulp yield, increasing by 15.43 % (8.50
points from 46.59 % to 55.09 %), was obtained from
PB-4 pulp. These results can be ascribed to the preven-

Chemical compositions, % Present study | Alkan, 2004 | Donmez, 2010 | Tutus ef al., 2010
Kemijski sastav, % Ovo istrazivanje

Holocellulose / holoceluloza 66.92+1.15 70.97 65.75 73.67
a-cellulose / a-celuloza 43.53+0.36 - 46.27 -

Klason lignin / Klasonov lignin 25.02+0.16 23.57 27.23 28.57
Ethanol solubility / ekstrakt u etanolu 8.47+0.22 - 4.52 -

Hot water solubility / ekstrakt u vruéoj vodi 2.58+0.04 6.64 8.45 3.82

Cold water solubility / ekstrakt u hladnoj vodi 1.58+0.02 5.74 - 3.42

1 % NaOH solubility / ekstrakt u 1 % NaOH 10.61+0.47 13.83 10.62 16.28
Table 2 Fiber morphology of Scots pine
Tablica 2. Morfologija vlakana borovine

Fiber properties Present study | Alkan, 2004 | Donmez, 2010 | Gulsoy et al.,
Svojstva vlakana Ovo istrazivanje 2013

Fiber length mm / duljina viakana, mm 2.89+0.70 4.01 3.47 3.00
Fiber width, um / sirina viakana, pm 38.05+7.08 49.00 44.10 46.30
Lumen width, um / Sirina lumena, pm 19.86+6.65 34.80 26.61 23.40
Cell wall thickness, um / debljina stanicne stijenke, pm 9.14+2.84 7.10 8.74 11.45
Slenderness ratio / omjer vitkosti 75.95 81.91 78.70 64.79
Flexibility ratio / omjer fleksibilnosti 52.19 71.02 60.34 50.54
Runkel ratio / Runkelov omjer 0.92 0.40 0.66 0.98
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tion of degradation reactions by boron compounds dur-
ing pulping. Kilic Pekgozlii et al. (2017) noted that
screened pulp yield of Populus tremula kraft pulp was
decreased with the addition of Col. The authors also re-
ported that E48 and E67 caused screened yield increas-
es. The positive effect of SB on pulp yield was reported
in previous studies (Ayata, 2008; Istek and Gonteki,
2009; Gilimiiskaya et al., 2011; Gulsoy and Eroglu,
2011; Tutus et al., 2012; Tutus et al., 2014; Erisir et al.,
2015; Tutus and Cigekler, 2016; Akgil et al., 2018;
Birinci et al., 2020; Letho ef al., 2021) and PB (Giilsoy
et al., 2016; Giilsoy and Simsir, 2018; Cicekler and
Tutus, 2019; Erkan et al., 2020; Cigekler et al., 2021).
Increases in pulp yield provide a significant economic
contribution to the pulp mill. The addition of boron com-
pounds also enables more effective use of forests (Gul-
soy and Eroglu, 2011).

The reject ratios of pulps provide information
about cooking liquor penetration into chips and pulp-
ing efficiency. The boron compounds added to pulps
had a higher reject ratio (except for PB2 pulp). The re-
ject ratios of pulps increased with the increasing addi-
tion ratio of boron compounds. The lowest and highest
reject ratios were observed for SB-2 pulp (0.73 %) and
PB-4 pulp (3.04 %), respectively (Table 3). E48, E67,
and Col had a negative effect on the kraft pulps of Pop-
ulus tremula and Pinus nigra (Kilic Pekgozli et al.,
2017). The reject ratio increases in the SB-added pulps
were observed in the Pinus nigra (Gulsoy and Eroglu,
2011) and Pteridium aquilinum (Giilsoy and Simsir,
2018) kraft pulping. On the contrary, some authors
noted that SB addition caused reject ratio decreases
(Ayata, 2008; Akgiil and Temiz, 2006; Copur and To-
zluoglu, 2008; Tutus et al., 2010a; Tutus and Cigekler,
2016). On the other hand, PB addition results in reject
ratio decreases (Cigekler and Tutus, 2019; Erkan ez al,

Table 3 Properties of control and boron compounds-added pulps

2020). On the contrary, PB caused the increase in the
reject ratio of pulps (Giilsoy et al., 2016; Giilsoy and
Simsir, 2018; Cigekler ef al., 2021).

The kappa number of pulp is related to the effec-
tiveness of pulping and the delignification degree of
pulp. The boron compounds-added pulps had a higher
kappa number (except for PB-2 and E48-2 pulps) than
that of the control pulp. There was a linear relationship
between the kappa number of pulps and the addition
ratio of boron compounds. The lowest and highest kap-
pa numbers were found in PB-2 (34.60) and Col-4
(46.60), respectively (Table 3). Kilic Pekgozlii et al.
(2017) noted that the kappa number of Populus tremu-
la and Pinus nigra kraft pulp was decreased with the
addition of E48 and increased with the addition of E67.
The authors also noted that the effect of Col addition
on the kappa number of Populus tremula and Pinus ni-
gra kraft pulps changed depending on tree species. SB
addition result in increasing delignification (Copur and
Tozluoglu, 2008; Ayata, 2008; Gulsoy and Eroglu,
2011; Aytekin, 2011; Birinci et al., 2020) and PB addi-
tion (Gililsoy and Simsir, 2018; Cigekler and Tutus,
2019; Erkan et al., 2020). On the contrary, PB had an
unfavorable effect on the kappa number of Pinus pin-
aster kraft pulp (Giilsoy et al., 2016). In addition, the
kappa number of alkaline sulfite anthraquinone pulps
of Pinus pinea (Guimiiskaya et al., 2011) and Picea ori-
entalis (Erigir et al., 2015) decreased with SB addi-
tions.

The pulp viscosity indicates the degree of polym-
erization of polysaccharides. The addition of boron
compounds resulted in pulp viscosity decreases. The
increase in the addition ratios of boron compounds
caused pulp viscosity increase. The lowest pulp viscos-
ity was found in SB-2 pulp with 818.36 cm®/g (Table
3). The cause of pulp viscosity decreases can be as-

Tablica 3. Svojstva kontrolnih uzoraka i celuloze s dodatkom spojeva bora

Cookings 'Screene(: . o 'Tota}) Kappa Lignin in pulp (C: | Holocellulose in Viscosity,
Uzorci ylgld (A), % ReJecf, 0 AL, 70 number (B) B*0.15), % pulp (A-C), % cm’/g
Prinos nakon | Odbaceno, | Ukupan : . . . .
nakm? prosijavanja % prinos, Kappa broj Ltgmz u pul}zl (C: Heml.celulozci u VlSkOZ;’lOSI,
kuhanja (4), % % (B) B*0,15), % pulpi (4-C), % cm’/g
Control
Kontrolni 45.67 0.92 46.59 35.07 5.26 40.41 980.64
uzorci
PB-2 48.91 0.61 49.52 34.60 5.19 43.72 818.36
PB-4 52.05 3.04 55.09 46.07 6.91 45.14 931.00
SB-2 48.94 0.73 49.67 35.93 5.39 43.55 865.82
SB-4 48.93 1.37 50.30 37.50 5.63 43.31 957.39
E48-2 46.21 1.52 47.73 34.50 5.18 41.04 875.51
E48-4 46.63 2.09 48.72 35.47 5.32 4131 904.79
E67-2 46.22 1.96 48.18 37.90 5.69 40.54 929.68
E67-4 45.51 2.58 48.09 41.60 6.24 39.27 948.71
Col-2 45.68 1.55 47.23 38.27 5.74 39.94 969.85
Col-4 46.31 2.81 49.12 46.60 6.99 39.32 975.26
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cribed to higher hemicellulose retention in boron com-
pounds-added pulps. Kilic Pekgozlii ef al. (2017) noted
that viscosity of Populus tremula kraft pulp was in-
creased with the addition of E48, E67, and Col. The
effect of PB on kappa number of Pinus brutia kraft
pulp was statistically insignificant (Ci¢ekler and Tutus,
2019). The authors noted that SB caused pulp viscosity
decreases (Ayata, 2008; Copur and Tozluoglu, 2008;
Tutus et al., 2010a). On the contrary, the others report-
ed that SB additions (Akgiil and Temiz, 2006; Tutus et
al., 2010b; Birinci et al., 2020) and PB additions (Gtil-
soy and Simsir, 2018; Erkan et al., 2020; Cigekler et
al., 2021) resulted in pulp viscosity increases.

The addition of all boron compounds caused ten-
sile index increases (Figure 1). The highest tensile in-
dex increase of 26.27 % (from 68.02 Nm/g to 85.88
Nm/g) was determined in the E67-2 pulp. Otherwise,
tensile index losses were observed in the PB-2 pulp.
However, this strength loss was statistically insignifi-
cant (P>0.05). Furthermore, increasing the addition
ratios of boron compounds (except for PB-4 pulp)
caused tensile index increases. This result can be as-
cribed to an increase in the hemicellulose content of
the boron compounds-added pulps. The hemicellulose
with high hydrophilic properties causes the increase of
strength properties of pulp (Kilic Pekgozli et al.,
2017). The fibers with higher hemicellulose content
swell more easily and have high flexibility (Shin and
Stromberg, 2007). Flexible fibers provide more contact
areas with adjacent fibers, which leads to strong inter-
fiber bonds (Forsstrom ef al., 2005) and a high tensile
index (Santos ef al., 2008). Kilic Pekgozlii et al. (2017)
reported that E48, E67, and Col caused a decrease in
the tensile index of Pinus nigra kraft pulp. The authors
also noted that the tensile index of E48, E67, and Col
added pulps of Populus tremula was found to be higher

than that of the control pulp. The losses in the tensile
properties with SB addition (Akgiil and Temiz, 2006;
Copur and Tozluoglu, 2008; Gulsoy and Eroglu, 2011)
and PB addition (Giilsoy ef al., 2016) were reported in
the literature. Conversely, some authors noted that SB
(Ayata, 2008; Giilsoy and Simsir, 2018) and PB (Giil-
soy and Simsir, 2018; Cicekler and Tutus, 2019) caused
increases in the tensile properties of pulps.

The boron compounds-added pulps had a higher
stretch ratio than that of the control pulp (Figure 2)
(P<0.05). The highest stretch increase was obtained
from E67-4 pulp with 21.78 % (from 2.02 % to 2.46 %).
Kilic Pekgozlii et al. (2017) noted that E48 and E67 had
a positive effect on the stretch ratio of Pinus nigra and
Populus tremula kraft pulps. They also reported that Col
addition caused the increase of the stretch ratio of Popu-
lus tremula, while it led to the decrease of the stretch
ratio of Pinus nigra. Giilsoy and Simsir (2018) noted
that PB and SB had a positive effect on the stretch ratio
of Pteridium aquilinum kraft pulps. Istek and Ozkan
(2008) stated that the stretch ratio of Populus tremula
kraft pulp decreased with SB addition.

The addition of all boron compounds caused TEA
increases. E67-4 pulp had the highest TEA increase with
36.69 % (from 77.24 J/m? to 105.58 J/m?). Otherwise,
TEA loss observed in the PB-2 pulp was statistically sig-
nificant (P<0.05). Besides, increasing the addition ratios
of E48, E67, and Col led to TEA increases (Figure 3).
Kilic Pekgozlii et al. (2017) noted that TEA of Populus
tremula handsheets increased with the addition of E48,
E67, and Col (except for 8 % Col), while TEA of Pinus
nigra handsheets decreased. Giilsoy and Simsir (2018)
noted that SB had a positive effect on the TEA of Pterid-
ium aquilinum kraft pulp. The effect of SB on the TEA
of Populus tremula kraft pulp was statistically insignifi-
cant (Istek and Ozkan, 2008).
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Figure 1 Effects of boron compounds on tensile index of pulps

Slika 1. Utjecaj spojeva bora na vlacni indeks celuloze
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Figure 2 Effects of boron compounds on stretch of pulps
Slika 2. Utjecaj spojeva bora na istezanje celuloze

The addition of all boron compounds resulted in
the burst index increases (P<0.05). The highest burst
index increase was obtained from E48-4 pulp with
33.02 % (from 3.18 kPa-m*g to 4.23 kPa-m?/g). Be-
sides, the increasing addition ratios of SB and PB
caused the burst index losses, while the increasing ad-
dition ratios of E48 led to the burst index increase. The
effect of increasing addition ratios of E67 and Col on
the burst index was statistically insignificant (P>0.05).
The burst index increases can be ascribed to more
hemicellulose retention in the course of pulping (Ry-
dholm, 1965). Kilic Pekgozli et al. (2017) stated that
E48, E67, and Col had an unfavorable effect on the
burst index of Pinus nigra, while they had a positive
effect on the burst index of Populus tremula. The burst
index losses with SB addition were determined in kraft

pulp of Abies bornmulleriana (Akgiil and Temiz,
2006), Pinus brutia (Copur and Tozluoglu, 2008), Pi-
nus nigra (Gulsoy and Eroglu, 2011), poppy stems
(Tutus et al., 2011), and Brassica napus (Akgtl et al.,
2018). Conversely, some authors noted that SB addi-
tion caused the burst index increases in Eucalyptus
grandis and Eucalyptus camaldulensis (Ayata, 2008),
Picea orientalis (Tutus et al., 2010a), Castanea sativa
(Aytekin, 2011), Diospyros kaki (Tutus et al., 2014),
Prunus armeniaca (Tutus et al., 2016), and Rhododen-
dron luteum and Rhododendron ponticum (Birinci et
al., 2020) kraft pulps. PB had a positive effect on the
burst index of Pinus brutia (Cigekler and Tutus, 2019)
and Pinus pinea (Erkan et al., 2020). Conversely, PB
addition led to burst index loss in the kraft pulp of Pi-
nus pinaster (Giilsoy et al., 2016).
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Figure 3 Effects of boron compounds on TEA of pulps
Slika 3. Utjecaj spojeva bora na TEA celuloze
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Figure 4 Effects of boron compounds on burst index of pulps
Slika 4. Utjecaj spojeva bora na indeks probijanja celuloze

All boron compounds caused the tear index in-
crease (P<0.05). The highest tear index increase was
obtained from E48-4 pulp with 37.55 % (from 5.30
mN-m%g to 7.29 mN-m?/g). The increasing addition
ratios of PB and E67 caused the tear index losses, while
the effect of increasing addition ratios of SB, E48, and
Col on the tear index was statistically insignificant
(P>0.05). E48, E67, and Col had a positive effect on
the tear index of Pinus nigra and Populus tremula
pulps (Kilic Pekgozlii et al., 2017). The negative effect
of PB on the tear index was reported by several authors
(Giilsoy and Simsir, 2018) and SB (Copur and Tozluo-
glu, 2008; Tutus et al., 2011; Gulsoy and Eroglu, 2011;
Akgtl et al., 2018; Giilsoy and Simsir, 2018). Tutus
and Cigekler (2016) noted that, when 0.5 % NaBH,
was added to the soda-oxygen pulping of wheat straw,

the tear index values of the handsheets increased from
3.08 mN-m?%g to 4.55 mN-m?%g.

The addition of all boron compounds (except for
E67 pulp) caused the pulp brightness increases
(P<0.05). The lowest and highest brightness values
were determined in E67-4 pulp with 18.00 % and SB-2
pulp with 21.35 %, respectively. The brightness of E67
pulp decreased in direct proportion to the increase of
the E67 addition ratio. 2 % boron compounds addition
caused the increase in handsheet brightness, while 4 %
boron compounds addition led to the decrease in hand-
sheet brightness. Kilic Pekgozli et al. (2017) noted
that E48 and Col had a positive effect on the handsheet
brightness of Pinus nigra. On the contrary, E67 had a
negative effect on the handsheet brightness of Pinus
nigra. The authors also reported that the handsheet
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Figure 5 Effects of boron compounds on tear index of pulps
Slika 5. Utjecaj spojeva bora na indeks kidanja celuloze
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Figure 6 Effects of boron compounds on brightness of pulps
Slika 6. Utjecaj spojeva bora na svjetlinu celuloze

brightness of Populus tremula decreased with the addi-
tion of E48, E67, and Col. The brightness increases
were reported by several authors in SB-added pulps
(Akgil et al., 2007; Gulsoy and Eroglu, 2011; Tutus et
al., 2011, Tutus et al., 2012; Tutus et al., 2014, Tutus
and Cicekler, 2016) and in PB-added pulps (Gtilsoy et
al., 2016; Giilsoy and Simsir, 2018; Cigekler and Tutus,
2019). Conversely, Giimiiskaya ef al. (2011) stated that
SB had a negative effect on the brightness of alkali
sulfite anthraquinone pulp of Pinus pinea.

4 CONCLUSIONS
4. ZAKLJUCAK

The results showed that boron compounds-added
kraft pulping of Scots pine confers various advantages.
The addition of boron compounds to kraft cooking lig-
uor caused increases in screened and total yield of
pulps. PB-4 pulp had the highest screened yield and
total yield. The lowest reject ratio and kappa number
were determined from PB-2 pulp. Besides, E67-4 pulp
had the highest tensile properties of handsheets. In ad-
dition, the highest burst index and tear index values
were obtained from E48-4 pulp. E48, E67, and Col are
cheaper than PB and SB. The addition of these boron
compounds resulted in relatively lower pulp yield than
those of PB and SB pulps. However, they caused
stronger pulps. E48, E67, and Col are cheaper than SB
and PB. The effects of these boron compounds on the
black liquor recovery process should be determined.
The effects of E48, E67, and Col on other tree species,
that are widely spread and important for the paper in-
dustry, should also be investigated.
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ABSTRACT ¢ Waste is generated in the form of black liquor during pulp processing. Furthermore, lignin, the
main ingredient of black liquor, contains a phenylpropanoid compound with prebiotic and antimicrobial activity.
Also, it is a component of lignocellulose that has prebiotic and antimicrobial activity effects due to its indigestible
nature and it comprises phenylpropanoid components. Therefore, this study examines and identifies the lignin pu-
rification and test results of its prebiotic activity. The technique used to identify lignin fraction is called Thin Layer
Chromatography (TLC) and Gas Chromatography-Mass Spectrometry (GC-MS) plates. Prebiotic activity tests
were performed using the calculation of total bacteria on the growth of Lactobacillus casei. The results showed
that the purification process using CHCI3, 3 % MeOH:CHCI3, 20 % MeOH:CHCI3, and MeOH yielded 10.68 %,
6.34 %, 11.38 % 44.85 %, respectively. The 3 % MeOH.:CHCI3 fraction contained benzaldehyde, 4- hydroxy-3,5-
dimethoxy, 1-methylbutyl hexadecanoate, oleic acid, and di-2-ethylhexyl phthalate. The 3 % MeOH:CHCI3 frac-
tionate with a concentration of 15 % also showed a prebiotic activity for L. casei at 6.1 x 102 colonies/mL.

KEYWORDS: black liquor; lignin monomer; empty palm oil bunch; prebiotic

SAZETAK « Tijekom prerade pulpe nastaje otpad u obliku crnog luga. Lignin kao glavni sastojak crnog luga
sadrzava spoj fenilpropanoid prebiotickoga i antimikrobnog djelovanja. Takoder, on je i dio lignoceluloze koja
zbog svoje neprobavljivosti ima prebioticko i antimikrobno djelovanje, a sastoji se od fenilpropanoidnih kompo-
nenata. Stoga se u ovom istrazivanju ispituju i razmatraju prociséivanje lignina i rezultati prebioticke aktivnosti.
Za identifikaciju frakcija lignina primijenjene su tankoslojna kromatografija (TLC) i plinska kromatografija s
masenom spektrometrijom (GC-MS). Ispitivanje prebioticke aktivnosti provedeno je koristenjem izracuna ukupnog
broja bakterija na rast Lactobacillus casei. Rezultati su pokazali da je proces procis¢ivanja uz pomo¢ CHCI,, 3
% MeOH:CHCI,, 20 % MeOH:CHCI,, i MeOH dao prinos od 10,68 %, 6,34 %, 11,38 % i 44,85 %. Frakcija 3 %
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MeOH:CHCI B sadrzavala je benzaldehid, 4- hidroksi-3,5-dimetoksi, 1-metilbutil heksadekanoat, oleinsku kiselinu
i di-2-etilheksil fialat. Frakcija 3 % MeOH:CHCI, koncentracije 15 % takoder je pokazala prebioticku aktivnost

za L. casei pri 6,1 x 107 kolonija/mL.

KLJUCNE RIJECI: crni lug; monomer lignina, prazni grozdovi palmina ploda; prebiotik

1 INTRODUCTION
1. UVOD

During pulp processing, liquid waste is generated
in black liquor, which has lignin content with a com-
plex structure that is difficult to decompose; thus, it can
pollute the environment (Lara et al., 2003). However,
the lignin content is approximately 25-35 % of the total
black liquor (Lara et al., 2003; Goujon et al., 2003).
This implies that it can be isolated for further use. Cur-
rently, people want to use black liquor as a source of
raw material for lignin (Min et al., 2013), which is fur-
ther used as biomass (Schorr et al., 2014), adhesives
(Ramires ef al., 2010; Uraki and Koda, 2015), disper-
sants, surfactants, antioxidants in plastics and rubbers,
dyes, synthetic floors, thermosets, paints, and fuel for
road maintenance (Laurichesse and Averous, 2013;
Mankar et al., 2012; Magnus and Hakan, 2014;
Padkoscielna et al., 2017; Baurhoo et al., 2008).

Hidayati et al. (2018) isolate lignin from black
liquor of empty palm oil bunches by using NaOH at a
concentration of 30 % yielded of 5.67 %, with a pH of
5.42, total solid content of black liquor 65.11 %, me-
thyl lignin level of 14.61 %, and equivalent weight
1787.23. Prayuwidayati et al. (2016) showed that
lignin is used as a prebiotic, which is considered to
have an antimicrobial effect by reducing the growth
rate of pathogenic bacteria in the cattle rumen. Accord-
ing to Baurhoo et al. (2008), the tested, purified lignin
product has a prebiotic effect. Furthermore, prebiotic is
a beneficial component of human food because it en-
hances the growth and activity of several bacteria in
the colon, thus improving the health of the human di-
gestive tract (Toma and Pokrotnieks, 2006). This study
aims to identify the components contained in lignin
purification products by TLC, Chromatography Col-
umn, and GC-MS as testing the prebiotic activity.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Tools and materials
2.1. Oprema i materijali

The materials used were the Empty Palm Oil
Bunches (EPOB) black liquor resulting from forma-
cell pulping, acetic acid, formic acid, HCI, CuSO,,
H,0,, NaOH, pyridine, MeOH, CHCI,, and equates,
as well as NA (Nutrient Agar), NB (Nutrient Broth),
media de Man, Rogosa and Sharpe Agar (MRSA),

and media de Man, Rogosa and Sharpe Broth
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(MRSB). Black liquor was obtained from the forma-
cell pulping process using the method used by Hiday-
ati et al. (2017). The advantages of formacell pulping
compared to other pulping methods are that it is more
environmentally friendly, the pulp yield is high, the
pulp produced is sulfur free, and it has high bright-
ness and good strength. The pulping process was car-
ried out in a 1.3 liter autoclave with 20 g of EPOB
fiber and liquid for a sample ratio of 15:1 flat bottom,
and a wide-mouth boiling flask equipped with a con-
denser. The solvent ratio of acetic acid: formic acid
(85:15) and HCI catalyst was given 0.5 % for 1 hour
of cooking time at 130 °C. After cooking, the remain-
ing boiled liquid was separated and collected by fil-
tering. The microbial cultures used were L. casei.
Furthermore, the tools used were oven, Buchner fun-
nel, silica gel 60 F,,, TLC plate, column chromatogra-
phy, chamber, autoclave, micropipette, incubator,
calipers, capillary pipette, GCMS (Varian/CP- 3800
GC and Saturn 2200 MS), and supporting glasses.

2.2 Study method
2.2. Ispithne metode

The study was conducted with a Completely
Randomized Design (CRD) in which black liquor was
extracted until lignin was obtained twice. Subsequent-
ly, lignin was fractionated until a monomer fraction
was obtained. TLC analysis identified each lignin mon-
omer fraction, and the prebiotic activity was screened
for L. casei. The fraction with the highest prebiotic ac-
tivity was analyzed using GC-MS to determine the
chemical composition. Furthermore, they were gener-
ated at several concentrations of 0 %, 2.5 %, 5 %, 7.5
%, 10 %, 12.5 %, and 15 %, and they were to be tested
for antimicrobial and prebiotic activity for three repli-
cations. The data obtained were analyzed descriptively
and presented in figures and tables.

2.3 Study implementation
2.3. Provedba ispitivanja

2.3.1 Lignin degradation
2.3.1. Degradacija lignina

The lignin obtained from black liquor due to the
pulp cooking with the raw material of EPOB was pre-
cipitated and degraded using CuSO, pyridine, and
H,O,. A total of 2 g of lignin precipitat;a was dissolved
with 20 mL NaOH solution to a pH of 12. Afterward, a
total of 25 mL of 10° M CuSO, and 5 mL pyridine
were added to the lignin solution, and then it was
stirred with a magnetic stirrer for 30 minutes. 10 ml of
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Fraction Fraction Fraction Fraction
CHCI3 3% MeOH:CHCL3 20% MeOH:CHCL3 MeOH

Figure 1 Lignin monomer fractionation flow diagram
Slika 1. Dijagram toka frakcioniranja monomera lignina

H,0, 1 M was also added five times for 30 minutes,
stirred, and stored in an unlighted room for 72 hours.

2.3.2 Lignin purification faction

The fractionated filtrate was evaporated until a
residue was obtained and dissolved in 500 mL H,O.
After that, extraction was performed with EtOAc of
500 mL for three times to obtain H,O and EtOAc layers
that were evaporated until a residue was obtained. The
residue was then put into the chromatographic column
silica gel and eluted with CHCI, (1L) solution. Further-
more, the CHCI, fraction was then evaporated, and the
obtained residue was purified by preparative thin-layer
chromatography (PTLC). The lignin monomer isola-
tion process can be seen in Figure 1.

2.3.3 Lignin fraction identification
2.3.3. ldentifikacija frakcija lignina

Identification of lignin monomers obtained was
made using TLC and GC-MS plates. Subsequently, the
isolates were dissolved in hexane and injected into GC-
MS devices. The analysis was performed using GC-MS
CP-3800 variant with MS Saturn 2200 detector, and
VF-5 ms column 30 mm x 0.25 mm by manual injection
method at 240 °C for 40 minutes (Suroso et al., 2018).

2.4 Prebiotic activity test for lignin fraction
2.4. Ispitivanje prebioticke aktivnosti frakcija
lignina
Prebiotic tests were performed microbiologically
using L. casei grown on MRSA media, and the meas-

ured variable was the number of bacteria counted using
the living bacterial colonies method. The lignin mono-
mer fraction was composed of media such that each cup
was 0 %, 2.5 %, 5 %, 7.5 %, 10 %, 12.5 %, and 15 %. L.
casei that had been refreshed on MRSB media was di-
luted as much as 0.05 mL into 4.95 mL of physiological
solution. Then, 1 mL of physiological solution was in-
oculated into MRSA media, and it was poured into 20
petri cups of 19.5, 19, 18.5, 18, 17.5, and 17 mL and 3 %
MeOH:CHCI, fraction of 0, 0.5, 1, 1,5, 2, 2.5, and 3 mL
were added. Furthermore, the bacteria were incubated
for 24 hours in an incubator. The number of bacteria was
calculated by counting the living bacterial colonies us-
ing the following method of Ogimoto and Imai (1981).
Colony account (kol)

Microbe population = 1
pop 005 x 10201 i)

Note: x: tube x™ retail series

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Lignin isolation

3.1. lzoliranje lignina

The black liquor produced by formacell pulping
was then isolated to obtain lignin isolates. Further-
more, the extraction process of lignin from black liquor
was performed by adding water to 500 mL of the sam-
ple in a 2 L glass beaker and allowed to form a precipi-
tate which was then separated by filtering and dried for
three days at room temperature; afterwards, it was ob-
served for its characteristics (Table 1).
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Table 1 Characteristics of isolated lignin
Tablica 1. Svojstva izoliranog lignina

Table 2 Screening lignin fraction as a prebiotic for L casei
Tablica 2. Probir frakcije monomera lignina za L. casei

Parameter / Parametar Characteristic / Svojstvo

Color / boja Black / crna
Form / konzistencija Solid / ¢vrsta
pH (25 °C) 4.5

Yield / prinos 1.74%

0.24%

Water content / sadrzaj vode

Lignin isolates obtained have a black appearance,
and they are solids in the form of fiber crumbs. They
have a moisture content of 0.24 %. The yield of lignin
obtained is 1.74 %, and this is presumed because there
was no addition of acid to the precipitation process.
3.2 Lignin monomer fraction screening

for L. casei
3.2. Probir frakcije monomera lignina za

L. casei

The process of lignin degradation was performed
by dissolving it into a solution of CuSO,, pyridine, and
NaOH, after which it was stirred and H,0, was added.
The obtained fraction was then added to the chromato-
graphic column silica and eluted with CHCI,, 3 %
MeOH: CHCI,, 20 % MeOH: CHCI,, and MeOH, re-
spectively. Then, each fraction was dried. The fraction
of CHCl,, 3 % MeOH:CHCI,, 20% MeOH:CHCI,, and
MeOH yielded 10.68 %, 6.34 %, 11.38 %, and 44.85
%, respectively. The results of each fraction were iden-
tified on a TLC plate using UV light to examine the
content of chemical compounds qualitatively.

Black spots on the TLC showed the presence of
chemical compounds. Furthermore, the spot on TLC of
each fraction consists of different compounds based on
their retention time. For example, the spots generated
at fractions of CHCI,, 3 % MeOH: CHCIL, 20 %
MeOH: CHCI,, and MeOH sequentially produced 4, 4,
2, and 1 spot, which was considered to be the dominant
compound in each lignin fraction. Figure 2 and Table 2
show the black spot on TLC and the screening results
for L. casei growth, respectively (Table 2).

a b

Fraction Number of microbes, 10*colony/mL
Frakcija Broj mikroba, 10? kolonija/mL
CHCI, 1.48 £0.29
3 % MeOH:CHCI, 4.52+£0.10
20 % MeOH:CHCI, 2.58+0.23
MeOH 2.41+0.34

The 3 % MeOH:CHCI, fraction showed higher
prebiotic activity than other fractions. It showed prebi-
otic activity against L casei at 4.52 x 10? colonies/mL,
while the CHCI, fraction, 20% MeOH:CHCI,, and
MeOH showed prebiotic activity against L. casei at
1.48 x 10? colonies/mL, 2.58 x 10? colonies/mL, and
2.41 x 10? colonies/mL, respectively.

3.3 Identification of 3 % MeOH:CHCI,
fraction compound content

3.3. ldentifikacija spojeva u frakciji 3 %
MeOH:CHCI,

The identification process was performed by in-
jecting a 3 % MeOH:CHCI, fraction into the GC-MS
(Figure 3).

The 3 % MeOH:CHCI, fraction contains (a) ben-
zaldehyde, 4-hydroxy-3,5-dimethoxy- 2.76 %, (b)
I-methylbutyl hexadecanoate as much as 41.03 %, (c)
oleic acid as much as 3.61 %, and (d) di-2-ethylhexyl
phthalate as much as 31.25 %. Furthermore, the main
product of the hydrolysis of lignin using NaOH cata-
lysts is monomeric phenols and oligomers (Roberts et
al., 2011). Figure 4 and Table 3 show the compound
structure of the 3 % MeOH:CHCI, fraction and the
identification results, respectively.

3.4 Prebiotic activity of 3 % MeOH:CHCI,
fraction against L. casei

3.4. Prebioti¢ko djelovanje frakcije 3 %
MeOH:CHCI, na L. casei

Prebiotic activity test uses a concentration be-
tween growth media with a fraction of 3% methanol-
chloroform of 0, 2.5, 5, 7.5, 10, 12.5, and 15 (%). The

c d

Figure 2 Chromatographic profile of thin layers of each fraction: a) CHCL;; b) 3 % MeOH:CHCL,; ¢) 20 % MeOH:CHCl,;

d) MeOH

Slika 2. Kromatografski profil tankih slojeva pojedine frakcije: a) CHCL;; b) 3 % MeOH:CHCL; ¢) 20 % MeOH:CHCI,,

d) MeOH
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ongaben of w5

Figure 3 Fraction chromatogram of 3 % MeOH:CHCI,: a) benzaldehyde, 4-hydroxy-3,5-dimethoxy; b) 1-methylbutyl

hexadecanoate; c) oleic acid; d) di-2-ethylhexyl phthalate

Slika 3. Kromatogram frakcije 3 % MeOH:CHCI,: a) benzaldehid, 4-hidroksi-3,5-dimetoksi; b)
1-metilbutil heksadekanoat; ¢) oleinska kiselina; d) di-2-etilheksil ftalat
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Figure 4 Fraction compound of 3% MeOH:CHCI, includes: a) benzaldehyde, 4-hydroxy-3,5-dimethoxy; b) 1-methylbutyl

hexadecanoate; c) oleic acid and d) di-2-ethylhexyl phthalate

Slika 4. Spojevi u frakciji 3 % MeOH:CHCI, ukljucuju: a) benzaldehid, 4- hidroksi-3,5-dimetoksi; b) 1-metilbutil heksade-

kanoat; c) oleinsku kiselinu i d) di-2-etilheksil ftalat

number of colonies from the growth of L. casei for
each concentration of 3 % MeOH:CHCI, fraction is
shown in Figure 5.

The 3 % MeOH:CHCI, fraction at a concentra-
tion of 15 % showed the highest prebiotic activity of
6.10 x 102 colonies/mL against L. casei. In compari-
son, the 3 % MeOH:CHCl3 fraction at a concentration
of 2.5 % showed the lowest prebiotic activity of 2, 69
x 10% colonies/mL against L. casei. The prebiotic ac-
tivity of the 3 % MeOH:CHCI, fraction on the growth
of L. casei is shown in Figure 6.

The results of the analysis of the prebiotic activ-
ity of the 3 % MeOH:CHCI, fraction showed that the

higher the concentration of the growth medium, the
higher the growth of L. casei. Baurhoo et al. (2008)
stated that the lignin monomer in the alcell process
acts as a prebiotic. Prayuwidayati et al. (2016) report-
ed that formacell purification products are generated
from EPOB and oligomers, which are phenolic com-
pounds that stimulate the growth of lactic acid bacte-
ria. This shows that the isolated fraction of lignin and
its derivatives can replace glucose in MRSA medium,
and it is used as an energy source for the growth of L.
casei. These also showed that the isolated lignin frac-
tion could be used as a feed supplement and support
the growth of L. casei. Lignin in the purified alcell
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Table 3 Identification of lignin fraction monomer compounds of 3 % MeOH:CHCI,
Tablica 3. Identifikacija spojeva u frakciji 3 % MeOH:CHCI, monomera lignina

Retention time Molecule weight .
Vrijeme retencije | Molekulska m;gzsa Compeinet rel &
8.886 207 Phenol.2-(1-methylpropyl)-.methylcarbamate 0.12
11.008 212 Propanoic acid.3-chloro-.4-formylphenyl ester 0.38
11.942 152 Vanillin 1.96
13.958 166 Ethanone.1-(4-hydroxy-3-methoxyphenyl)- 0.15
14.709 166 Undecanoic acid.10-methyl-.methyl ester 0.47
15.839 214 Benzoic acid.4-hydroxy-3-methoxy- 1.04
16.313 168 Diethyl phthalate 0.13
17.952 222 Benzaldehyde.4-hydroxy-3.5-dimethoxy- 2.76
18.621 182 p-Anisic acid.4-nitrophenyl ester 0.32
18.838 273 m-Anisic acid.3.4-dichlorophenyl ester 0.90
19.022 413 Carbamic acid.N-[1.1- bis(trifluoromethyl)ethyl]-4.(1.1.3.3-tetra- 0.95
methylbutyl)phenyl ester
19.114 220 4-Methyl-2-tert-octylphenol 0.54
19.235 296 m-Anisic acid.3.4-dichlorophenyl ester 1.10
19.447 270 Hexestrol 0.58
19.643 220 Phenol.2-methyl-4-(1.1.3.3- tetramethylbutyl)- 0.33
19.708 192 1.3-Dimethyl-5-ethyladamantane 0.74
19.870 413 Carbamic acid.N-[1.1- Bis (trifluoromethyl)ethyl]-4.(1.1.3.3- tetra- 1.06
methylbutyl)phenyl ester
20.034 220 Phenol.2-methyl-4-(1.1.3.3- tetramethylbutyl)- 0.71
20.126 228 Tetradecanoic acid 1.17
21.690 268 2-Pentadecanone.6.10.14-trimethyl- 0.07
21.980 194 Caffeine 0.12
22.135 278 1.2-Benzenedicarboxylic acid.bis(2- methylpropyl) ester 0.70
22.520 338 Erucic acid 0.09
22.848 604 Tritetracontane 0.28
22.968 268 9-Hexadecenoic acid. methyl ester.(Z)- 0.41
23.116 276 7.9-Di-tert-butyl-1-oxaspiro(4.5)deca-6.9-diene-2.8 dione 1.60
23.395 270 Pentadecanoic acid.14-methyl-.methyl ester 1.37
73358 292 Benzenepropanoic acid.3.5-bis(1.1-dimethylethyl)-4 hydoxy . 0.20
methyl ester
24.659 326 1-Methylbutyl hexadecanoate 41.03
26.713 298 1-Eicosanol 0.23
26.837 294 9.12-Octadecadienoic acid (Z.Z)-.methyl ester 0.32
26.971 352 9.12.15-Octadecatrienoic acid.2.3 dihydroxypropylester.(Z.Z.Z)- 0.58
28.036 282 Oleic acid 0.89
28.453 282 Oleic acid 3.61
28.853 282 Oleic acid 0.33
30.953 604 Tritetracontane 0.21
31.997 324 4.8.12.16-tetramethylheptadecan-4-olide 0.57
32.860 298 1-Eicosanol 0.11
32.963 604 Tritetracontane 0.16
35.399 242 1-decanol.2-hexyl- 0.25
36.624 390 Di-2-ethylhexyl phthalate 31.25
38.491 592 1-Hentetracontanol 0.21

process showed a prebiotic effect on chickens, pro-
moting the growth of beneficial bacteria and improv-
ing intestinal morphological structure, as measured
by an increase in the number of villi and goblet cells
(Baurhoo et al., 2008). Cotta and Whitefield (1998)
stated that all hemicellulolytic rumen bacteria could
utilize xylooligosaccharides as growth substrates.
Therefore, increased digestibility of crude protein and
fiber supports ruminant protein and energy metabo-
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lism. The non-digestible carbohydrate prebiotics in-
cludes lactulose, inulin, resistant starch, and a number
of oligosaccharides, a source of carbohydrates for
beneficial bacteria in the digestive tract (Crittenden,
1999). Substrates such as inulin, fructooligosaccha-
rides (FOS), and mannan-oligosaccharides (MOS),
derived from yeast cells, absorbed the host and were
hydrolyzed by endogenous digestive enzymes. The
possible mechanism is a decrease in pH due to the
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Figure 5 Effect of several concentrations of 3 % MeOH:CHCI, fraction as a prebiotic on the number of L. casei microbes
Slika 5. Utjecaj nekoliko koncentracija frakcije 3 % MeOH:CHCI, na broj mikroba L. casei
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Figure 6 Prebiotic activity of 3 % MeOH:CHCI, fraction on the growth of L. casei
Slika 6. Utjecaj prebioticke aktivnosti frakcije 3 % MeOH:CHCI, na rast L. casei

production of short-chain fatty acids, bacteriocin se-
cretion, and immune stimulation.

Meanwhile, MOS as a prebiotic has a different
mechanism that does not cause an increase in the popu-
lation of beneficial bacteria, due to its ability to attach
to mannose-specific lectins of G-negative type 1 fim-
briae pathogens such as Salmonella and E. coli, which
is excreted from the digestive tract (Toma and Prokot-
nieks, 2006; Crittenden, 1999). Similar to the effect of
MOS and antibiotic-free diet supplemented with 1.25
% alcell lignin (LL) on Lactobacilli and Bifidobacteria,
lignin at low levels is potentially classified as a prebi-
otic (Baurhoo et al., 2008). The results showed that us-
ing lignin in the alcell process (12.5 g) increases the
concentration of intestinal Lactobacilli and Bifidobac-
teria in broilers (Baurhoo ef al., 2008). In addition, the
proliferation of gastrointestinal microbiota populations

such as Lactobacilli and Bifidobacteria was increased
through the consumption of prebiotics. The increase in
the number of microbiotic in the feces ranges from 10-
100 times (Thomas et al., 2004).

4 CONCLUSIONS
4. ZAKLJUCAK

Lignin, the main ingredient of black liquor gener-
ated from bunches of empty oil palm fruit, contains
benzaldehyde, 4-hydroxy-3,5-dimethoxy, 1-methtylb-
utyl hexadecanoate, oleic acid, and di-2-ethylhexyl
phthalate. Furthermore, its fraction of 3 %
MeOH:CHCI, with a concentration of 15 % showed
prebiotic activity against L. casei of 6.1 x 102
colonies/m. These results indicated that the lignin
monomer is potentially prebiotic.

) DRVNA INDUSTRIJA 74 (1) 53-60 (2023) 59



Hidayati, Subeki, Harahap, Hadi: Utilization of Lignin Monomer Isolation from Black Liquor of Empty Palm Oil Bunches...

Acknowledgements - Zahvala

Thank you to the Ministry of Education and Cul-

ture of the Republic of Indonesia for the financial as-
sistance, the laboratory for testing the quality of agri-
cultural products, the Faculty of Agriculture for the
support of laboratory facilities.

5
5

REFERENCES

. LITERATURA

Baurhoo, B.; Ruiz-Feria, C. A.; Zhaoa, X., 2008: Purified
lignin: Nutritional and health impacts on farm animals — A
review. Animal Feed Science and Technology, 144: 175-
184. https://doi.org/10.1016/j.anifeedsci.2007.10.016
Crittenden, R. G., 1999: Prebiotics. Tannock, G. W. (ed):
Probiotic: A Critical Review. Horizon Scientific Press,
Wymondham, pp. 141-156.

Cotta, M. A.; Whitefield, T. R., 1998: Xylooligosaccha-
rides utilization by ruminal anaerobic bacterium Selem-
onas ruminantium. Current Microbiology, 36: 183-189.
https://doi.org/10.1007/s002849900291

Ramires, E. C.; Megiatto Jr., J. D.; Gardrat, C; Cas-
tellan, A.; Frollini, E., 2010: Valorization of an in-
dustrial organosolv-sugarcane bagasse lignin:
Characterization and use as a matrix in biobased
composites reinforced with sisal fibers. Biotechnol-
ogy and Bioengineering, 107 (4): 612-621. https:/
doi.org/10.1002/bit.22847

Goujon, T.; Ferret, V.; Mila, 1.; Pollet, B.; Ruel, K.; Bur-
lat, V.; Joseleau, J. P.; Barriére, Y.; Lapierre, C.; Jouanin,
L., 2003: Down-regulation of the AtCCR1gene in Arabi-
dopsis thaliana: effects on phenotype, lignins and cell
wall degradability. Planta, 217: 218-228. https://doi.
org/10.1007/s00425-010-1202-1

Hidayati, S.; Zuidar, A. S.; Satyajaya, W.; Murhadi, Ret-
nowati, D., 2018: Isolation and characterization of for-
macell lignins from oil empty fruits bunches. IOP Con-
ference Series: Materials Science and Engineering, 344:
012006 https://doi.org/10.1088/1757-
899X/344/1/012006.

Hidayati, S.; Zuidar, A. S.; Satyajaya, W., 2017: Effect
of acetic acid: formic acid ratio on characteristics of pulp
from oil palm empty fruit bunches (OPEFB). Journal of
Engineering and Applied Science, 12 (2): 3802-3807.
Lara, M. A.; Rodriguez-Malaver, A. J.; Rojas, O. J.; Hol-
muist, O.; Gonzalez, A. M.; Bullon, J., 2003: Blackliquor
lignin biodegradation by trametes elegans. International
Biodeterioration and Biodegradation, 52: 167-173.

Corresponding address:

SRI HIDAYATI
Lampung University, Agricultural Technology Department, Bandar Lampung, 35145, INDONESIA,
e-mail: srihidayati.unila@gmail.com

60 ) DRVNA INDUSTRIJA 74 (1) 53-60 (2023)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Laurichesse, S.; Averous, L., 2013. Chemical modifica-
tion of lignin: Toward Biobased Polymers. Progress in
Polymer Science, 39 (7): 1266-1290. http://dx.doi.
org./10.1016/j.progpolymsci.2013.11.004

Mankar, S. S.; Chaudhari, A. R.; Soni, I., 2012: Lignin in
phenolformaldehyde adhesives. International Journal of
Knowledge Engineering, 3 (1): 116-118.

Magnus, N.; Hakan, E., 2014: Lignin: recent advances
and emerging applications. Current Opinion in Colloid &
Interface Science, 19 (5): 409-416. https://doi.org/
10.1016/j.cocis.2014.08.004

Min, D. Y.; Smith, S. W.; Chang, H. M.; Jameel, H.,
2013: Influence of isolation condition on structure of
milled wood lignin characterized by quantitative C nu-
clear magnetic resonance spectroscopy. BioResources, 8
(2): 1790-1800.

Ogimoto, K.; Imai, S., 1981: Atlas of rumen microbiolo-
gy. Japan Scientific Societies Press, Tokyo, pp. 231.
Podkoscielna, B.; Goliszek, M.; Sevastyanova, O., 2017:
New approach in the application of lignin for the synthe-
sis of hybrid materials. Pure and Applied Chemistry, 89
(1): 161-171. https://doi.org/10.1515/pac-2016-1009
Prayuwidayati, M.; Sunarti, T. C.; Sumardi, Subeki, Wir-
yawan, K. G., 2016: Use of lignin formacell of empty
bunch palm fiber as feed supplement and prebiotics Can-
didate in Ruminant. Pakistan Journal of Nutrition, 15 (1):
58-65. https://doi.org/10.3923/pjn.2016.58.65

Roberts, V.; Stein, V.; Reiner, T.; Lemonidou, A.; Li, X.;
Lercher, J. A., 2011: Towards quantitative catalytic lignin
depolymerization. Chemistry: A European Journal, 17
(21): 5939-5948. https://doi.org/10.1002/chem.201002438
Schorr, D.; Diouf, P. N.; Stevanovic, T., 2014: Evaluation
of industrial lignins for biocomposites production. Indus-
trial Crops and Products, 52: 65-73. https://doi.
org/10.1016/j.indcrop.2013.10.014

Suroso, E.; Utomo, T. P, Hidayati, S.; Nuraini, A., 2018:
Smoked mackerel using liquid smoke from red-distilled rub-
ber wood. Jurnal Pengolahan Hasil Perikanan Indonesia,
21 (1):42-53. https://doi.org/10.17844/jphpi.v21i1.21261
Thomas, W. E.; Nilsson, L. M.; Forero, M.; Sokurenko,
E. V.; Vogel, V., 2004: Shear-dependent stick and roll ad-
hesion of type 1 fimbriated Eschericia coli. Molecular
Microbiology, 53: 1545-1557. https://doi.org/10.1111/
j-1365-2958.2004.04226.x

Toma, M. M.; Pokrotnieks, J., 2006: Prebiotics as func-
tional food: Microbiological and Medical Aspects. Acta
Universitatis Latviensis, 710: 117-129.

Uraki, Y.; Koda, K., 2015: Utilization of wood cell
wall components. Journal of Wood Science, 61 (5):
447-454. https://doi.org/10.1007/s10086-015-1492-9


https://doi.org/10.1002/chem.201002438

Olgun, Ates, Uzer: Effects of Medium Density Fiberboards (MDF) Recycling Methods on Fiber Dimensions and Some...

Cagn Olgun’, Saim Ates', Emre Uzer?
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(MDF) Recycling Methods on Fiber
Dimensions and Some Reconstructed
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Udéinci recikliranja srednje guste ploce
vlaknatice (MDF) na dimenzije vlakana
I na neka svojstva plo¢a od recikliranih viakana
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ABSTRACT -« In this study, different methods, including acid hydrolysis (phosphoric and formic acid), thermo-
hydrolysis, and microwave methods were tested for recycling of fiberboards made of 100 % beech and 70 % beech
+ 30 % pine wood fibers, which are widely sold in the market. The impacts of the using methods on the fibers
were investigated with the help of a device that determines the fiber dimensions according to optical principles. In
a laboratory setting, test boards were constructed using recycled fibers, and the changes in certain physical and
mechanical qualities were studied. As a result, it was determined that recycled fibers obtained from microwave
and thermo-hydrolysis fibers could be effectively used in fiberboard production. However, the proportion of fibers,
longer than 1.24 mm, was decreased by about 30 % with the phosphoric acid method for MDF samples composed
of 100 % beech fiber. The fiberboards could not be obtained from fibers recycled through acid hydrolysis except for
phosphoric acid method with 100 % beech fibers.

KEYWORDS: waste MDF; recycling; recycled fibers; fiber properties; board strenght

SAZETAK « U radu se istrazuju razlicite metode recikliranja ploca vlaknatica kao Sto su kiselinska hidroliza (uz
pomo¢ fosforne i mravlje kiseline), toplinska hidroliza i mikrovalne metode. Reciklirani su uzorci ploca vilaknatica
izradenih od 100 % vlakana drva bukve te ploca vlaknatica izradenih od 70 % vlakana drva bukve i 30 % vlakana
drva crnog bora. Ploce viaknatice takvog sastava uvelike su zastupljene na trzistu. Utjecaj metoda recikliranja
na vlakna istrazivan je uz pomo¢ uredaja kojim se odreduju dimenzije vlakana na optickim nacelima. Ploce od
recikliranih vlakana izradene su u laboratorijskim uvjetima i na njima su promatrane promjene odredenih fizickih
i mehanickih svojstava. Utvrdeno je da se reciklirana vlakna dobivena mikrovalnim metodama i toplinskom hidro-
lizom mogu ucinkovito primjenjivati u proizvodnji ploca vilaknatica. Medutim, kiselinskom hidrolizom uz dodatak
Josforne kiseline u uzorcima izradenim od 100 % bukovih vlakana udio vlakana duljih od 1,24 mm smanjuje se za
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oko 30 %. Ploce vlaknatice nisu se mogle proizvesti od recikliranih vlakana dobivenih kiselinskom hidrolizom. Za
njihovu proizvodnju pogodna su se pokazala samo reciklirana vlakna od 100 % bukovih ploca vlaknatica srednje
gustoce dobivena kiselinskom hidrolizom uz dodatak fosforne kiseline.

KLJUCNE RIJECI: otpadni MDF, recikliranje; reciklirana viakna; svojstva viakana, svojstva ploce

1 INTRODUCTION
1. UVOD

Fiberboards, particularly medium-density fiber-
boards (MDF), have surpassed other wood-based
boards as one of the most important raw materials in
the furniture industry, owing to their more homogenous
and superior surface structure (Moezzipour et al.,
2018). The total global production of MDF and high-
density fiberboard (HDF) was 71 164 023 m® in 2010,
and 104 095 018 m’ in 2020, according to the 2021
statistical data released by the Food and Agriculture
Organization of the United Nations (FAO). Turkey’s
overall production of MDF and HDF increased from 3
265 000 m?® to 4 775 000 m* bet from 2010 to 2020
(FAOSTAT, 2021).

Rapid expansion in the fiberboard industry is put-
ting strain on available forest resources. With the de-
velopments in other forest industry sectors, it is expect-
ed that the supply of raw wood materials will become
constrained in the near future (Demirkir and Colak,
2006). Additionally, like with other wood-based com-
posites, leaving MDFs uncontrolled in landfills or
burning them as fuel at the end of their lifecycle is ex-
pected to cause serious environmental problems
(Demirkir and Colak, 2006; Lykidis and Grigoriu,
2008; Nuryawan et al., 2020). Burning of this kind of
products releases toxic gases such as formaldehyde to
the atmosphere as a result of the use of formaldehyde-
based thermoset glue matrices such as urea-formalde-
hyde (UF), phenol-formaldehide and melamine-for-
maldehyde in their manufacture, as well as greenhouse
gases such as methane and carbon dioxide (Lubis et al.,
2018a; Moezzipour et al., 2017; Zeng et al., 2018;
Hagel et al., 2021).

Recycling these waste boards into products and
raw materials provides a significant solution to both
solid waste management and raw material shortages in
the relevant sectors (Demirkir and Colak, 2006). In this
context, mechanical, thermo-hydraulic, chemical, and
other techniques for combining them have all been de-
veloped in recent years (Antov and Viktor, 2019).
Thermo-hydrolysis recycling methods, which produce
lignocellulosic fibers from fiberboards, are carried out
by removing the polymer matrix established by the
glues in the panel samples and generally by breaking
the bonds between the polymer matrix and fiber using
heat and water vapor (Lubis et al., 2018a; Moezzipour
et al., 2018; Hagel et al.,, 2021). Many different tech-
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niques for recycling wood fibers from composite pan-
els have been developed based on this principle (Rof-
fael and Hiister, 2012). Fiber/chip boards, to be
smoothly recycled using the thermo-hydrolysis process
with a chemical pre-treatment (WKI method), are first
immersed in a solution containing a solution of urea,
ammonia, or another chemical that dissolves the UF
adhesive and then recycled in an autoclave at a suitable
temperature (Michanickl and Boehme, 2002). Wan et
al. (2004) reported that 0.5 % butane tetracarboxylic
acid, together with heat treatment, successfully recy-
cles particleboard and MDF samples made with UF.
Lubis et al. (2018b) stated that alkaline hydrolysis re-
moved 25 % of the UF polymer from waste MDF,
while neutral hydrolysis removed 50 %, and acid hy-
drolysis removed 75 %. Additionally, a micro-release
method has been developed with the purpose of gener-
ating atomic heat by activating the water and hydroxyl
ions on the panel with microwave energy, specifically
targeting to solve the bonds between fibers and also
fiber adhesive (Demirkir and Colak, 2006, Mitchell
and Stevens, 2009).
Although numerous methods for recycling waste
MDF panels have been developed, research on MDF
recycling, the effect of recycling methods on fiber
characteristics, and the qualities of boards made from
recycled fibers are quite restricted. This study aims to:
- Compare some recycling methods for MDF samples
produced from different fiber composition,

- Determine and compare the fiber and fiberboard prop-
erties for different MDF recycling methods,

- Analyze the effect of some studied recycling methods
on fiber quality.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Material
2.1. Materijal

In this study, thermo-mechanical pulping (TMP)
fibers, which are produced using 100 % Fagus orianta-
lis (beech) and a Fagus orientalis (beech) - Pinus nigra
(pine) mixture (70 % : 30 % w/w), and MDFs manu-
factured in the fiberboard production line from these
fibers, were obtained from Kastamonu Entegre A.S.
Kastamonu O.S.B. factory (Kastamonu, Turkey) ac-
cording to the company production specifications. The
MDF samples were cut into strips of 1 cm width and of
appropriate length, using various cutting tools to pre-
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pare them for recycling, and then stored under room
conditions.

Ammonium chloride, ammonium sulfate, formic
acid, and phosphoric acid were provided in analytical
purity for the recycling procedures used in the study.
To manufacture boards from recycled fibers, urea-for-
maldehyde adhesive with 55 % solids content (urea/
formaldehyde ratio of 1:1.17; pH 8.4; density 1.24 g/
cm?’; viscosity 65 cps at 25 °C) was used, along with 10
% ammonium chloride solution as a hardener.

2.2 Recycling of fiberboards
2.2. Recikliranje plo¢a vlaknatica

The boards were recycled in accordance with the
experimental design shown in Table 1. Samples sepa-
rated for recycling by the micro release method were
kept in boiling distilled water for 5 minutes before be-
ing processed for 5 minutes at medium wave frequency
in an industrial microwave device. The MDF samples
then swelled and lost their integrity, and their fibers
were separated from each other. The fibers were dis-
persed manually and dried under room conditions
(Mitchell and Stevens, 2009). The WKI method, which
is a thermo hydraulic method, was modified and ap-
plied to the samples. Instead of urea or ammonia solu-
tions, 25 % solutions of ammonium chloride (WKI 1)
and ammonium sulfate (WKI 2) were used in the meth-
od. The presence of acid ions in the aqueous solutions
of both solutions was a significant factor in the selec-
tion of ammonium chloride and ammonium sulfate. In
addition, these chemicals are widely employed by
wood-based board factories as a hardener for UF resin
(Pizzi, 2003). The MDF samples immersed in 25 %
ammonium salt solutions were then treated in an auto-
clave at 121 °C for 30 minutes. After the autoclave, the
samples were washed with distilled water to separate
and fibers were dried under room conditions before the
MDF production. Formic acid (AH 1) and phosphoric
acid (AH 2) were chosen for MDF recycling via acid
hydrolysis. The properties that contributed to the selec-
tion of these two acids, found in the literature, were the

Table 1 Experiment design of MDF recycling
Tablica 1. Eksperimentalni postupci recikliranja MDF-a

ability of formic acid to dissolve cellulose even at high
concentrations without abrasion (Hafizoglu and Deniz,
2010) and the ability of phosphoric acid to catalyze the
hydrolysis of UF adhesive (Lall et al., 1982). The MDF
samples to be recycled were heated and mixed in a 25
% acid solution until the fibers separated. After wash-
ing the acquired fibers with distilled water with the
help of filter paper, they were left to dry under room
conditions.

2.3 Investigation of changes in fiber
morphologies

2.3. Istrazivanje promjena u morfologiji
vlakana

Dimensional analyses (length and width) of fiber
samples taken prior to the production and recycling of
the boards were performed using the Imal brand optical
laboratory fiber scanner (Fibercam 100®, Imal Pal, It-
aly). The gadget, in which certain masses of the ob-
tained fibers were placed, automatically determined
the percent fiber amount in certain frequency ranges
according to the total fiber measured optically.

2.4 Production of fiberboard from recycled
fibers and determination of some
properties

2.4. Proizvodnja ploca vlaknatica od
recikliranih vlakana i odredivanje nekih
njihovih svojstava

The panels were manufactured from dried recy-
cled wood fibers at a target density of 700 kg/m* and
had dimensions of 0.360 m % 0.310 m x 0.011 m. A
drum gluing mixer, with two-point injection, 100 It
sample volume, and 5 rpm rotating speed, was used in
the gluing process of the recycled fibers in fiberboard
production for 10 minutes. Samples were pressed with
a laboratory press (SSP 125, Cemil Usta, Turkey) for 2
MPa at 190 °C for 8 min, including the warm-up time
of the additional press plates used. However, some acid
hydrolyzed fiber groups were deformed during hot
pressing. After that, the undeformed fiberboards at the
end of the hot press were conditioned in the air-condi-

Board type Recycle method Applied chemical
Vrsta ploce Metoda recikliranja Upotrijebljene kemikalije
Micro release / mikrootpustanje Distilled water / destilirana voda
AH 1 25 % Formic acid / 25 % mravlja kiselina
100% beech AH 2 25 % Phosphoric acid / 25 % fosforna kiseli
100 % bukovina 0 pl : 0 fosfo na”zse zna.
WKI 1 25 % Ammonium chloride / 25 % amonijev klorid
WKI 2 25 % Ammonium sulfate / 25 % amonjjev sulfat

Micro release / mikrootpustanje

Distilled water / destilirana voda

Beech - pine mixture

25 % Formic acid / 25 % mravlja kiselina

25 % Phosphoric acid / 25 % fosforna kiselina

25 % Ammonium chloride / 25 % amonijev klorid

70 :30 % w/ Al

( : oW, w) ' ' AL 2

smjesa bukovine i borovine

(70 : 30 % tezine) WKI 1
WKI 2

25 % Ammonium sulfate / 25 % amonjjev sulfat
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tioned room. The following properties of the boards
were determined according to related standards:

- Density (d: kg/m?) (EN 323, 1993)
- Thickness swelling percent in 24 hours (TS: %) (EN

317, 1993)

- Water absorption percent in 24 hours (WA: %) (EN

317, 1993)

- Bending Strength (MOR: N/mm?) (EN 310, 1993)
- Modulus of elasticity (MOE: N/mm?) (EN 310, 1993).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Effect of recycling methods on fiber
morphology

3.1.

morfologiju vlakana

Utjecaj metoda recikliranja na

The fibers obtained from the boards via the recy-
cling methods were examined using an optical labora-
tory fiber scanner, and the fiber length analysis results
obtained from the device are given in Table 2.

Table 2 shows that recycling procedures have a
strong influence on the fiber lengths of 100 % beech
fibers. Contrary to the raw fiber samples, the micro re-
lease technique had no effect on the rate of fine fibers.
However, a considerable increase was observed in re-
cycled fine fibers with modified WKI procedures. In
addition, a certain amount of decrease is observed in
fiber fractions with lengths greater than 1.24 mm,
which can be classified as coarse fibers. This indicates
that recycling processes have a negative effect on fiber
lengths. Sahin (2014) stated that, in the recycling of

Table 2 Fiber length analysis results
Tablica 2. Rezultati analize duljine vlakana

paper fibers, there is generally a serious decrease in
fiber length and strength until the 4th recycling of the
fibers and that the recycled fibers are shorter than the
fibers originally obtained from wood. In addition, in
another study, fibers shorter than 0.09 mm were de-
fined as fine fibers, and it was stated that the increase in
the percentage of fine fibers caused a significant de-
crease in the elasticity modulus determination values
of the sheets, especially in bending (Moezzipour ef al.,
2018). Another study claimed that, with the addition of
recycled fibers at different rates, the fiber size de-
creased in the long fraction (1.711 mm and above), and
the percentage of the short fiber class (between 0.2-
0.956 mm) increased (Klimczewski and Nicewicz,
2013). Hagel et al. (2021) concluded that the fibers re-
cycled by the steam reactor are short and that these fib-
ers are shortened with the application of the refinery
process. The results obtained in this study are consist-
ent with previous studies on fiber recycling in the lit-
erature (Hagel ef al., 2021).

Similar to results obtained using 100 % beech
fibers, recycling methods have a negative effect on the
fiber lengths of fibers produced from a mixture of 70 %
beech and 30 % pine as shown in Table 2. In particular,
a clear increase in the percentage of coarse and fine
fibers was observed, whereas the coarse fiber fractions
decreased (length 1.24 mm).

The results of the fiber width analysis of the recy-
cled fibers using the optical fiber scanner device are
shown in Table 3.

The negative effects of certain recycling methods
on fiber width distributions are evident in Table 3. It

Fiber sizes measuring ranges, mm Measured
Recycle . .
Raspon mjerenja velicine vlakana, mm fiber count
Board type method Broi
Vista ploce Metoda 0.00/]0.09/]0.13/|022/0.51/(1.24/|198/| 3.0/ | 40/ | 50/ | . - .erém.h
recikliranja | 0.09 | 0.13 | 022 | 0.51 | 124 | 1.98 | 3.0 | 40 | 50 | 300 Vlfz e
Rawfiber 1wl 16 | a1 | 187 [ 361 | 182 | 116 | 46 | 23 | 26 | 139058
sirova vlakna
Micro release
}gg ; beech |, itoomusianie 01 | 1.7 | 39 | 185|391 | 191 | 98 | 41 | 22 | 1.6 | 335056
bukovoina AH 1 01 | 15 ] 39 [ 190391179 ] 101 ]| 41 | 28 | 15 336228
AH2 03 | 28 | 59 | 246 (393|151 | 75 | 24 | 14 | 08 305972
WKI 1 03 | 26 | 51 [ 207|388 176 | 9.1 | 33 | 1.6 | 1.0 | 396388
WKI 2 02 | 23 | 48 [ 203 (377167 | 99 | 41 | 2.1 | 20 | 367983
Beech - pine | Raw fiber 01 | 17 | 40 | 184 [ 334|169 | 121 | 52 | 36 | 47 | 137472
mixture sirova vlakna
70 : 30 % i
( o | Microrelease |y 5 b g0 | 7y | 353 [ 182 | 119 | 54 | 34 | 34 | 300061
w/w) mikrootpustanje
smjesa AH 1 01 | 14 | 37 | 176 | 360 | 182 | 11.6 | 50 | 3.0 | 3.6 | 372036
bukovina i AH 2 01 | 1.1 | 31 [ 164352200 122] 52 | 50 | 18 53639
borovine WKI 1 02 | 21 | 47 | 194359169 | 109 | 48 | 30 | 28 254811
(70 : 30 %
tezine) WKI 2 02 | 24 | 51 | 208|352 ]160 | 99 | 40 | 23 | 33 332847

* The % value of the measured fiber amount and the number of fibers at the relevant frequency / postotna vrijednost izmjerenih vlakana i broj
vlakana pri relevantnoj frekvenciji
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Table 3 Fiber width analysis results
Tablica 3. Rezultati analize Sirine vlakana

Fiber sizes measuring ranges, mm Measured
Board type Recycle method Raspon mjerenja velicine vlakana, mm fiber count
Vrsta ploce Metoda recikliranja 0/ 0.09/ |0.13/|0.22/|0.51/| 124/ | 1.98/ |Broj izmjerenih
0.09 0.13 022 | 051 | 1.24 | 1.98 3.0 vlakana
Raw fiber 74% | 202 [370]265 | 90 | - - 139058
sirova vlakna
Micro release 8.4 20 |390 257 50 | - - 335056
100 % beech mikrootpustanje
100 % bukovina AH 1 9.9 23.0 38.6 | 232 | 4.7 0.6 - 336228
AH 2 10.8 26.3 39.5 | 19.8 3.6 - - 305972
WKI 1 8.0 21.2 383 | 279 | 4.6 - - 396388
WKI 2 9.7 23.0 37.5 | 24.1 5.4 0.3 - 367983
Raw fiber 96 | 223 |379|211| 91 | - | - 137472
Beech - pine sirova vlakna
mixture (70:30 | Micro release 7.9 215 | 394 | 243 | 69 | - - 300061
% WIW) mikrootpustanje
smjesa bukovine I AH 1 8.3 22.7 40.5 | 22.6 | 6.1 - - 372036
borovine (70 : 30 AH 2 6.3 20.7 40.6 | 22.5 7.7 2.1 - 53639
% tezine) WKI 1 10.0 240 | 385|212 | 63 - - 254811
WKI 2 8.6 22.7 39.3 | 229 6.5 - - 332847

* The % value of the measured fiber amount and the number of fibers at the relevant frequency / postotna vrijednost izmjerenih vlakana i broj

vlakana pri relevantnoj frekvenciji

was observed that some fibers were extremely thick,
and there was a particularly significant increase in the
ratio of fibers with a very small width (<0.22 mm). The
primary reason for this is the glue and paraffin residues
on the recycled fibers. These microscopic residues can
remain on the surfaces of the recycled fibers and even
reduce the bonding ability of the fibers as they bind to
the —OH groups in the fibers (Zeng et al., 2018). The
increase in fine fiber fractions may be due to the fact
that they damage the fibers while breaking off during
recycling, and the optical fiber scanner (Fibercam 100
®) probably classifies them as fines since they are sep-
arated from the fibers by breaking off a certain piece.
Lubis ef al. (2020) recycled fibers via hydrolysis with
water and oxalic acid and observed that the amount of
total nitrogen in the plate increased, although the
amount of mass lost increased with the increase in the
amount of recycled fiber in the final board production.

Similar to the results obtained using 100 % beech
fibers, Table 3 shows that recycling methods have a
negative effect on the fiber width of fibers produced
from a mixture of 70 % beech and 30 % pine. In par-
ticular, an increase in the amount of fine and thin fibers
was clearly observed, while there was a decrease in
coarse fiber fractions (width > 1.24 mm).

3.2 Characteristics of boards produced
from recycled fibers

3.2. Svojstva ploca proizvedenih od
recikliranih vlakana

Table 4 shows the performance of MDF panels
made from recovered fibers via various recycling pro-
cedures from 100 % beech and 70 % beech + 30 % pine

boards. In both types of boards, fibers recycled with
formic acid and fibers recycled with phosphoric acid
from 70 % beech + 30 % pine boards, deformation oc-
curred in the fibers during hot pressing, compromising
the board integrity. As a result, board manufacturing in
these groups was less effective than in others. The acid
hydrolysis process causes damage to the fibers, and the
fact that the condensation processes of the UF resin are
complete before the hot pressing process and are hy-
drolyzed during pressing with the impact of the re-
maining acid in the fibers, are the primary reasons for
this (Lubis et al., 2018b). By treating these fibers with
high-concentrated acid pre-treatment, they can be as-
sessed as raw materials for ethanol production (Zhao et
al., 2019).

The analysis of the densities of the recycled
MDF panel samples, presented in Table 4, clearly
shows that they met the goal density and that the ob-
tained results were equivalent to those of the original
fiberboard samples. Figure 1 was created according to
the data in Table 4 to enable the comparison of the
24-hour water absorption. The water absorption per-
formance of the recycled fibers was found to be quite
poor. This is because the original MDF samples were
sourced from a mill, and the majority of companies
used additives to improve water absorption values.
Additionally, the shrinkage of the fibers and the re-
sidual UF resin on the fibers hindered the fiber-resin-
fiber bonds during gluing (Zeng et al., 2018). Apart
from the hydrolytic degradation of UF, the boards be-
came more dimensionally unstable, a reaction that is
likely to occur during the hot press process in both
residual glue and newly added glue in the recycled
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Table 4 Physical and mechanical properties of boards with standard deviations
Tablica 4. Fizicka i mehanicka svojstva ploca sa standardnim devijacijama

Density,
Board type Recycle method kg/m* |24 hWA,| 24h TS, | MOR, MOE,
Vrsta ploce Metoda recikliranja Gustoca, % % N/mm? | N/mm?
kg/m?
Original fiberboard 720.17 29.31 5.05 31.10 3315.59
originalna ploca vlaknatica (9.22) (1.31) (0.26) (1.25) (52.94)
Micro release 733.69 107.05 36.88 6,79 1998.95
mikrootpustanje (13.57) (13.02) (5.14) (1.79) (407.60)
100% beech AR - - = - >
100 % bukovina AH 2 706.02 75.97 8.72 3.19 2116.44
(21.58) (1.50) (0.74) (0.89) (802.34)
WKI 1 711.97 59.65 21.54 5.18 3274.54
(16.16) (3.64) (2.54) (1.04) (727.87)
WKI 2 713.15 96.68 16.29 8.94 5087.742
(21.71) (7.36) (2.56) (2.21) |(1425.99)
Original fiberboard 723.00 33.36 8.15 32,39 3260.64
originalna ploca vlaknatica (8.27) (1.48) (1.71) (1.76) (87.31)
Beech - pine Micro release 703.23 104.94 29.12 6.36 2536.91
mixture (70 : 30 mikrootpustanje (24.56) (8.41) (6.79) (1.59) | (672.25)
% w/w) AH 1 - - - - -
bukovina AH?2 - - - - -
— borovina (70 : 73345 | 85.06 30.45 2.95 828.57
o s WKI 1
30 % tezine) (13.19) | (6.98) (4.01) 0.64) | (347.12)
WKI 2 715.46 97.48 27.30 5.80 1452.48
(20.26) (4.42) (6.36) (1.12) | (344.26)

* not produced / nije proizvedena

boards (Nuryawan et al., 2020). In general, the water
uptake values of the sample groups, hydrolyzed by
chemical treatment, were lower than those obtained
for MDF samples via micro release method. The rea-
son for this situation can be attributed to the high per-
centage of coarse fibers in the methods using chemi-
cals compared to the micro-release method.

The swelling ratios, measured from the thickness
of the MDF panel samples, after 24 hours, are showed
in Figure 2, which was prepared according to the data
in Table 4. Although the changes in swelling values are
in parallel with the changes in water absorption values,
the 100 % beech fiber recycled boards treated with

phosphoric acid gave quite good results compared to
the original fiberboard samples.

The results of bending strength tests on MDF
panel products acquired through various recycling
processes are shown in Figure 3. Bending strength
data were found to be quite low compared to those of
the original fiberboards. The reason for this can lie in
the decrease in fiber lengths and also in the fact that
the fiber-fiber and fiber-glue-fiber bonds are not
formed efficiently in panel production and that solidi-
fied UF resin on the recycled fibers prevents fiber-
fiber bonding ability (Zeng et al, 2018; Biitiin
Buschalski and Mai, 2021). Moezzipour (2018) de-

120

B 100% Beech E70% Beech + 30% pine

100

(=) [ee]
S S

Water absorption, %
N
(=)

apsorpcija vode, %

[y}
S

0

Original fiberboard Micro release

Figure 1 24 h water absorption values of tested boards

AH 2

WKI'1

WKI 2

Slika 1. Vrijednosti apsorpcije vode ispitivanih plo¢a nakon 24 sata
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Figure 2 24 h thickness swelling values of tested boards

AH?2

WKI 1 WKI 2

Slika 2. Vrijednosti debljinskog bubrenja ispitivanih plo¢a nakon 24 sata
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Figure 3 Bending strength values of tested boards
Slika 3. Vrijednosti ¢vrstoce ispitivanih ploca na savijanje

fined fibers shorter than 0.09 mm as fines and stated
that the increase in the amount of fines, in particular,
caused a noticeable decrease in the elasticity modulus
values determined for the MDF panel samples.

When evaluating the modulus of elasticity in
bending, the obtained MDF sample groups from 100 %
beech fibers, treated with ammonium solutions, give
more elastic boards than 70 % beech+30 % pine fiber
mixture (Figure 4). In their study, Lykidis and Grigori-

AH 2 WKI 1 WKI 2

ou (2008) demonstrated that the fiber elasticity increas-
es with hydrothermal treatment. They stated that this
situation was almost certainly the primary reason for
the increase in the modulus of elasticity. Based on this,
it can be said that the low modulus of elasticity of the
fibers, obtained through the microwave method, results
in more rigid fibers than the others. Microwave, de-
fined as electromagnetic radiation, affects the hydroxyl
groups and changes the felting properties of the fibers.

6000

B 100% Beech E70% Beech + 30% pine
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2000

Modulus of elasticity, N/mm?
modul elasticnosti, N/mm?>

1000

Original fiberboard Micro release

Figure 4 Modulus of elasticity values of tested boards
Slika 4. Vrijednosti modula elasti¢nosti ispitivanih ploca

AH?2 WKI 1 WKI 2
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In addition to this, the decrease in the bending strength
and modulus of elasticity in the acid-treated group (AH
2) shows that the fibers are damaged during both pro-
cessing and drying of recycled fibers.

4 CONCLUSIONS
4. ZAKLJUCAK

As a result of the study, it was observed that the
fibers obtained by recycling waste boards could be re-
used in the fiberboard production industry.

It was observed that the recycling process has an
absolute effect on the fiber dimensions and that these
changes directly affect the physical and mechanical
properties of the fiberboards.

The micro-release method provided better quali-
ty recycled fibers and boards according to the tested
and evaluated characteristics.

Ammonium salts are more readily available in
solid form than ammonia solution. The mild acidity of
these solutions also prevents undesirable reactions dur-
ing fiber recycling process. The type of ammonium
salts, used percentages, and process factors, including
temperature and time, will change this approach.

Acid hydrolysis seriously damaged fibers, should
be more suitable for other applications such as bioetha-
nol manufacturing.
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ABSTRACT . This study presents opportunities for the utilization of timber by-products with defects for manu-
facturing engineered wood panels. Three gluing methods were proposed for this waste raw material derived from
Scots pine (Pinus sylvestris L.) wood. The methods used for combining and gluing enabled a more complete and
complex utilization of wood with defects. The physical properties (density and moisture content) and mechanical
properties (bending strength and modulus of elasticity) of the laboratory-fabricated engineered wood panels were
evaluated in accordance with the European standards. The highest density of 643 kg/m® and bending strength
values (28.6 N/mm?) were obtained from the panels manufactured using method 3 and veneered with beech veneer
sheets. The modulus of elasticity of the laboratory-made engineered wood panels reached values of up to 5580
N/mm?. This study demonstrated the feasibility of the utilization of defective wood pieces in the manufacturing of
engineered wood panels.

KEYWORDS: Pinus sylvestris L.; engineered wood; knots; cross-laminated timber (CLT); solid wood panels

SAZETAK * U radu Jje predstavljena mogucnost iskoristavanja otpadnog drva s greskama za proizvodnju kom-
pozitnog drva u graditeljstvu. Predlozene su tri metode lijepljenja otpadnog drva borovine (Pinus sylvestris L.).
Metode kombiniranja i lijepljenja omogucile su potpunije iskoristavanje drva s greskama. Fizicka svojstva (gu-
sto¢a i sadrzaj vode) i mehanicka svojstva (¢vrsto¢a na savijanje i modul elasticnosti) laboratorijski proizvedenih
kompozitnih drvnih ploca za graditeljstvo ocijenjena su prema europskim standardima. Najvecu gustocu (643
kg/m?) i ¢vrstoéu na savijanje (28,6 N/mm?) imale su ploce proizvedene metodom 3 i furnirane bukovim furnirom.
Modul elasticnosti laboratorijski proizvedenih kompozitnih drvnih ploca za graditeljstvo dosegnuo je vrijednost
od 5580 N/mm?’. Ovo je istraZivanje uputilo na mogucénost iskoristavanja drva s greskama za proizvodnju kompo-
zitnih drvnih ploca namijenjenih graditeljstvu.
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1 INTRODUCTION
1. UVOD

The demand for various types of wood to meet
consumer demands is constantly increasing. Estimates
indicate that the supply of large construction timber in
Bulgaria will become increasingly scarce in the com-
ing decades (Kostov, 1993; Kostov, 2009). This trend
is also observed in other countries around the world
(Warde, 2006; Nazir et al., 2018; Alberdi et al., 2020;
Odppes et al., 2021). This is due to the increased log-
ging intensity in forests, which has resulted in a sig-
nificant reduction in forest areas. All of these result in
a reduction in the diameter of the round wood, as well
as substantial difficulties in manufacturing finished
products of the desired size and quality. This, in turn,
necessitates the search for methods and technologies
for more rational utilization of wood resources.

Scots pine (Pinus sylvestris L.) is one of the most
commercially important tree species used in the
Bulgarian wood and wood-based industry for a wide
variety of value-added applications. The exploitation
characteristics of Scots pine wood have been exten-
sively studied and are well known (Trichkov, 2016;
Trichkov, 2018). This wood is widely used in
construction for construction materials, fasteners,
formwork panels; for the interior furnishings of
residential and public buildings; for the production of
furniture, flooring, paneling and joinery; in the
construction of railway lines and in mining; in the
chemical and pharmaceutical industry; in shipbuilding
and aircraft construction. The wide application of Scots
pine wood is also due to its physical, mechanical,
technological, operational and aesthetic qualities. It is
relatively light and has high strength indicators. It is
processed without difficulty and is highly durable
(Mederski et al., 2015; Mclean, 2019; Burawska-
Kupniewska et al., 2020).

In terms of industrial wood use, the distribution
of round wood according to diameter should be empha-
sized. Recent data from the Bulgarian Executive Forest
Agency (2020), given in Table 1, show that the areas

afforested with Scots pine in the country have decreased
over time.

During the period 2015-2020, the total stock in-
creased by 2.6 million m?, primarily in plantations that
have reached logging maturity, which is over 100
years. It should be noted that the majority of these for-
ests are located in protected areas with very limited
wood harvesting.

With the intensive reduction of forest stand diam-
eter, more and more rational wood utilization is re-
quired. There are low quantitative and qualitative
yields in the processing of thin logs in terms of size and
quality characteristics (Herdjarvi, 2004; Campbell,
2013). The use of thin logs in the production of engi-
neered wood products results in a significant loss of
wood in the form of large and small waste, especially
when multiple knots are present. The method of gluing
quality wood after removing its flaws provides excel-
lent opportunities for utilizing low-quality and thin
round wood (Barbour et al., 2003; Hernandez et al.,
2005; Lyhykainen et al., 2009).

The size and number of knots in the wood have a
significant impact on its physical and mechanical prop-
erties (As et al., 2006; Koman et al., 2013; Montero et
al., 2015; Burdarov, 2019; Kaiser, 2019; Wright et al.,
2019). The presence of many defects in the wood, par-
ticularly wood knots, significantly reduces the final
quantitative yields in the production of engineered
wood products. The percentage of defects in the wood
is most noticeable in small-diameter logs (Koynov,
2016; Trichkov et al., 2018).

To address the global shortage of wood raw
materials, efforts are being made in several areas,
including the search for new, alternative raw material
sources, optimized use of wood and other lignocellu-
losic raw materials, reduction of wood waste generated
during processing, recycling and upcycling of wood
and wood-based materials, and efficient utilization of
wood waste and by-products in various value-added
industrial applications (Antov et al., 2018; Antov and
Savov, 2019; Neykov et al., 2020; Lee et al., 2022;
Pedzik et al., 2022).

Table 1 Distribution of afforested area (ha) and stock (m?®) of Scots pine in Bulgaria by age classes for 2015/2020 (Executive

Forest Agency 2015/2020)

Tablica 1. Raspodjela posumljene povr$ine (ha) i zalihe bijelog bora (m?) prema dobnim razredima za 2015. i 2020. godinu

(Executive Forest Agency 2015./2020.)

Pinus Distribution by age classes (by years), thousand ha

sylvestris L. Raspodjela po dobnim razredima (po godinama), tisuce ha

Total 1-20 21-40 41-60 61-80 81-100 101-120 | 121-140 | Over/ Vise
Ukupno od 140

2015 553.6 50.1 215.5 132.5 51.9 61.4 339 7.2 1.1
2020 534.2 29.6 148.9 191.6 49.4 57.1 44.9 11.0 1.7
Pinus Distribution by age classes (by years), million m?

sylvestris L. Raspodjela po dobnim razredima (po godinama), milijuni m>
2015 143.9 4.1 50.7 39.3 15.3 20.7 11.4 2.1 0.3
2020 146.5 1.9 34.4 58.1 14.8 19.0 15.0 2.9 0.4
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According to industrial data, the final quantita-
tive yields in the production of engineered wood range
between 25 % and 30 % of the volume of logs. In the
processing of solid wood materials for the production
of engineered wood, quantitative yields reach 30-35 %.
If the solid wood materials are obtained from thin logs,
this percentage is significantly decreased. The remain-
ing wood (65-70 %) in the form of large and small
waste and by-products with knots, shavings, sawdust,
etc., is used as raw material for manufacturing pellets,
technological chips or burned for energy. Thus, the val-
orization of timber waste and by-products in the pro-
duction of value-added products, including engineered
wood, represents an efficient way to achieve sustaina-
ble resource management.

Several techniques for bonding small pieces of
solid wood and fabricating products with enhanced
mechanical properties have been developed (Nairn,
2017; Nazerian at al., 2018). The lack of information
on other commercial applications of large waste ob-
tained in the production of engineered wood, aside
from those mentioned above, makes it impossible to
make an objective assessment of their complex recov-
ery. This justifies the need of conducting extensive
studies aimed at establishing more efficient ways of
waste wood utilization in the production of finished
products to replace conventional materials in the furni-
ture industry. Therefore, the aim of this research work
was to investigate the feasibility of using Scots pine
timber with defects in manufacturing engineered wood
panels. Different gluing methods and their effects on
the physical and mechanical properties of the panels
were also investigated.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Large-sized timber with various defects (knots,
resin pocked, bark pocked, slop of grain, etc.) was used

in this study (EN 844, 2019). These wood by-products
were referred to as “waste pieces.” They were obtained
from Scots pine (Pinus sylvestris L.) wood during the
industrial production of engineered wood products at
the “SREDNA GORA AD” company (Stara Zagora,
Bulgaria). The by-products were sorted after determin-
ing their dimensional characteristics. Three different
methods for bonding these waste raw materials and
producing solid wood panels were proposed in this
study. The obtained physical and mechanical proper-
ties of the products were determined.

A graphical representation of the different
methods used for gluing waste pieces generated during
the manufacturing of engineered wood and their as-
sembly into the final product, i.e. glued solid wood
panels, is presented in Figure 1. The length of the waste
pieces was primarily determined by the size and
number of knots in the wood. Waste pieces had cross-
sectional dimensions of 40 mm x 140 mm. Their length
ranged from 114 to 125 mm. The moisture content
found in the experimental wood after conditioning was
7-8 %. This value also corresponds to the moisture
content of the materials for the production of engineered
wood after drying and subsequent conditioning.

In the process of sawing, respectively removing
the high-quality from the low-quality wood, an insig-
nificant amount of wood dust was found on the waste
pieces with defects. However, the test wood was
cleaned of wood dust before being glued. In this way,
quality bonding between the individual elements was
ensured.

Timber by-products with defects were obtained
by cutting lamellas of the same dimensions. This en-
sures that the waste pieces have the same cross-sec-
tional dimensions but different lengths. To manufac-
ture the final product, they were first glued together by
smoothing (Figure 1-1), to get a lamella of the desired
length. Following the formation of lamellas of the re-
quired length, they were glued on the edges to form a

method 1/ metoda 1

method 2/ metoda 2

method 3/ metoda 3

Figure 1 Bonding of Scots pine timber by-products obtained in production of engineered wood
Slika 1. Lijepljenje nusproizvoda od borovine dobivenih u proizvodnji kompozitnog drva za graditeljstvo
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Figure 2 Laboratory panels made from Scots pine timber by-products
Slika 2. Laboratorijske ploce proizvedene od nusproizvoda borovine

solid wood panel, according to the presented method-
ology (Figure 1-2). Test specimens were cold-pressed
at a pressure of 0.9 MPa in laboratory conditions. Fast
drying PVAc glue was used in this study. Splicing of
the waste pieces lengthwise to form lamellas, as well as
the widthwise gluing of the resulting lamellas, was car-
ried out using a laboratory hydraulic press.

Three methods of gluing the waste pieces were
proposed in this paper. In method 1, solid wood panels
were formed, with the resulting lamellas glued only
along the edge to form panels with the desired width.
Method 2 produced three-layer solid wood panels with
mutually perpendicular wood fiber arrangements. They
are similar to CLT (cross laminated timber- EN 16351,
2021). Method 3 yields a bonded panel of waste pieces,
which is used as a middle layer in the manufacture of
veneered panels. This avoids the negative impact of de-
fects on the aesthetic and mechanical properties of the
final product.

Polyvinyl acetate (PVAc) adhesive Jowacoll 103.06
produced by Jowat was applied, while the amount of ap-
plied glue was 200-220 g/m?. The time required to cure
the test specimens was 3 hours. PVA is a fast-setting wood
adhesive, suitable for cold and hot bonding of wood prod-
ucts with high adhesive ability of 450 N/mm?. The combi-
nation and gluing of the manufactured elements were
achieved with laboratory clamps and presses.

Depending on the performance, quick-setting
and other two-component adhesives can be used (Lubis
et al., 2022; Savov et al., 2022). The pressing pressure
applied was 0.1 - 0.2 MPa. The finished panel dimen-
sions were 650 mm % 650 mm x 38 mm. In method 3,
European beech (Fagus sylvatica L.) wood veneers
with a thickness of 1.1 mm were used. In Method 4, the
specimens were tested only in the direction along the
grain of the outer veneer sheets. The aim was to find
out what effect the application of a beech wood veneer
with the thickness of only 1.1 mm would have on the
strength of the final product. In the intermediate/inner
layer, the direction of the wood grains is as in Method
1 (1). When testing several specimens in a direction
perpendicular to the wood grain of the beech face ve-
neer, the values did not differ significantly from those
of Method 1 (II). Splitting occurs in the face veneer
sheet under perpendicular loading. Figure 2 depicts the
panels made from waste pieces in this study.
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The produced engineered wood panels were con-
ditioned until a constant mass was reached prior to
physical and mechanical properties evaluation. For
physical properties, density and water content of the
panels were determined in accordance with BDS EN
323:2001 and BDS EN 326-1: 2001.

The purpose of the density test was to investigate
the effect of the knots and amount of glue on the den-
sity of the final product.

The mechanical properties were evaluated at the
facilities of the University of Forestry, Sofia. A
universal testing machine HECKERT FP 10/1 (Ger-
many) with the test range (maximum strength) = 10000
N was used. The modulus of elasticity in static bend-
ing, as well as the bending strength parallel and per-
pendicular to the grain, was evaluated based on BDS
EN 408 + Al: 2012. The deflection to complete de-
struction of the experimental wood was also observed.

The obtained data were processed using a T-test.
The results were compared with values from tests of
solid natural Scots pine wood, with the presence of
knots (Mirski et al., 2020a; Mirski et al., 2020b;
Wieruszewski ef al., 2022).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Physical properties of engineered
wood panels

3.1. FiziCka svojstva kompozitnih drvnih
ploCa za graditeljstvo

The moisture content of the engineered wood
panels, fabricated from Scots pine timber pieces with
defects varied from 8 % to 10 %. The values obtained
for the density of the panels produced using the differ-
ent methods are given in Table 2.

The average density of the panels obtained by
method 1 was 581 kg/m?. According to published data,
the density of Scots pine wood is approximately 520

Table 2 Density of panel made using different methods
Tablica 2. Gustoca plo¢a proizvedenih razli¢itim metodama

Type of panel | Method 1 Method 2 Method 3

Vrsta ploce Metoda 1 Metoda 2 Metoda 3

Density 581 kg/m? 607 kg/m® | 643 kg/m’
Gustoca
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kg/m* (Aleinikovas and Grigalitinas, 2006; Bluskova,
2009; Montero et al., 2011; Konofalska et al., 2021,
Roszyk et al., 2020). The 11.7 % increase in density
was attributed to the presence of a large number of
knots with large diameters and higher density in the
experimental wood. In method 2, the average density
of the panels was 607 kg/m*. The increment in density
was due to the fact that the three-layer glued solid
wood panel contained a high concentration of knots.
The panels obtained by method 3 exhibited the highest
density value of 643 kg/m?, mainly due to the presence
of a large number of knots and adhesive used to bond
beech veneers on the face and back of the panels.

3.2 Mechanical properties of engineered
wood panels

3.2. Mehanicka svojstva kompozitnih drvnih
plo¢a za graditeljstvo

The results obtained for the bending strength of
the panels fabricated by the different methods are pre-
sented in Figure 3. The panels obtained by method 1
were tested in two directions: perpendicular to the
grain (1) and parallel to the grain (II).

Bending strength of the panels made by method
1, in direction perpendicular to the grain, ranged from
4.1 N/mm? to 5.6 N/mm?, with an average value of 4.9
N/mm?. It was observed that none of the tested speci-
mens were destroyed in the adhesive joint area, but
rather in the wood or at places with numerous defects.
On the other hand, bending strength, in direction paral-
lel to the grain of the panels, produced by method 1,
ranged between 7.5 N/mm? and 10.6 N/mm?, with an
average value of 8.8 N/mm?. The majority of test spec-
imens were destroyed in the defective areas rather than
at the adhesive joint site. The test specimens were de-
stroyed in areas with numerous defects such as rotten
knots, fibre twisting, oblique layering, etc.

Table 3 Statistical data of bending strength values of
engineered wood panels produced in this research
Tablica 3. Statisticki podatci o vrijednostima ¢vrstoce na
savijanje proizvedenih kompozitnih drvnih ploca za
graditeljstvo

Bending strength / Cvrstoéa na
savijanje, N/mm?

Type of panel _ ,
Vista ploce x S, S, m_ | p,

Method 1 (J-)

metoda 1 (L) 4.9 | 0.233 10.483|0.171| 3.5
Method 1 (II)

metoda 1 (1) 8.8 | 1.161 | 1.0770.381| 4.3
Method 2 15.2 130.671 | 5.538 | 1.958 | 12.9
metoda 2

Method 3 28.6 | 1.738 | 1.318 | 0.466 | 1.6
metoda 3

Bending strength of the panels, produced by meth-
od 2, varied in the range from 9.1 N/mm? to 22.2 N/mm?,
with an average value of 15.2 N/mm?. The obtained val-
ues for bending strength and modulus of elasticity for
this type of panels are significantly lower (= 30-40 %)
compared to the literature data as well as to standard EN
16351:2021 (Buck et al., 2016; Sikora et al., 2016;
Mohd Yusof et al., 2019). This lowering of the mechani-
cal indicators is due to the fact that in the examined pan-
els there is a large number of cut pieces, due to their size,
the absence of finger joints, and also the presence of nu-
merous defects. The density of the boards obtained by
method 2 is very close to that of CLT, despite the pres-
ence of a large number of knots in the wood. Panels fab-
ricated by method 3 exhibited the highest bending
strength values, ranging from 27.0 N/mm? to 30.1 N/
mm?, with an average bending strength of 28.6 N/mm?.

Bending strength values were calculated with an
accuracy index of p (Table 3). For panels made by us-
ing method 1 (1, II) and method 3, p, was less than 5

35
30 28.6
25
~ 20
g
g 15.2
Z 15
S
10 88
4.9
5
0
method 1 (L) method 1 (IT) method 2 method 3
metoda 1 (1) metoda 1 (IT) metoda 2 metoda 3

Figure 3 Bending strength of laboratory panels fabricated from Scots pine timber by-products
Slika 3. Cvrstoéa na savijanje laboratorijskih plo¢a proizvedenih od nusproizvoda borovine
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Figure 4 Modulus of elasticity (£, N/mm?) of laboratory panels fabricated from Scots pine timber by-products
Slika 4. Modul elasti¢nosti (£, N/mm?) laboratorijskih plo¢a proizvedenih od nusproizvoda borovine

%, i.e. the results obtained were statistically signifi-
cant. With regards to the panels fabricated by method
2, a large scatter relative to the mean was observed (p,
=12.9 %). This could be attributed to the three layers
of thickness, as well as splicing in the width of the
waste pieces. This was done with spliced lengths that
were randomly overlapped.

A graphical representation of the results obtained
for the modulus of elasticity and deflection of the engi-
neered wood panels, fabricated in this research, is pre-
sented in Figure 4 and Figure 5.

According to the data presented in Figures 4 and
S, the modulus of elasticity and flexural strength are
directly related. According to method 1 (1), the exper-

imental wood was destroyed when the deflection
reached 4.3 mm at a limit value of 354 N. Method 1 (II)
test specimens were destroyed at a limit value of 758 N
and deflected of 7.1 mm. The results of methods 2 and
3 for the destruction of test specimens were 1233 and
2659 N, respectively. Methods 2 and 3 calculated de-
flection values of 7.2 and 8.4 mm, respectively.

After conducting a 7-test, it was found that for
the modulus of elasticity (E) and bending strength (o),
method 1 () and method 1 (II), there is a statistically
significant difference between the values. Accordingly,
p-value = 0.026. Therefore, the direction of testing has
an influence on the modulus of elasticity. This is also
true for bending strength, p-value = 0.000006. In meth-
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76 Q) DRVNA INDUSTRIJA 74 (1) 71-79 (2023)



Koynov, Valyova, Parzhov, Hua: Utilization of Scots Pine (Pinus sylvestris L.) Timber with Defects in Production...

od 2 and method 3, there is no difference in modulus of
elasticity (£, p-value = 0.035), but there is a difference
in bending strength (o, p-value = 0.000172).

4 CONCLUSIONS
4. ZAKLJUCAK

The present study has a significant potential for
future research, as industrial practice produces a huge
amount of waste wood in the form of large pieces.

The possibilities of using three gluing methods
in the production of engineered wood panels from
Scots pine timber by-products with defects were dem-
onstrated in this research. The method involving ve-
neering of the panel surfaces demonstrated the best
mechanical properties. A promising alternative use
for this wood waste is also to assemble the defective
wood pieces into a CLT-like structure. There is a sig-
nificant amount of wood loss, varying from 65 % to
70 % in the production of engineered wood, in the
form of sawdust, shavings, small and large residues.
The rationale for using the described methods of
manufacturing engineered wood panels is due to the
following: the solid wood materials intended for the
production of engineered wood were dried to a final
humidity of 8-9 %, which is also the humidity of the
waste pieces used; the lamellas were treated with a
four-sided planer prior to format cutting, which is a
requirement for the same cross-sections of the waste
pieces; a technological opportunity is created by the
correct geometric shape of the obtained waste pieces,
which makes gluing easier by smoothing the end-to-
end butt joint. Another technological operation is
saved when splicing waste pieces lengthwise. Moreo-
ver, the absence of finger joints reduces processing
time, wood and adhesive consumption. The factors
described above, as they save many technological op-
erations, are a significant prerequisite for the use of
this raw material in the production of glued wood
products. The determined physical and mechanical
properties allow the use of the laboratory-produced
panels in the furniture industry and even as a con-
struction material. The bending strength results, rang-
ing from 4.9 to 28.6 N/mm? were comparable to
some of the most commonly used wood-based panels.
In this case, products that can largely replace conven-
tional materials in industry are obtained. These prod-
ucts can be widely used when high mechanical prop-
erties are not required, including table tops, partition
walls, cladding, door frames, etc. The industrial reuse
of timber by-products for manufacturing engineered
wood panels with acceptable exploitation properties
could greatly contribute to maximize the resource ef-
ficiency and enhance the competitiveness of wood
industry companies.

Acknowledgements - Zahvala
The authors wish to thank “SREDNA GORA
AD” company for providing the raw materials.

5 REFERENCES
5. LITERATURA

1. Alberdi, I.; Bender, S.; Riedel, T.; Avitable, V.; Boriaud,
O.; Bosela, M. et al., 2020: Assessing forest availability
for wood supply in Europe. Forest Policy and Econom-
ics, 111: 102032.  https://doi.org/10.1016/j.for-
po1.2019.102032

2. Aleinikovas, M.; Grigaliiinas, J., 2006: Differences of
pine (Pinus sylvestris L.) wood physical and mechanical
properties from different forest site types in Lithuania.
Baltic Forestry, 12 (1): 9-13.

3. Antov, P;; Savov, V.; Neykov, N., 2018: Influence of the
composition on the exploitation properties of combined
medium density fibreboards manufactured with conifer-
ous wood residues. European Mechanical Science, 2 (4):
140-145. https://doi.org/10.26701/ems.443891

4. Antov, P; Savov, V., 2019: Possibilities for Manufacturing
Eco-friendly Medium Density Fibreboards from Recycled
Fibres —a Review. In: Proceedings of the 30" International
Conference on Wood Science and Technology — ICWST
2019 “IMPLEMENTATION OF WOOD SCIENCE IN
WOODWORKING SECTOR” and 70" anniversary of
Drvna industrija Journal, 18-24, Zagreb, Croatia.

5. As, N.; Goker, Y.; Dundar, T., 2006: Effect of knots on
the physical and mechanical properties of Scots pine.
Wood Research, 51 (3): 51-58.

6. Barbour, J. R.; Parry, D. L.; Punches, J.; Forsman, J.;
Ross, R., 2003: AUTOSAW simulations of lumber re-
covery for small-diameter Douglas-fir and ponderosa
pine from southwestern Oregon. Res. Note PNW-
RN-543. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station, pp
11. https://doi.org/10.2737/PNW-RN-543

7. Bluskova, G., 2009: Wood science. Publishing House
(PH) at the University of Forestry, Sofia, Bulgaria (in
Bulgarian).

8. Buck, D.; Wang (Alice), X.; Hagman, O.; Gustafsson, A.,
2016: Bending properties of cross laminated timber
(CLT) with a 45° alternating layer configuration. BioRe-
sources, 11 (2): 4633-4644.

9. Burdarov, N., 2019: Wood science — Part II: Disadvan-
tages of wood. Publishing House (PH) at the University
of Forestry, Sofia, Bulgaria (in Bulgarian).

10. Burawska-Kupniewska, 1.; Krzosek, S.; Ma nkowski, P.;
Grze'skiewicz, M., 2020: Quality and bending properties
of Scots pine (Pinus sylvestris L.) sawn timber. Forests,
11 (11): 1200. https://doi.org/10.3390/f11111200

11. Campbell, E., 2013: Simulation of sawmill yields at
Hyne Tuan Pine Mill. PhD Thesis, Faculty Health, Engi-
neering & Sciences, University of Southern QLD, pp. 94.

12. Herédjarvi, H.; Jouhiaho, A.; Tammiruusu, V.; Verkasalo,
E., 2004: Small-diameter Scots pine and birch timber as
raw materials for engineered wood products. Internation-
al Journal of Forest Engineering, 15 (2): 23-34. https://
doi.org/10.1080/14942119.2004.10702494

13. Hernandez, R.; Green, W.; Kretschmann, E.; Verrill, P.,
2005: Improved utilization of small-diameter ponderosa
pine in glulam timber. Res. Pap. FPL-RP-625. Madison,
WI: U.S. Department of Agriculture, Forest Service, For-

W) DRVNA INDUSTRIJA 74 (1) 71-79 (2023) 77


https://www.sciencedirect.com/science/article/pii/S1389934119301492

Koynov, Valyova, Parzhov, Hua: Utilization of Scots Pine (Pinus sylvestris L.) Timber with Defects in Production...

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

est Products Laboratory, pp 38. https://doi.org/10.2737/
FPL-RP-625

Kaiser, S.; Kaiser, M. S., 2020: Comparison of wood and
knot on wear behavior of pine timber. Research on Engi-
neering Structures & Materials, 6 (1): 35-44. https://doi.
org/10.17515/resm2019.115ma0207

Koman, S.; Feher, S.; Abraham, J.; Taschner, R., 2013:
Effect of knots on the bending strength and the modulus
of elasticity of wood. Wood Research, 58 (4): 617-626.

. Konofalska, E.; Kozakiewicz, P.; Buraczyk, W.; Szeli-

gowski, H.; Lachowicz, H., 2021: The technical quality
of the wood of Scots pine (Pinus sylvestris L.) of diverse
genetic origin. Forests, 12 (5): 619. https://doi.
org/10.3390/f12050619

Kostov, G., 1993: The Bulgarian Forest Resources As-
sessment Model — some base data and results. SUAS,
Dep. Of Operational Efficiency, College of Forestry,
Garpenberg, Sweden.

Kostov, G.; Rafailova, E., 2009: Dynamics of forest re-
sources in Bulgaria under different management regimes.
AVANGARD PRIMA, Sofia, Bulgaria (in Bulgarian).
Koynov, D., 2016. Quantitative yields from the cutting of
the stems of white pine (Pinus sylvestris L.), depending
on the thickness and length of the details and the defects
of the wood. Innovation in Woodworking Industry and
Engineering Design, 1 (9): 93-98.

Lee, S. H.; Chen, L.W.; Antov, P.; Kristak, L.; Tahir, P.,
2022: Engineering wood products from Eucalyptus spp.: A
Review. Advances in Materials Science and Engineering,
2022: 8000780. https://doi.org/10.1155/2022/8000780
Lubis, M. A. R.; Labib, A.; Sudarmanto; Akbar, F.; Nu-
ryawan, A.; Antov, P.; Kristak, L.; Papadopoulos, A. N.;
Pizzi, A., 2022: Influence of lignin content and pressing
time on plywood properties bonded with cold-setting ad-
hesive based on poly (vinyl alcohol), lignin, and hexam-
ine. Polymers, 14: 2111. https://doi.org/10.3390/pol-
ym14102111

Lyhykainen, H.; Makinen, H.; Makela, A.; Pastila, S.;
Heikkila, A.; Usenius, A., 2009: Predicting lumber grade
and by- product yield for Scots pine trees. Forest Ecology
and Management, 258 (2): 146-158. https://doi.
org/10.1016/j.foreco.2009.03.054

Mclean, P., 2019: Wood properties and uses of Scots pine
in Britain. Forestry Commission Research Report, Edin-
burgh, pp. 1-36. ISBN: 978-0-85538-985-7

Mederski, P.; Bembenek, M.; Karaszewski, Z.; Giefing,
D.; Sulima-Olejniczak, E.; Rosinska, M.; Lacka, A.,
2015: Density and mechanical properties of Scots pine
(Pinus sylvestris L.) wood from a seedling seed orchard.
Drewno, 58 (195): 117-124. https://doi.org/10.12841/
wo0d.1644-3985.123.10_

Mirski, R.; Dziurka, D.; Chuda-Kowalska, M.; Wierusze-
wski, M.; Kawalerczyk, J.; Trocinski, A., 2020a: The
usefulness of pine timber (Pinus sylvestris L.) for the
production of structural elements. Part I: Evaluation of
the quality of the pine timber in the bending test. Materi-
als, 13 (18): 3957. https://doi.org/10.3390/mal13183957
Mirski, R.; Dziurka, D.; Chuda-Kowalska, M.; Kawaler-
czyk, J.; Kulinski, M.; Labeda, K., 2020b: The usefulness
of pine timber (Pinus sylvestris L.) for the production of
structural elements. Part II: Strength properties of glued
laminated timber. Materials, 13 (18): 4029. https://doi.
org/10.3390/ma13184029

Mohd Yusof, N.; Md Tahir, P.; Lee, S. H.; Asim Khan,
M.; Suffian James, R. M., 2019: Mechanical and physical
properties of Cross-Laminated Timber made from Aca-

78 Q) DRVNA INDUSTRIJA 74 (1) 71-79 (2023)

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

cia mangium wood as function of adhesive types. Journal
of Wood Science, 65: 20. https://doi.org/10.1186/s10086-
019-1799-z

Montero, M.-J.; Mateo, R.; fﬁiguez-Gonzélez, G.; Arria-
ga-Martitegui, F.; Hermoso, E.; Esteban, M., 2011: Visu-
al grading of large cross section structural timber of Pi-
nus sylvestris L. according to UNE 56544:2007 standard.
In: Proceedings of the SHATIS 11 International Confer-
ence on Structural Health Assessment of Timber Struc-
tures, June 2011, Lisbon, Portugal.

Montero, M.; De La Mata, J.; Esteban, M.; Hermoso, E.,
2015: Influence of moisture content on the wave velocity
to estimate the mechanical properties of large cross-sec-
tion pieces for structural use of Scots pine from Spain.
Maderas, Ciencia y tecnologia, 17 (2): 407-420. https://
doi.org/10.4067/S0718-221X2015005000038

Nairn, J. A., 2017: Cross laminated timber properties in-
cluding effects of non-glued edges and additional cracks.
European Journal of Wood and Wood Products, 75 (6):
973-983. https://doi.org/10.1007/s00107-017-1202-y
Nazerian, M.; Moazami, V.; Farokhpayam, S.; Gargari,
R., 2018: Production of blockboard from small athel slats
end-glued by different type of joint. Maderas, Ciencia y
tecnologia, 20 (2): 277-286. https://doi.org/10.4067/
S0718-221X2018005021101

Nazir, N.; Olabisi, L. S.; Ahmad S., 2018: Forest wood
consumption and wood shortage in Pakistan: estimation
and projection through system dynamics. The Pakistan
Development Review, 57 (1): 73-98. https://doi.
org/10.30541/v57i1pp.73-98

Neykov, N.; Antov, P.; Savov, V., 2020: Circular econo-
my opportunities for economic efficiency improvement
in wood-based panel industry. In: Proceedings of the 11
International Scientific Conference “Business and Man-
agement”, Vilnius, Lithuania.

Odppes, G. F.; Bulle, C.; Ugaya, C. M. L., 2021: Wood
forest resource consumption impact assessment based on
a scarcity index accounting for wood functionality and
substitutability (WoodSI). The International Journal of
Life Cycle Assessment, 26: 1045-1061. https://doi.
org/10.1007/s11367-021-01880-7

Pedzik, M.; Auriga, R.; Kristak, L.; Antov, P.; Rogozinski,
T., 2022. Physical and mechanical properties of particle-
board produced with addition of walnut (Juglans regia
L.) wood residues. Materials, 15 (4): 1280. https://doi.
org/10.3390/ma15041280

Roszyk, E.; Mania, P.; Iwanska, E.; Kusiak, W.; Broda,
M., 2020: Mechanical performance of Scots pine wood
from Northwestern Poland — A case study. BioResources,
15 (3): 6781-6794.

Savov, V.; Valcheyv, L.; Antov, P.; Yordanov, L.; Popski, Z.,
2022: Effect of the adhesive system on the properties of
fiberboard panels bonded with hydrolysis lignin and phe-
nol-formaldehyde resin. Polymers, 14: 1768. https://doi.
org/10.3390/polym14091768

Sikora, K. S.; McPolin, D. O.; Harte, A. M., 2016: Ef-
fects of the thickness of cross-laminated timber (CLT)
panels made from Irish Sitka spruce on mechanical per-
formance in bending and shear. Construction and Build-
ing Materials, 116: 141-150. https://doi.org/10.1016/].
conbuildmat.2016.04.145

Trichkov, N.; Koynov, D., 2016: Characteristics of the
trunks of Scots pine (Pinus sylvestris L.) for production
of solid wood materials. Innovation in Woodworking In-
dustry and Engineering Design, 5(1): 99-108.



40.

41.

42.

43.

Koynov, Valyova, Parzhov, Hua: Utilization of Scots Pine (Pinus sylvestris L.) Timber with Defects in Production...

Trichkov, N.; Koynov, D., 2018: Quantitative yield in
sawing thin logs of Scots pine (Pinus sylvestris L.) for
production of dimensional lumber without defects. Inno-
vation in Woodworking Industry and Engineering De-
sign, 7 (2): 71-77.

Trichkov, N.; Koynov, D.; Ranov C., 2018: Quality char-
acteristics of Douglas fir stems (Pseudotsuga menziesii)
for the production of massive wood materials. Innovation
in Woodworking Industry and Engineering Design, 1
(13): 57-65.

Wieruszewski, M.; Troci'nski, A.; Kawalerczyk, J.;
Derkowski, A.; Mirski, R., 2022: The strength of pine
(Pinus sylvestris L.) sawn timber in correlation with se-
lected wood defects. Materials, 15: 3974. https://doi.
org/10.3390/mal5113974

Wright, S.; Dahlen, J.; Montes, C.; Eberhardt, T. L., 2019:
Quantifying knots by image analysis and modeling their
effects on the mechanical properties of loblolly pine lum-
ber. European Journal of Wood and Wood Products, 77:
903-917. https://doi.org/10.1007/s00107-019-01441-8

Corresponding address:

MIGLENA VALYOVA
University of Forestry, Faculty of Ecology and Landscape Architecture, Department of Plant Pathology and
Chemistry, 10 Kliment Ohridsky Blvd., 1797 Sofia, BULGARIA, e-mail: mvalyova@abv.bg

44

45.

46.

47.

48.

49.
50.

. Warde, P., 2006: Fear of wood shortage and the reality of
the woodland in Europe, c.1450-1850. History Work-
shop Journal, 62 (1): 28-57. https://doi.org/10.1093/hwj/
dbl009

***BDS EN 408+A1, 2012: Timber structures — Struc-
tural timber and glued laminated timber — Determination
of some physical and mechanical properties.

***BDS EN 323, 2001: Wood-based panels — Determi-
nation of density.

***BDS EN 326-1, 2001: Wood-based panels — Sam-
pling, cutting and inspection. Part 1: Sampling and cut-
ting of test pieces and expression of test results.

***EN 16351, 2021: Timber structures — Cross laminat-
ed timber — Requirements.

***EN 844, 2019: Round and sawn timber — Terminology.
***Executive Forest Agency, 2015: Annual report on the
afforested area until December 31, 2015/2020. Forest
fund of Bulgaria: forms 2, 3 (in Bulgarian).

W) DRVNA INDUSTRIJA 74 (1) 71-79 (2023) 79






Ziga, Kaémargik: Plywood Cantilever Deflection: Experimental, Analytical and FEM Approach

Alma Ziga', Josip Kaémargik?

Plywood Cantilever Deflection:
Experimental, Analytical and
FEM Approach

Progib konzole od furnirske ploce:
eksperimentalni, analiticki i FEM pristup

ORIGINAL SCIENTIFIC PAPER

Izvorni znanstveni rad © 2023 by the author(s).
Received — prispjelo: 13. 7. 2022. Licensee Faculty of Forestry.and Wogd Technology, Univer.sity o.f Zégreb.

. i This article is an open access article distributed
Accepted — prihvaceno: 4. 11. 2022. under the terms and conditions of the

UDK: 691.116 Creative Commons Attribution (CC BY) license.
https://doi.org/10.5552/drvind.2023.0053

ABSTRACT ¢ n this paper; the elastic behaviour in bending of three-layer plywood cantilever beams is anal-
ysed. Deflections of straight and half-circle cantilevers, loaded with a force at free end is determined experimen-
tally and calculated using analytical and finite element method approach. The analytical calculation of deflection
for the strait cantilever is obtained using a transformed cross section. The deflection of half-circle cantilever is
determined by the classical laminated plate theory and Castigliano'’s theorem. Loads and cantilever dimensions
are varied in the study using the design of experiment. The deflection regression models for straight and semi-
circular plywood cantilevers are obtained from the experimental results. Analytically and numerically determined
deflections of strait and half-circle cantilevers show very good agreement. Experimentally recorded deflections
are approximately 30 % higher than analytical values. Stiffness properties and deflection values are influenced by
direction of fibres in the outer layers of a three-layer plywood beam.

KEYWORDS: beam deflection; design of experiment; half-circle cantilever, orthotropic composite material;
poplar plywood; straight cantilever

SAZETAK * U radu Je analizirano elasticno ponasanje konzolnih greda od troslojne furnirske ploce pri savijanju.
Progibi ravnih i polukruznih konzola optereéenih silom na slobodnom kraju odredeni su eksperimentalno te izra-
Cunani analitickim postupkom i metodom konacnih elemenata. Analiticki proracun progiba ravne konzole dobiven
Jje primjenom transformiranog presjeka. Progib polukruzne konzole odreden je klasicnom teorijom lamelirane
ploce i Castiglianovim teoremom. Opterecenja i dimenzije konzola u istrazivanju variraju u skladu s postavkom
eksperimenta. Iz eksperimentalnih rezultata dobiveni su regresijski modeli progiba za ravne i polukruzne konzole
od furnirske ploce. Analiticki i racunski utvrdeni progibi ravnih i polukruznih konzola vrlo se dobro podudaraju.
Eksperimentalno zabiljezeni progibi priblizno su 30 % veci od analiticki utvrdenih. Na svojstva krutosti i vrijedno-
sti progiba grede od troslojne furnirske ploce utjeCe smjer vlakanaca u njezinim vanjskim slojevima.
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1 INTRODUCTION
1. UVOD

Wood has anisotropic mechanical properties
(Bodig and Jayne, 1993; Stark et al., 2010), but when
the principal axes coincide with the orientation of the
grain, wood can be considered orthotropic and, in cer-
tain cases, transversely isotropic. Plywood is a wood-
based laminate where wood material is adhesively
bonded together. The macroscopic structure of ply-
wood is created by gluing alternately arranged, thin
cross-bands, i.e. veneers of various thickness. At mi-
croscopic level, a veneer is a lamina strengthened by
cellulose fibres and surrounded by a matric mainly
composed of lignin. Analytical calculations of stiffness
properties of plywood, as symmetric laminate, can be
performed using the classical laminated plate theory
(CLPT). A study (Merhar, 2020) had shown that the
laminate theory, which was well established and ap-
plied in the world of synthetic composites, could also
be applied to plywood composites. The influence of
fibre reinforcement and wood species on the physical
and mechanical properties of veneer plywood as well
as on laminated veneer lumber was also investigated
(Brezovi¢ et al., 2003; Bal, 2014; Sikora et al., 2019).
The CLPT and the finite element method (FEM) were
used in a study (Makowski, 2019) to determine stress
distribution in individual layers of 18 mm thick beech
plywood, in the 3-point flexural bending test. Analysis
(Bal and Bektap, 2014) showed that the effects of tree
species, direction of load, and type of adhesive on flex-
ural properties were significant, and it was determined
that the effect of the type of adhesive is based on the
density of the plywood. The influence of the veneer
composition on the mechanical properties of rectangu-
lar and curved form of laminated wood was investi-
gated by FEM and transformed cross section method in
(Hajdarevic et al., 2017). A research (Labans et al.,
2010) determined elastic properties for individual ve-
neer specimens in order to evaluate the input data for
plywood products analyses using FEM. The study
(Merhar, 2021) emphasised the correct input for FEM.
Veneer is usually produced by peeling, which exerts
large bending deformations in the tangential direction,
resulting in local cracks. Because of the small cracks,
the tensile strength in the tangential direction is much
lower (up to three-times lower) than the tensile strength
of solid wood. When applying the laminate theory to
plywood, the drawback could be the lack of input data
as well as the variability of the data for particular tree
species (the variability of wood properties in the main
directions can be up to 10 %). A study (Wilczynski and
Warmbier, 2012) determined the elastic moduli of ve-
neers assembled in pine and beech plywood panels,
where the effects of the resin type and the number of
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veneer plies in the plywood were evaluated. It was con-
cluded that glue line (with Young’s modulus ranging
from 1000 to 10 000 MPa) had negligible influence on
Young’s modulus of the veneer in the grain direction,
while in perpendicular direction to the grain, Young’s
modulus of veneer had 19.4 % lower value for maxi-
mum glue modulus. It is pointed out that the properties
of veneers assembled in plywood differed from those
of the wood from which the veneers were made. In the
research (Tsen, 2013), bending strength (MOR) and
modulus of elasticity (MOE) of red seraya structural
plywood were obtained by EN 310 thee-point bending
and EN 789 four-point bending test. Also MOR and
MOE were obtained by FEM simulation. The FEM re-
sults were 39 % and 14 % higher than those from EN
310 and EN 789 experiments, respectively.

This study aims to investigate elastic properties
and behaviour of plywood cantilever beams - strait and
semicircle, and to provide and compare analytical, nu-
merical and experimental calculation methods for the
deflection at the free end, in the point where concentric
force is applied. The motivation for the research was
the problem of how to calculate deflection in the design
of parts of toys and souvenirs made using CO, laser
cutter from 4 mm plywood (Ziga et al., 2018; Ziga and
Begic¢-Hajdarevi¢, 2021), which were subjected to
bending. However, the calculation methods presented
here could be implemented in the design of various
plywood structures.

The analytical calculation of the deflection for
strait cantilever was done using transformed cross sec-
tion, but semicircle cantilever required CLPT approach
and the use of Castigliano’s theorem. As far as the au-
thors were aware, the analytical calculation for deflec-
tion of semicircle, horizontally layered cantilever
could not be found anywhere in the literature. The nu-
merical calculations were done in FEM software,
where cantilevers and boundary conditions were mod-
elled and deflections at the free end were obtained. The
deflections of plywood specimens were experimentally
measured on coordinate measuring machine (CMM)
and the results were used to obtain the power regres-
sion model. The design of the experiment was imple-
mented to obtain the dimensions of cantilever beams
and load values for the research. All the results were
compared and analysed in the paper.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Plywood material and cantilever beam
configurations

2.1. Furnirska ploc¢a i konfiguracija konzolnih
greda

The deflection of straight (Figure 1a) and half-
circle cantilevers (Figure 1b) from plywood is investi-
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a)

b)

Figure 1 Plywood cantilever beam configurations: a) straight, b) half-circle (P type)
Slika 1. Konfiguracija konzolne grede od furnirske ploce: a) ravna, b) polukruzna (tip P)

gated in the paper. The load at the end, the length of the
straight or the radius of the half-circle cantilever and
the cantilever width were varied, using the design of
experiment.

Two types of poplar plywood sheets consisting of
three veneer layers 4 mm thick were used: the first type
with the central veneer 2.3 mm thick and the outside
veneers 0.8 mm thick; and the second type, with three
equal veneer thickness of 1.3 mm. Both sheets were
acquired commercially, at a local store, with density of
410 kg/m® and with formaldehyde emission E1, meas-
ured in accordance with DIN EN 16516. This and sim-
ilar types of plywood are often used for making toys
and souvenirs, due to its characteristics such as low
price and low density, which makes it easy to cut on
small CO, laser cutter (80-120 kW power) and pro-
vides low weight of parts. Cantilever specimens from
the first type of plywood, with central veneer thicker
than outer ones, were cut so that the fibres in the outer
layer were perpendicular to the cantilever span (label P,
figure 1). Figure 2 shows plywood laser cut where a
central veneer has fibres parallel to the cutting plane
and outer veneer fibres are perpendicular to the cutting
plane. Cantilever specimens from the second type of
plywood, with the equal veneer thickness, were cut so
that the outer layer fibres were longitudinal to the span
of cantilever (label L).

Poplar veneers are orthotropic material with nine
independent constants of material. In the analytical cal-
culation and FEM analysis, the properties for poplar

Figure 2 Laser-cut of poplar plywood, 4 mm in thickness
Slika 2. Laserski izrezana furnirska ploca od topolovine
debljine 4 mm

veneer were taken from the paper (Brezovi¢, et al.,
2003): £, = 9600 MPa, E, = 420 MPa, E, = 880 MPa,
v,=039,v,=033,v,=0.32,G,=660 MPa, G, =
720 MPa, G,, =110 MPa. Glue layer thickness can be
observed in Fig. 2. It is a white layer, partially absorbed
by adjacent wood layers. In numerical and analytical
model, the average value of thickness was set to be
0.05 mm. As there were no data about glue line modu-
lus, it was assumed that the value of this modulus for
formaldehyde-based adhesives could range from 1000
to 10000 MPa (Wilczynski and Warmbier, 2012). The
lowest value of 1000 MPa was chosen. Poison ratio
was set to 0.2 (Piao et al., 2008).

2.2 Design of experiment
2.2. Postavke eksperimenta

Full orthogonal, three-factor plan (Figure 3),
with 4 measurement repetitions in central plan point is
implemented in the paper thus making N = 2+ n =
23+ 4 = 12 experimental runs. The 12 experimental
runs are required for each of the two types of plywood
fibre orientation and for two different geometries of
cantilever beam, making it in total 48 experimental
runs. The model factors for experiment are: x, — load
(P), x, - length for straight cantilever (L) or radius for
half-circle cantilever (R) and x, - width of cross-section

{-1,1,1)
(1,-1,1)
_ﬁhw
(-1,1,-1)
(1,-1,-1)

(1,1,-1)
Figure 3 Location of experimental points of full orthogonal
plan in hyper-space

Slika 3. Polozaj eksperimentalnih tocaka cijele ortogonalne
projekcije u hiperprostoru
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Table 1 Experiment design matrix
Tablica 1. Matrica postavki eksperimenta

Exp. runs 1 2 3 4 5 6 7 8 9 10 | 1 12
X, (P) -1 1 -1 -1 1 -1 1 0 0
x,(L or R) -1 -1 1 1 -1 -1 1 1 0 0 0
x,(b) -1 -1 -1 -1 1 1 1 1 0 0 0 0

(b), see Figure 3. The experiment design matrix, for
both investigated cantilevers, is presented in Table 1.

Levels of loads and dimensions are arbitrarily
chosen to produce measurable deflection but also not to
exert stresses above material strength. The cantilever
dimensions also correspond to the dimensions of pos-
sible parts in mechanical toys and souvenirs (Ziga et
al., 2018). The level values for straight and half-circle
cantilever of all factors are shown in Table 2. The basic
level was chosen to be geometrical mean of the upper
and lower level.

It can be observed from the experiment design
matrix that five different specimen dimension configu-
rations are needed. The five test specimens were laser-
cut for each of the two types of plywood fibre orienta-
tion. Figure 4 shows straight and half circle cantilever
specimens with fibres in outer ply perpendicular to the
span (P-type). On one side of the specimens, there is a
wide segment for clamping, and on the other a segment
with the narrow lateral grove for positioning the load.

Table 2 Levels of model factors
Tablica 2. Razine faktora modela

From the experimental results, power regression
models that provide a relation between three independ-
ent variables (x,, x,, x,) and the deflection as a depend-
ent variable is determined. The power regression mod-
el for straight cantilevers is obtained using last squared
method. The paper by Ziga et al. (2019) presents in
detail how to determine coefficients of power model
function.

2.3 Analytical method for cantilever

deflection
2.3. Analiticka metoda za izra¢un otklona
konzole
2.3.1 Deflection of straight cantilever
2.3.1. Otklon ravne konzole

The straight cantilever loaded with concentrated
force at the end of the span (Figure 1a) is analysed. In
the cross-section, the cantilever is a symmetrical com-
posite laminate made of veneer sheets and adhesive
layers, so the method of transformed cross section can
be applied (Bodig and Jayne, 1993). In this method,

Straight cantilever / Ravna konzola Half-circle cantilever / Polukruzna konzola
Low level Basic level | High level Low level Basic level High level
Factor / Fakior Niza Srednja szsva Niza Srednja gVisva
vrijednost vrijednost vrijednost vrijednost vrijednost vrijednost
Load / opterecenje (P) 0.5 0.736 1.01 0.5 0.736 1.01
X, -1 0 +1 -1 0 +1
Length (L) or Radius (R) mm 80 100 120 26 34 42
duljina (L) ili radijus (R) x, -1 0 +1 -1 0 +1
) o mm 6 8 10 7 8 9
Width / sirina (b) ., 1 0 1 1 0 1

Figure 4 P-type specimens: a) straight cantilever, b) half-circle cantilever
Slika 4. Uzorci tipa P: a) ravna konzola, b) polukruzna konzola
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by
P
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dz i i
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Figure 5 Plywood cross section: a) original, b) transformed
Slika 5. Presjek furnirske ploce: a) izvorni, b) transformi-
rani

only one reference value of the elasticity modulus e.g.
the outer lamina elasticity modulus £, in the direction
of the cantilever span, is used in the deflection calcula-
tion. The transformed cross-section (Figure 5) is made
so that lamina other than the reference one has a tran-
sformed width defined by

Ei
K

Where b is the original width of the lamina, £, is
the lamina modulus of elasticity in the direction of
span, E is the modulus of elasticity of the reference
lamina. Thicknesses of all lamina do not change; the
original values are used. The moment of inertia /_of
the transformed cross section with » lamina in one
symmetrical half of the cross section (Figure 5) is cal-
culated with:

n 3 i-1 2
I, = ELA o E.d, [de +ﬂJ 2)
E | 12 = 2
Where d, is the thickness of the i-lamina.
After the transformed cross section is defined, the

deflection of the cantilever is calculated with:
P
o= 3
3E, I, )
Where P is the load at the end of cantilever and L
is the length of cantilever.

A A

2.3.2 Deflection of half-circle cantilever
2.3.2. Otklon polukruzne konzole

The deflection of the half-circle cantilever (Figu-
re 1b) at the point of application of the force P and in
the direction of the force will be determined using pro-
cedures from Horibe and Mori, 2015; Dahlberg, 2004
and Ziga et al., 2018.

Figure 6a shows cross-section of the beam situa-
ted at angle @. The force P is normal to the xy plane.
The bending moment M, and torsional moment M, are
acting on this cross-section. The shear force is omitted
in the figure since its influence on beam deflection can
be neglected. For positive values of x and y, angle ¢
varies between 0 and /2, so both cos¢ and sin@ have
positive values. From the moment equilibrium equati-
ons about x and y axes, the moments M, and M, are:

M, =—-P|ycosp+(R-x)sing|=-P-Rsingp (4
M, = P[(—R+x)cos ¢+ysin(p] = P~R(1—cos(p) %)
The strain-stress relation for unidirectional lami-

nate (Figure 6b) in its plane (Jones, 1999; Cuntze,
2015) is:

8X SXX S)Cv Xs O-)t
=S, S, S, |40, p (©)
}/S SSX SS'V SYS Z’S

Where S, are the transformed compliance coeffi-
cients for in-plane behaviour; €, €, are the in-plane
normal strains; v, is the in-plane shear strain; 6 , G, are
the in-plane normal stresses; T_is the in-plane shear
stress. The xyz coordinate system in Figure 6b is assu-
med to have its origin in the middle of the laminate
thickness.

Applying classical laminated plates theory, the
following relationships can be obtained (Daniel et al.,
20006):

K.Y 1 2 SX)C Sxy S.\’S mx
Ky = ? S » S w Sy»\' N, (7)
KS SSX S.\'}’ SSS m.\'

Figure 6 a) Moment equilibrium b) Moments acting on composite cantilever segment
Slika 6. a) Momenti ravnoteze, b) momenti koji djeluju na segment kompozitne konzole
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=25 m (8)

Where m, m are the bending moments per unit
length; m_is the twisting moment per unit length; x ,
K, are the bending curvatures of the middle surface; ¥,
is the twisting curvature of the middle surface.

Strain energy per unit volume for linearly elastic
behaviour induced by bending and twisting is (Mujika
and Mondragon, 2003):

u, = %(o; £.+0,€ + Ts%) )

Substituting stress—strain relations from Equati-
on (6):

u, (SO'+S o, +5, Tz)+S 0.0, +

xx o x R
10
+5,0.7,+S5,0,7, (10)
Elastic strain energy stored in the beam is:
U= \u,dV (11

7
Considering 3 plies of veneer and 2 plies of glue

line, angle ¢ of fibre direction, bending and torsional
moments as:

m. =—2m =0,m M (12)
oop 2b
The strained energy is:

—j( J bRdg-S_z’dz+

—j( ) bRdg- S, zdz— |(13)

- j MM,y pig.s. 2d
)b 2b ’

Where

js 2dz =

2 (z-2) (14)

Transformed compliance coefficients are expre-
ssed with compliance coefficients in fibber direction
coordinate system:

C=Cos@s=sing
S.=c'S, +5'S,, +(25, + Sy ) c’s’ (15)
S, = (2S11 -2, - S66)03s - (2522 =28, - S%)cs3
S, =(4S,,+45, —8S,,)’s” +(c* = 5*) S,

Compliance coefficients in fibber direction or
principal material coordinate system (Figure 6b) are:

1 1 1 V, 1%
S, = E Sp=—84=—"5,= S21=_f =—— (16)

1 2 12 1 122

Using Castigliano’s theorem, the deflection of the
cantilever end, at the load P can be calculated with:

86 ) DRVNA INDUSTRIJA 74 (1) 81-91 (2023)

12 oM
*be o b d Rdp+
U (12Y
5= : M,~—“d _Rdp- (17)
P (zfj J‘aP w4
_i (aMb M, b aMI)dwRd(”
'\ op oP )

2.4 Cantilever deflection using FEM
2.4. Otklon konzole dobiven metodom
konacnih elemenata

Numerical analysis is performed using commerci-
al software SolidWorks 2020 and its Simulation module
based on the finite element method (FEM). Five FE mo-
dels of straight beam cantilever and five models of half-
circle beam cantilever were modelled with dimensions
that are defined by design of experiment (Tables 1 and 2)
and to be geometrically identical to the real specimens.
Models were positioned in Cartesian co-ordinate system
where the directions of co-ordinates coincide with three
main directions of material axes. Composite material
was defined in software using material properties from
literature (see chapter 2.1)

The boundary conditions in FEM analysis were
defined to correspond as much as possible to the actual
experimental conditions. Thus, the results achieved by
numerical method could be compared to the experi-
ment results. The left segment for clamping was fixed
and force was applied on the line between lateral groo-
ves on the right segment for load. The automatic me-
shing from Solidworks was used with the fine mesh
quality setting in order to obtain accurate results. Figu-
re 7a shows an example of FEM model of straight can-
tilever with P-type fibre orientation (length 80 mm and

a)

b)

Mode: 5 URES {mrn]

¥ Y, Z Location: |80,-0.556,4 mm 1386
1,25

Walue: 148

mrn

0.935

0.623
0.312

1e-030

Figure 7 Straight cantilever FEM (L = 80 mm, » = 10 mm,
P =1.01 N), P-type: a) boundary condition, b) deflection
result

Slika 7. Ravna konzola FEM (L =80 mm, b =10 mm, P =
1,01 N), tip P: a) rubni uvjet, b) otklon
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LIRES (mr)
0,969

0,791

0.534
0,39
0135
1e-030

5
239,114, 4 mm

Walue: 057 mm

- A

Figure 8 Half-circle cantilever FEM (R = 26 mm, b =9 mm, P =1.01 N), P-type: a) boundary condition, b) deflection result
Slika 8. Polukruzna konzola FEM (R =26 mm, b =9 mm, P = 1,01 N), tip P: a) rubni uvjet, b) otklon

F “1

a)
Figure 9 a) CMM ,,ZEISS CONTURA G2”, b) Measurement of deflection on CMM
Slika 9. a) CMM ,,ZEISS CONTURA G2”; b) mjerenje otklona na CMM-u

width 10 mm). Figure 8a shows an example of FEM
model of half-circle cantilever with P-type fibre orien-
tation (radius 26 mm and width 9 mm). Figure 7b and
Figure 8b show deflection results after finished FEM
simulations for the above-mentioned examples.

2.5 Experimental study
2.5. Eksperimentalno istrazivanje

CMM “ZEISS CONTURA G2” was used (Figure
9a) for the experimental measurements of plywood
cantilever deflections. The CMM was equipped with
the continuous scanning probe system “VAST XT”.
The measuring uncertainty of the CMM is 1.8 pm,
which makes it a very accurate measuring device. For
the measurement of the defections, the cantilevers spe-
cimens were positioned and clamped on the CMM ta-
ble. The specimens were fixed between two steel parts
fastened with bolts. The parts were fixed on the CMM
table with magnetic V-block (Figure 9b). At the free
end of the specimens, the load was applied by hanging
an appropriate weight made from steel nuts (Figure
9b). The deflection of the cantilever was measured as a
difference between vertical coordinate reading of the
CMM before and after loading. The CMM probing of
the cantilever end point where load was applied, before
and after loading, was done manually.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Results for straight cantilever
3.1. Rezultati za ravnu konzolu

For straight cantilevers, analytical, numerical,
experimental and regression model results values, for
the end-point deflections for the P-type and L-type
fibber orientation, respectively, are presented in Table
3 and 4. The last row shows deviation in results betwe-
en experimental and analytical values. Figures 10a and
10b show the above mentioned deflection values on
charts.

Analytical and numerical deflection values are
very close to each other. Differences are visible only in
the second decimal place. These values are, on avera-
ge, 30 % lower than deflection recorded by the experi-
ment. The differences are lower for the greater cantile-
ver length due to slope contribution to a deflection
value.

For P-type straight cantilever, the regression mo-
del is:

5[3 — 0009857 .P1.04 .E.R486 .b—1.0629 (18)

The regression model for L-type straight cantile-
ver is:

§L — 0003 132 . Pl.0787 .L1A7658 _b70.9977 (19)

For the evaluation of the models, statistical data
analysis has been used. Some results are presented in
Table 5. The coefficient of determination (R?), adjusted
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Table 3 Results for P-type straight cantilever beam
Tablica 3. Rezultati ispitivanja ravne konzolne grede tipa P

Exp. run 1 2 3 4 5 6 7 8 9 10 11 12
Ve MM 240 | 4.77 522 | 10.72 | 1.31 3.23 3.06 5.78 3.88 3.79 3.55 3.74
Vo MM 236 | 4.88 515 | 10.62 | 1.31 2.71 2.86 5.90 3.88 3.88 3.88 3.88
¥, mm 122 | 247 4.13 8.34 0.73 1.48 2.48 5.00 2.64 2.64 2.64 2.64
Ve M 122 | 244 4.10 8.28 0.73 1.48 2.46 4.98 2.61 2.61 2.61 2.61
Yexp ™ Van % 49.0 | 48.2 20.9 222 44.0 54.1 19.0 134 32.0 30.4 25.7 29.5
Vexp
Table 4 Results for L-type straight cantilever beam
Tablica 4. Rezultati ispitivanja ravne konzolne grede tipa L
Exp. run 1 2 3 4 5 6 7 8 9 10 11 12
Ve MM 047 | 1.32 1.08 2.53 0.42 0.56 0.62 1.45 0.99 1.21 0.95 1.10
Vo M 0.57 | 1.22 1.17 2.49 0.34 0.73 0.70 1.49 0.96 0.96 0.96 0.96
»,,, mm 029 | 0.59 0.98 1.97 0.17 0.35 0.59 1.18 0.62 0.62 0.62 0.62
Y M 029 | 0.59 0.98 1.98 0.17 0.35 0.59 1.19 0.63 0.63 0.63 0.63
Yexp ™ Van % 38.6 | 555 9.8 21.9 58.8 36.9 5.5 18.1 36.9 48.6 343 433
Vexp

R?, standard error, regression sum of squares and the
result of F-test were used for checking the adequacy of
the model. The value of R? for the P-type of cantilever,
where fibres in outer plies are perpendicular to the len-
gth, is quite high (R? =0.98). It means that 98 % of
cantilever deflection variability was caused by the va-
riation of load P, length L and width b of the cantilever.
Only 2 % of the variability was caused by some other
factors, which were not included in the experiment
(factors that were not controlled). For L-type of canti-
lever, 12 % of variability was caused by some other
factors. It was explained by lower range of deflection

(0.42 to 1.44 mm) in comparison to the first type of
cantilever (deflection range is: 1.31 - 10.72 as shown in
Figure 10a).

3.1 Results for half-circle cantilever
3.1. Rezultati za polukruznu konzolu

For half-circle cantilevers, analytical, numerical,
experimental and regression model results values, for
the end point deflections, are presented in Table 6. The
last columns for each type of cantilever show differen-
ces between experimental and analytical values. The
differences between analytical and numerical results

==--- Experimental Model 7 Analytical
12 3
X a) P-type straight cantilever b) L-type straight cantilever

10 e 2. X
=) [ =) > N
g / g A
s ) \‘
s E /i\
IS) S J
] S /
< < |
e 13 '
o1 b1
D D )
= =
3 3 1
= =

0.5

1 2 3 4 5 6 7 &8 9 10 11 12

Exper. runs

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

Exper. runs

Figure 10 Experimental results, regression model and analytical results for deflection of: a) P-type straight cantilever, b)

L-type straight cantilever

Slika 10. Eksperimentalni rezultati, regresijski model i analiticki rezultati otklona: a) ravne konzole tipa P, b) ravne konzole

tipa L
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Table 5 Data analysis for regression model of straight cantilever
Tablica 5. Analiza podataka za regresijski model ravne konzole

Data / Podatak P-type L-type

R? 0.9859 0.9137
Adjusted R? / prilagodeni R’ 0.9807 0.8814
Standard error / standardna pogreska 0.0705 0.1785
Regression sum of squares / regresijski zbroj kvadrata 2.7893 2.6998

e 186.8291 28.2423
Fl F(3;8;0.05)=4.07 F(3;8;0.05)=4.07
Model is adequate
odgovarajué? model Yes (F,<F) Yes (F,<F)

are greater than for the straight cantilever, but still the
results are very close. The greater differences could be
explained by more complex analytical approach. Figu-
re 11 shows graphical representation of deflection va-
lues for different methods for P and L type of cantile-
vers, respectively.

Power regression model for P-type, half-circle
cantilever is:

6, =0.002107 - PR3 p1070 (20)
and for the L-type, half-circle cantilever is:
5L — 0003 1 3 3 P1.0787 _R14766 _b—0,9977 (21)

Table 6 Results for P-type straight cantilever beam

Statistical data analysis is shown in Table 8. Va-
lues of R* for both types of cantilevers are quite high.
Analytical values are, on average, 24 % lower than de-
flection recorded by the experiment for P-type of half-
circle cantilever and 25 % for L-type.

4 CONCLUSIONS
4. ZAKLJUCAK

Analytically and numerically determined deflec-
tions of strait and half-circle cantilever showed very
good agreement. Experimentally recorded deflections

Tablica 6. Rezultati ispitivanja polukruzne konzolne grede tipa P

Exp. run 1 2 3 4 5 6 7 8 9 10 11 12
Yy MM 0.80 | 1.88 5.24 10.68 0.61 1.45 2.41 5.21 3.53 3.66 3.34 3.32
Voq TIM 0.99 | 2.24 4.84 10.97 | 0.60 1.37 2.95 6.68 2.90 2.90 2.90 2.90
¥, mm 0.75 | 1.52 3.18 6.41 0.59 1.18 2.47 4.99 2.17 2.17 2.17 2.17
Ve TIM 0.72 | 145 3.14 6.34 0.46 0.93 1.93 3.90 1.76 1.76 1.76 1.76
M’% 5.8 19.1 394 39.9 4.0 18.4 2.5 4.2 38.5 40.7 35.0 34.7
-=¢-=- Experimental Model —7— Analytical
12 18

a) P-type half-circle cantilever b) L-type half-circle cantilever

o >,§ 16 2

/A 14 A

8 ,%‘ 12 1 !

Deflection / pomak, mm

Exper. runs
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Figure 11 Experimental results, regression model and analytical results for deflection of: a) P-type half-circle cantilever, b)

L-type half-circle cantilever

Slika 11. Eksperimentalni rezultati, regresijski model i analiticki rezultati otklona: a) polukruzne konzole tipa P, b)

polukruzne konzole tipa L

) DRVNA INDUSTRIJA 74 (1) 81-91 (2023) 89



Ziga, Kaémargik: Plywood Cantilever Deflection: Experimental, Analytical and FEM Approach

Table 7 Results for L-type straight cantilever beam

Tablica 7. Rezultati ispitivanja polukruzne konzolne grede tipa L

Exp. run 1 2 3 4 5 6 7 8 9 10 11 12
Py MM 190 | 430 | 733 | 1501 | 1.01 | 236 | 536 | 1136 | 436 | 3.96 | 4.09 | 4.05
y.,mm 171 | 371 | 728 | 1576 | 1.08 | 233 | 458 | 992 | 460 | 460 | 460 | 4.60
y,, mm 119 | 241 | 502 | 10.14 | 093 | 1.87 | 390 | 7.89 | 343 | 343 | 343 | 343
y.,mm 120 | 243 | 514 | 1037 | 084 | 1.71 | 3.60 | 729 | 329 | 329 | 329 | 329
Yoo = Yan o

T 373 | 441 | 315 | 325 | 83 | 207 | 272 | 306 | 213 | 134 | 161 | 153

Table 8 Data analysis for regression model of half-circle cantilever
Tablica 8. Analiza podataka za regresijski model polukruzne konzole

Data / Podatak P-type L-type

R 0.956 0.977
Adjusted R? / prilagodeni R’ 0.939 0.968
Standard error / standardna pogreska 0.201 0.131
Regression sum of squares / regresijski zbroj kvadrata 6.915 5.839

e 57.327 28.2423

ke F0(3;8;0.05)=4.07 F0(3;8;0.05)=4.07
Model is adequate / odgovarajuci model Yes (FO<F) Yes (FO<F)

were approximately 30 % higher than analytical valu-
es. The weakness of the analytical and numerical
approach lied in the lack of knowledge of the input data
for the wood tissue. The mean values were taken from
the publicly available literature (Brezovi¢ et al., 2003).
Another weakness was the presentation of glue line
and lack of its properties. Glue line was modelled with
a uniform thickness and with the smallest modulus of
elasticity.

This study showed that CLPT and Castigliano’s
theorem could be used to analytically obtain deflection
of half-circle, multi-layer composite structure and this
approach had never been presented in the publicly ava-
ilable literature as far as the authors were aware.

For strait, three-layer plywood cantilevers, direc-
tion of fibres in outer layers has great influence on
stiffness properties and deflection values. When fibres
in outer layers were perpendicular to the cantilever
span (P type), the stiffness was lower and deflection
was higher. Experimental deflection values for P type
cantilevers were 1.31 to 10.72 mm. For L type cantile-
vers, the deflections were 0.42 to 1.44 mm.

For half-circle, three-layer plywood cantilevers,
direction of fibres in outer layers has medium influence
on stiffness properties and deflection values. When fi-
bres in outer layers were perpendicular to the cantile-
ver span, experimentally recorded values were 0.61 to
10.68 mm (P type). For L type, experimentally recor-
ded values were 1.01 to 15.01 mm.

The implementation of design of experiment is
proved as an efficient way to obtain regression model for
the deflection of plywood beam. Model predicted values
are very close to the experimentally obtained values. In
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the observed experiments, the length of straight cantile-
ver (L) or the radius of half-circle cantilever (R) has the
most influence on the beam deflection, more than the
force (P) and width of the beam (b). The L or R have the
standardized coefficient with the largest absolute value
and this means that L or R are the most important inde-
pendent variable in the regression model.
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ABSTRACT e The increasing use of modified wood justifies the intention to use it in joints made by rotary weld-
ing with dowels. Thermal modification, for example, increases the dimensional stability of wood by reducing its hy-
groscopicity and water absorption, but it is difficult to glue or to rotary weld due to the appearance of cracks. This
can be avoided by changing the optimal welding parameters, which on the other hand directly affects the reduction
of the pull-out force by more than 25 % depending on the type of the modified base. In the case of welding wooden
dowels into wood modified with citric acid, the reduction in pull-out force is even greater. Due to the significant
reduction, the use of this type of modification for wood welding is questionable. When citric acid modification is
extended to the dowels, the dowel becomes a problem due to its lower tensile strength, which is even lower than
the pull-out force of the welded dowel.

KEYWORDS: rotary welding; thermal modification; modification with citric acid; pull-out force; wooden dowels

SAZETAK » Zavarivanje drva trenjem proces je kojim se spajaju dva ili vise elemenata drva. Zbog trenja se stvara
toplina koja omeksa i rastali strukturu drva. Zavarivanje toplinski modificiranog drva zanimljivo je zbog sve vece
primjene takvog drva u praksi. Toplinskom modifikacijom zbog smanjenja higroskopnosti i upijanja vode povecava
se stabilnost dimenzija drva, ali zbog pojave pukotina u uzorku moze biti otezano lijepljenje drva i rotacijsko za-
varivanje mozdanika. To se moze izbjeci tako da se mijenjaju optimalni parametri zavarivanja, Sto izravno utjece
na smanjenje izvlacne sile. Izvlacna sila mozdanika zavarenoga u toplinski modificiranu podlogu smanjuje se za
vise od 25 %, ovisno o vrsti uzorka. Smanjenje izvlacne sile mozdanika zavarenoga u drvo modificirano limunskom
kiselinom cak je i vece. Zbog znacajnog smanjenja izvlacne sile zavarenog mozdanika upitna je primjena modifi-
kacije limunskom kiselinom, kao i topinska modifikacija. Pri modifikaciji mozdanika limunskom kiselinom vlacna
Je ¢vrstoca mozdanika manja od izvlacne sile zavarenog mozdanika.
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1 INTRODUCTION
1. UVOD

When welding wood by friction, it is possible to
join wood elements because the heat changes the
structure of wood. Friction caused heat softens and
melts the chemical structure of wood (hemicellulose,
lignin and accessory substances), and cellulose fibres
are intertwined in the melt thus formed. The strength
of rotary welded joints is comparable to the strength
of glued joints. Belleville et al. (2013) reported that,
when heat-welding the birch and maple wood, the
hemicellulose breaks down, and the heat affects the
lignin polymer causing its depolymerisation. The ef-
ficiency of welding is therefore directly related to the
properties of the original wood elements, primarily
properties of lignin and hemicellulose. Due to lots of
research and developments of different wood modifi-
cation processes, and due to a wide range of applica-
tions of modified wood, the authors thought that it
would be interesting to research the possibility of
welding the modified wood.

Wood modification is a process in which the
chemical, physical and technical properties of wood
are changed (Hill, 2006). Nowadays, the modification
of wood has progressed considerably and is increas-
ingly being used for commercial purposes. It is also
necessary to differentiate the modification of wood pri-
marily for increasing its biological resistance and wood
modification for changing its mechanical, physical
and/or technical properties. Modification is the action
of chemical, biological or physical factors in wood,
and as this action changes the chemical composition of
wood cell walls, modification improves certain proper-
ties of wood (Hill, 2006).

The desired properties of the modified wood are
obtained by combining the type of heating medium,
duration of the process, final temperature, pressure of
the process and modified wood species (the main mod-
ification parameters). By reducing the coefficient of
swelling and shrinking, the stresses in the coating-
wood surface system are reduced and the service life of
wood, as well as of products made of modified wood,
is extended (Hasan and Despot, 2008). In addition to
changes in physical and mechanical properties at a
temperature of 433 to 493 K, wood resistance to fungi
and climatic influences also increases (Kamdem et al.,
2002). Heat treatment of beech wood at different tem-
peratures causes a change in the characteristics and
chemical components of wood (Windeisen et al.,
2007). Wood deformations caused by changes in water
content in modified wood can be reduced by up to 80
%, and water absorption by up to 70 % (Patzelt et al.,
2002). The same authors stated that the decrease in wa-
ter absorption is the result of a decrease in wood den-
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sity and change in the chemical structure of the modi-
fied wood. Beech, pine and spruce had the greatest
dimensional stability with the same mass loss. Com-
pared to spruce, beech has a greater mass loss under the
same conditions of thermal modification. Due to the
presence of oxygen, regular air, as a heating medium of
modification, causes a greater degree of decomposition
of wood matter compared to nitrogen.

If the modification temperatures are higher than
200 °C, or if the modification pressure is elevated at
the lower temperatures, significant degradation of the
wood structure occurs. The share of cellulose remains
almost unchanged, while the share of hemicellulose
decreases from 21 % to 1.99 % (200 °C for 10 h). With
an increase in the processing time, there may be an
increase in the proportion of lignin, since some com-
ponents formed by degradation are very similar to
lignin (Yildiz et al., 2006). The mechanical properties
of thermally modified wood are reduced both parallel
and perpendicular to the direction of wood fibres. Me-
chanical properties of modified wood can be evaluated
by testing its impact strength. Impact strength of mod-
ified wood decreases linearly with the increase of the
modification temperature (Rapp and Sailer, 2001;
Rapp et al., 2000).

The strength of the welded joint was improved by
heating the dowel to 100 °C to a water content of 1.5 %
and welding it into the substrate (Pizzi et al., 2004).
The thermal modification of wood (200 °C for 48
hours) affects the reduction of the pull-out force of the
dowel (Zup¢i¢ et al., 2009). The same authors reported
that the pull-out force of the modified hornbeam is 46
% lower compared to the unmodified one. Due to the
increased brittleness of the thermally modified bases,
the bases crack, so it is necessary to increase the weld-
ing time to avoid the cracks (Zupéi¢ et al., 2009). When
wood is heated almost without oxygen, hemicelluloses
break down first, followed by cellulose and finally
lignin (Tjeerdsma et al., 1998). This cellulose decom-
position is one of the factors that affect the strength of
the welded joint. Thermally modified samples of beech
wood can be successfully joined longitudinally using
the rotary welding method (Pizzi et al., 2004; Zupéic et
al., 2011). The thermal modification affects the reduc-
tion of strength of the welded joint. By increasing the
heat modification temperature from 140 °C to 180 °C,
the joint strength decreases. The vibrational welding is
also affected by the thermal modification of wood with
a significant reduction in shear strength (Vaziri and
Sandberg, 2021). The shear strength of the welded
joints was lower in the samples that were modified be-
fore welding compared to the samples that were ini-
tially welded and then thermally modified. Therefore,
thermal modification is not suitable for improving the
resistance of the welded joint to the influence of water.
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The weak water resistance of welded joints is based on
uneven swelling of the weld and adjacent wood, which
causes high stresses in the welded joint (Vaziri et al.,
2019). The strength of the joint made by vibration
welding of thermally modified wood is twice lower
than the joint of unmodified wood (Boonstra et al.,
2000).

Zhang et al. (2018) treated base samples with
CuCl, and this treatment resulted in an increase of pull-
out force of % compared to untreated samples, with
the same dowel welding time. The same authors re-
ported that by extending the welding time, the pull-out
force decreased. The treatment with CuCl, affects the
strength of the joint due to the formation of more
molten materials by the depolymerization and pyroly-
sis of the wood components (Zhang et al., 2018). How-
ever, CuCl, has a negative impact on the environment.

Citric acid is one of polycarboxylic acids, to-
gether with butanetetracarboxylic acid (BTCA), used
to improve the dimensional stability of solid wood and
wood panels, as well as to increase the biological re-
sistance of modified solid wood (Peyer et al., 2000;
Sefc, 2006; Hasan, 2010). It is ecologically and eco-
nomically acceptable and does not contain formalde-
hyde. The tensile strength of wood modified with cit-
ric acid is reduced by up to 50 %, and with a decrease
in the concentration of citric acid, the drop in tensile
strength also decreases (Sefc, 2006). By increasing the
concentration of citric acid up to 10.5 %, the biologi-
cal resistance of beech and pine wood modified with
citric acid against rot fungi increases significantly
(Hasan, 2010).

This research aimed to determine the possibility
of welding thermally modified wood and wood modi-
fied with citric acid. Today, modified wood is success-
fully used in exterior applications for floors and fa-
cades, so it is important to understand the possibilities
of welding modified wood due to its wide range of ap-
plication in construction.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

Beech wood (Fagus sylvatica L.) was used in the
research, randomly selected from the storage of sawn
timber, so its origin is unknown. The planks were 50
mm thick without knots, pin knots, irregular heartwood
and cracks. The chosen planks were first air-dried and
then kiln dried to the final moisture content of (11+£1)
%. The texture of planks was semi radial / tangential.
For wooden dowels production, beech wood grooved
rods, 1000 mm in length and 10 mm in diameter, were
purchased on the free market.

2.2 Specimens for bases and dowels
preparation

2.2. Priprema uzoraka baza i mozdanika

The base specimens were made using the tech-
nique of sawing, fine planing and cross-cutting to the
exact shape and size. Specimens with a cross section of
30 x 30 = 0.1 mm and a length of 64 + 0.1 mm were
used as a base for welding the dowels parallel to the
grain. A hole was drilled in longitudinal direction in the
centre of each specimen (Figure 1). Specimens with a
cross section of 30 x 30 £0.1 mm and a length of 200
+0.1 mm were used as a base for welding the dowels
perpendicular to the grain. In each specimen, three
holes were drilled perpendicular to the grain, spaced 66
mm apart, and the two side holes were moved from the
edge of the specimen by 34 mm (Figure 2). All holes
were drilled with a Universal HSS spiral drill of 8.5
mm in diameter, with a rotation frequency of 1520 min-
I. The diameter of the holes drilled parallel to the grain
was smaller than the diameter of the drill by 0.01 to
0.05 mm, while the diameter of the holes perpendicular
to the grain was smaller by 0.06 to 0.1 mm than the
diameter of the drill.

The dowels were made by sawing 1000 mm long
wooden rods to 120 mm. Each dowel end (cross sec-
tion) was bevelled for | mm at an angle of 45°. The
average diameter of the grooved dowels was 10.06 mm
measured crosswise at the top of the dowel. The dow-
els prepared in this way were conditioned in laboratory
conditions for more than 30 days before welding and
modification.

64

30

30

17
/'f

Figure 1 Specimen (base) for welding dowels parallel to
grain

Slika 1. Uzorak za zavarivanje mozdanika u smjeru
vlakanaca
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30

15

34

100

200

34

Figure 2 Specimen (base) for welding dowels perpendicular to grain
Slika 2. Uzorak za zavarivanje mozdanika okomito na smjer vlakanaca

2.3 Preparation of modified specimens
2.3. Priprema modificiranih uzoraka

To investigate the influence of selected factors
on the pull-out force of the welded dowels, 10 differ-
ent joints were tested (Table 1). Joints were prepared
with differently modified sample bases and/or dowels
and different directions of welding or gluing of the
dowels. Thermal modification as well as thermo-con-
dansation phase of modification with citric acid were
performed in air atmosphere. The procedure was car-
ried out by gradual heating of the specimens (bases
and/or dowels) up to a temperature of (103 £ 2) °C to
achieve 0 % moisture content. Then the temperature
was linearly increased to 160 °C over a period of 40
minutes. At a temperature of 160 °C, the wood was
thermally modified for 10 hours. After 10 h, the tem-
perature was linearly decreased over the next 40 min
to (103 £ 2) °C, and the modified specimens were
cooled to room temperature in a desiccator over silica
gel. After modification, samples were weighed on a
precise laboratory balance (£0.1 mg), and the mois-
ture content and mass loss of thermally modified
wood were determined. The average mass loss caused
by thermal modification was 2.6 % (1.4 % to 3.5 %),
and after 60 days of conditioning in laboratory condi-
tions the average moisture content in the thermally
modified specimens was 6.4 % (min, 4.2 % max. 7.7
% measured according to HRN ISO 13061- 1:2015).
After conditioning, the dowels were welded into the
bases.

An aqueous solution of 10.5 % of citric acid was
prepared with the addition of 7.5 % sodium hypophos-
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phite, SHP (NaH,PO,xH,O) as a catalyst. The second
set of specimens (bases and dowels) were immersed in
the prepared solution and impregnated by full cell pro-
cedure (vacuumed in the chamber for 2 h, after which
the pressure in the chamber was raised to 4 bar and
maintained for the next 2 h). After finishing the im-
pregnation, the excess solution from the specimens
was wiped with a cloth, and the impregnated speci-
mens were left for 10 days in laboratory conditions for
drying and conditioning. After drying in laboratory
conditions, the specimens (bases and dowels) were
placed in an oven dryer and the temperature was grad-
ually (over 6 hours) increased to (103 + 2) °C. Care
was taken to prevent the sudden drying of the speci-
mens and the appearance of cracks. Since the drying
went well, the temperature was linearly increased dur-
ing the next 40 minutes to the final thermo-condensa-
tion temperature of 160 °C and maintained for 10 h.
After the completion of thermo-condensation (modifi-
cation of the specimens), the temperature linearly de-
creased to (103 + 2) °C over the next 40 minutes. The
final cooling of the modified specimens to room tem-
perature was carried out in a desiccator over silica gel.
After 60 days of conditioning in laboratory conditions,
the average moisture content in the specimens (bases
and dowels) modified with citric acid was 6.0 % (min.
5.1 % max. 6.6 % measured according to HRN ISO
13061-1:2015).

Modified and unmodified dowels were glued and
welded into modified and unmodified bases as de-
scribed in Table 1. For each parameter combination, 36
joints were glued or welded.
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Table 1 List of test combinations and sample codes
Tablica 1. Popis ispitanih kombinacija i oznacivanja uzoraka

O. nu. N OPR Code
Red. br Test description /Opis ispitivanja Oznaka

Unmodified dowels welded into thermally modified base perpendicular to wood grain

1 e . o o . . MRTV
nemodificirani mozdanici zavareni u termicki modificiranu podlogu okomito na smjer vlakanaca
Unmodified dowels glued into thermally modified base perpendicular to wood grain

2 L o o o . . MRTLJ
nemodificirani mozdanici zalijepljeni u termicki modificiranu podlogu okomito na smjer vlakanaca
Unmodified dowels welded into thermally modified base parallel to wood grain

3 e . o . . MPV
nemodificirani mozdanici zavareni u termicki modificiranu podlogu paralelno sa smjerom vilakanaca
Unmodified dowels glued into thermally modified base parallel to wood grain

4 O S L . MPLJ
nemodificirani mozdanici zalijepljeni u termicki modificiranu podlogu paralelno sa smjerom viakanaca
Unmodified dowels welded into base modified with citric acid perpendicular to wood grain

5 I . o . . . . LKV
nemodificirani mozdanici zavareni u podlogu modificiranu limunskom kiselinom okomito na smjer vlakanaca
Unmodified dowels welded into base modified with citric acid parallel to wood grain

6 nemodificirani mozdanici zavareni u podlogu modificiranu limunskom kiselinom paralelno sa smjerom | LKPV
vlakanaca
Unmodified dowels glued into base modified with citric acid parallel to wood grain

7 nemodificirani mozdanici zalijepljeni u podlogu modificiranu limunskom kiselinom paralelno sa LKPLJ
smjerom vlakanaca
Dowels modified with citric acid welded into unmodified base parallel to wood grain

8 limunskom kiselinom modificirani mozdanici zavareni u nemodificiranu podlogu paralelno sa smjerom | MLKPV
vlakanaca
Control test (8.5 mm) unmodified dowels welded into unmodified bases perpendicular to wood grain

9 kontrolno ispitivanje (8,5 mm): nemodificirani mozdanici zavareni u nemodificiranu podlogu okomito | 8,5 RTV
na smjer vlakanaca
Control test (8.5 mm) unmodified dowels welded into unmodified bases parallel to wood grain

10 | kontrolno ispitivanje (8,5 mm). nemodificirani mozdanici zavareni u nemodificiranu podlogu u smjeru 8,5PV
vlakanaca

2.4 Production of test joints by rotary
welding

2.4. |zrada ispitnih spojeva rotacijskim
zavarivanjem

All welded joints were made using the rotary
welding technique, where the dowel rotates at a certain
frequency and is welded into stationary base. The dow-
els were welded parallel and perpendicular to the wood
grain. The rotation frequency of the dowels was 1520
min’', the welding depth was 20 mm, and the duration
of welding was from 0.8 to 1 s (Table 2), depending on
the base or dowel modification type. Rotary welding
was performed with an average interference fit of 1.6
mm in order to keep the welding times within optimal
limits. It was not possible to use a larger interference fit

Table 2 Data on welding duration
Tablica 2. Podatci o trajanju zavarivanja

due to the appearance of cracks in the modified bases
or breakage of the modified dowels during welding.
After the rotation was stopped, the pressure on the
dowel was maintained for 5 seconds.

2.5 Production of test joints by gluing
2.5. lzrada uzoraka tehnikom lijepljenja

The samples intended for gluing were of the
same dimensions as the samples for welding, except
the holes were 10 mm in diameter. The average inter-
ference fit during gluing of the dowels was 0.16 mm.
One-component waterproof PVAC bond Pattex super 3
(Henkel, Hungary) was used. The gluing process con-
sisted of applying the glue on the dowel and inserting it
partially into the hole. Then, using a stopper, the dowel

Type of modification and section Average duration of welding, s Feed per revolution, mm
Vrsta modifikacije i presjeka Prosjecno trajanje zavarivanja, s Pomak po okretaju, mm

MPV 1.0 0.79

MRTV 0.9 0.88

LKPV 0.9 0.88

LKRTV 0.8 0.99

MLKPV 1.0 0.79

8,5PV 0.8 0.99

8,5 RTV 0.8 0.99
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was pressed to a depth of 20 mm. After pressing, the
excess glue was removed. The mass of the applied glue
was determined by measuring the mass of the glued
joints before applying the glue and after gluing (after
removing the excess glue from the joint). The average
application of glue for grooved dowels was 244 g/m?
per joint. After gluing the dowels, the glued joints were
conditioned in laboratory conditions for a minimum of
seven days.

2.6 Testing method and data analysis
2.6. Metoda ispitivanja i analiza rezultata

The testing of the undamaged glued and welded
joints was carried out on a universal tensile testing ma-
chine after its visual control. All prepared joints were
conditioned for seven days before they were tested on
a computer controlled universal / tensile testing ma-
chine Shimadzu AGX-V (AUTOGRAPH Precision
Universal Tester AGX-V, SHIMADZU Corporation,
Kyoto, Japan). The joints were tested using joint jaws
for precise positioning. The movement of jaws during
the test was 5 mm/min.

The data obtained from the measurements were
processed in the StatSoft Statistica 8.0 software pack-
age. If the condition of normality of distribution and ho-
mogeneity of variance was satisfied (Table 4), the differ-
ences between individual groups of samples were tested
by Student’s T-test or by analysis of variance. If the con-
dition of homogeneity of variance was not met (Table 7;
F-test and Levene’s test), the Mann-Whitney U-test or
the Kruskal-Wallis test was used to confirm whether or
not there was a statistically significant difference be-
tween individual groups of samples. Post-hoc tests es-
tablished statistically significant differences between
individual groups of samples if they existed (Tables 5
and 8). The difference greater than 5 % was considered
significant. Presentations of comparisons were made us-
ing box and whisker graphs (Figure 3 and 4).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

During welding, a part of the wooden tissue of
the dowel and base, which is in the zone of an interfer-
ence fit, is melted (black line in Figure 3). The tip of the
dowel is turned upwards, and it is visible that the weld-
ed joint becomes conical (Figure 3). Conical shape of
the welded joint incurs due to tear off of the tip of the
dowel during the beginning of the welding, while no
melting temperature is reached.

During welding, modified wood melts much less
than unmodified wood. The border of the dowel and
the base in the welded joint in Figure 4 is the crack, and
the thickness of the melt of thermally modified dowel
is visibly smaller than the thickness of the melt of un-
modified base (Figure 4).
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Figure 3 Sections of welded unmodified dowel into
unmodified base; tip of the dowel is turned upwards
(Zupgi¢, 2010)

Slika 3. Presjeci zavarenoga nemodificiranog mozdanika u
nemodificiranu podlogu; vrh mozdanika usmjeren je prema
gore (Zup¢ié, 2010.)

An average density of unmodified wood of bases
was 0.69 g/cm? (min. 0.62 and max. 0.74 g/cm’; accord-
ing to HRN ISO 13061-2:2015). Average density of
thermally modified wood (bases) was (0.63 + 0.04) g/
cm’, while the average density of wood modified with
citric acid was (0.67 + 0.03) g/cm®. Thermally modified
wood has increased dimensional stability, which is cer-
tainly a positive characteristic, but also increased brittle-
ness, which is a negative characteristic when wood is to
be used for rotary welding. The fragility of wood during
rotary welding requires an extension of the duration of
the welding process, and it requires the reduction of the
interference fit. The optimal interference fit for rotary
welding of 10 mm diameter dowels is 2 mm (Pizzi et al.,

DET: SE Detector
DATE: 05/22/09 1 mm
Device: TS5130

»
\

SEM MAG: 100 x

HV: 150kV

VAC: HiVac

Vega ®Tescan
Katedra nauky o dreve - DF TU Zvolen

Figure 4 SEM micrograph of transversal section of welded
thermally modified dowel into unmodified base: Left of
crack - dowel; Right of crack - base (Zupéi¢, 2010)

Slika 4. SEM mikrografija transverzalnog presjeka
zavarenog termicki modiciranog mozdanika u nemodi-
ficiranu podlogu: lijevo od pukotine je mozdanik, a desno
od pukotine je podloga (Zup¢i¢, 2010.)
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2004). The welding time also affects the strength of the
rotationally and vibrationally welded joints (Zupéié et
al., 2011; Amirou et al., 2020). Within this investigation,
an interference fit of 2 mm was not adequate to ensure
the optimal movement of the dowel during welding of
the modified wood. Therefore, the interference fit was
reduced to 1.6 mm, so that the welding time of the mod-
ified and unmodified specimens could be approximately
the same, considering that the extension of the welding
time reduces the strength of the joint. It was not possible
to use a larger interference fit due to the appearance of
cracks in the modified bases or the breakage of dowels
during welding.

Welding the dowels modified with acid into the
modified bases was difficult to perform due to occur-
rences of cracks and splits in the bases or fractures of the
dowels. Due to the increased brittleness of the wood
modified with citric acid, the dowels crumbled, and the
bases split during welding. Splitting of the bases oc-
curred often at the very beginning of welding due to the
pressure of the dowel on the walls of the holes. For these
reasons, modified dowels were successfully welded only
in unmodified bases (Figure 4; but other problems arose
during the pull-out test), and welding of modified dow-
els into modified bases was not carried through.

In addition to the increase in wood brittleness, it
was observed that, when welding modified wood, less
melt is coming out of the joint and more broken pieces
of wood occur. A similar phenomenon occurs with vi-
brational welding of wood. During vibrational weld-
ing, the weld lines of heat-treated wood show inter-
twined fibres with none or a very small amount of the
molten material that is usually observed when welding
unmodified wood. In weld lines, obtained by hydro-

thermal processes during welding, an increase in stiff-
ness and brittleness of the wood cells is observed
(Boonstra et al., 2006).

Statistical analysis revealed a statistically signifi-
cant reduction in pull-out force of welded dowels com-
pared to glued ones in the modified bases, both in a
parallel and perpendicular direction to the grain (Ta-
bles 3, 4 and 5; 6, 7 and 8). The pull-out force of weld-
ed dowels parallel to the grain is 27 % lower, while the
pull-out force of welded dowels perpendicular to the
grain is 45 % lower than that of glued dowels. Higher
pull-out force values were achieved by gluing and
welding the dowels parallel to the grain compared to
the perpendicular direction, which was expected on the
basis of previous knowledge. The results of the re-
search (Figure 5, Table 3) show an additional reduction
in the pull-out force of glued and welded joints of spec-
imens modified with citric acid compared to the ther-
mally modified samples, as it was proven by Poljak
(2008) who conducted a similar research.

A comparison of the pull-out forces obtained by
welding thermally modified and unmodified wood par-
allel to the grain (Table 6, Figure 6) indicates a 25 %
reduction in the pull-out force of thermally modified
wood. Specimens modified with citric acid and welded
perpendicular to the grain achieve a 32 % reduction in
pull-out force compared to unmodified ones. Pull-out
force of welded joints of thermally modified wood per-
pendicular to the grain is reduced by more than 36 %
compared to pull-out force of unmodified joints. Weld-
ed joints modified with citric acid achieve a 4 % reduc-
tion in pull-out force compared to unmodified ones.
Such a small reduction in pull-out force indicates an
illogical result. Namely, it was expected that the

Table 3 Descriptive statistics of pull-out force depending on modification type and grain orientation of welded/glued joints
Tablica 3. Deskriptivna statistika izvla¢ne sile u ovisnosti o modifikaciji drva i smjeru vlakanaca zavarenih/slijepljenih spojeva

Number of welded/glued and
Code tested joints M.e an P.ull-out.forc«z, N . .
. . T Srednja vrijednost izvlacne sile, | Std. Dev, N Min, N Max, N
Oznaka Broj zavarenih/zalijepljenih N
i ispitanih spojeva
MPV 36 3255.1 501.3 2606 4493
MRTV 25 5198.4 481.5 1118 2989
MPLJ 31 44717.6 511.5 3633 5599
MRTLJ 12 4058.6 408.5 3586 4772
LKPV 29 2948.3 351.1 2342 3472
LKRTV 27 3333.5 333.1 2786 4078
LKPLJ 18 3606.3 537.6 2863 4817
Table 4 Levene test of homogeneity of variances of welded/glued joints pull-out forces
Tablica 4. Testiranje homogenosti varijance (Leveneov test) izvlacne sile zavarenih/slijepljenih spojeva
Variable AN df MS SS df MS F
Varijabla effect Effect Effect Error Error Error p
Pull-out foree, N1 565113 1 6 | 9335218 | 12561687 | 171 | 73460.16 | 1.270787 | 0.273268
izvlacna sila, N

*QOrange colour means statistically significant difference at p < 0.05000. / Narancasto su otisnute statisticki znacajne razlike pri p < 0.05000.
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Table 5 Multiple post hoc test of welded/glued joints pull-out forces

Tablica 5. Visestruki post hoc test izvlacne sile zavarenih/slijepljenih spojeva

Code 0 @ 5) 0) B) ©) ™
Oznaka M=3255.2 M=2198.4 M=4058.6 M=4058.6 M=2948.3 M=3333.5 M=3606.3
MPV (1) 0.000000 0.000000 0.000191 0.297686 0.998258 0.311292
MRTV (2) 0.000000 0.000000 0.000000 0.000008 0.000000 0.000000
MPLJ (3) 0.000000 0.000000 0.295059 0.000000 0.000000 0.000001
MRTLJ (4) 0.000000 0.000000 0.295059 0.000000 0.002571 0.314365
LKPV (5) 0.297686 0.000008 0.000000 0.000000 0.129865 0.001165
LKRTV (6) 0.998258 0.000000 0.000000 0.000571 0.129865 0.690699
LKPLJ (7) 0.311292 0.000000 0.000001 0.314356 0.001165 0.690699

*QOrange colour means statistically significant difference at p < 0.05000. / Narancasto su otisnute statisticki znacajne razlike pri p < 0.05000.
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Figure 5 Influence of modification type and grain orientation on pull-out force of welded/glued joints
Slika 5. Utjecaj vrste modifikacije drva i smjera Zice na izvlaénu silu zavarenih/slijepljenih spojeva

LKRTYV samples would achieve a lower pull-out force
compared to the MRTV samples. Comparing LKPV
and LKRTV samples, the pull-out force of LKRTV
samples is slightly increased (statistically not signifi-

cant; Table 8), which was not expected. This increase
in pull-out force is affected by the growth rings width,
density of wood and the reduction of welding time by
0.1 s. Wood welding is a process that depends on nu-

Table 6 Descriptive statistics of pull-out force depending on modification type and grain orientation of welded joints
Tablica 6. Deskriptivna statistika izvlacne sile u ovisnosti o vrsti modifikacije i smjeru Zice zavarenih spojeva

Mean Pull-out Number of welded
Code force, F, N and tested joints | Std. Dev. | Min (F), | Max (F), | Q25 (F), | Median | Q75 (F),
Oznaka Srednja vrijednost Broj zavarenih i (F),N N N N (F), N N
izvlacne sile, N ispitanih spojeva
8.5PV 4346.8 30 493.4 3472 5305 4013 4390 4699
MPV 3255.2 36 501.3 2606 4493 2908 3128 3510
LKPV 2948.3 29 351.1 2342 3472 2657 2945 3246
MLKPV 2586.4 25 966.4 774 4063 1886 2742 3269
8.5RTV 3455.9 30 274.4 3057 3940 3222 3438 3660
MRTV 2198.4 25 481.5 1118 2989 1950 2179 2571
LKRTV 33335 27 333.1 2786 4078 3087 3319 3499
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Table 7 Levene test of homogeneity of variances of welded joints pull-out force
Tablica 7. Testiranje homogenosti varijance (Leveneov test) izvlacne sile zavarenih spojeva

Variable SS daf MS SS daf MS -

Varijabla effect Effect Effect Error Error Error p
Pull-out force, N'| 50,6 6 879686.0 | 17146604 195 8793130 | 10.00424 | 0.000000
izvlacna sila, N

*Orange colour means statistically significant difference at p < 0.05000. / Narancasto su otisnute statisticki znacajne razlike pri p < 0.05000.

Table 8 Multiple comparisons of p values of welded joints pull-out force
Tablica 8. ViSestruka usporedba rangova izvla¢ne sile zavarenih spojeva

Code Kruskal-Wallis test H (6. V=202) = 119.8847 p = 0.000
Oznaka 8,5 PV MPV LKPV MLKPV 8,5 RTV MRTV LKRTV
R:181.03 R:101.96 R:74.793 R:65.980 R:128.33 R:26.180 R:114.02
8.5 PV 0.000001 0.000000 0.000000 0.010083 0.000000 0.000325
MPV 0.000001 1.000000 0.379561 1.000000 0.000013 1.000000
LKPV 0.000000 1.000000 1.000000 0.009163 0.048516 0.254168
MLKPV 0.000000 0.379561 1.000000 0.001719 0.337619 0.064440
8.5RTV 0.000000 1.000000 0.009163 0.001719 0.000000 1.000000
MRTV 0.010083 0.000013 0.048516 0.337619 0.000000 0.000001
LKRTV 0.000325 1.000000 0.254168 0.064440 1.000000 0.000001

*Orange colour means statistically significant difference. / Narancasto su otisnute statisticki znacajne razlike.

merous welding parameters (Pizzi et al., 2004; Leban
et al., 2008; Zupgié, 2010), such as the duration of the
welding process, interference fit, growth rings width,
wood density, rotation frequency, welding depth, etc.
The average growth rings width of LKPV bases was
2.5 mm and of LKRTV bases 3.0 mm. The average
density of LKPV bases was 0.65 g/cm?®, while the aver-
age density of LKRTV bases was 0.69 g/cm®. Increas-
ing the growth rings width of hardwoods increases the
density of wood, and the increase in wood density re-

sults in a slight increase in the pull-out force (Zupéié,
2010), but not significant. Therefore, the density of
wood and the width of the growth rings can result in a
slight increase in the pull-out force of the welded dow-
els (Table 6, Figure 6). The results of this research in-
dicate a significant reduction of the pull-out force of
welded joints of thermally modified wood and wood
modified with citric acid, which raises the question of
the justification of welding the modified wood (Tables
5 and 8).
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Figure 6 Influence of modification type and grain orientation on pull-out force of welded joints
Slika 6. Utjecaj vrste modifikacije drva i smjera Zice na izvla¢nu silu zavarenih spojeva
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Dowels modified with citric acid can be success-
fully welded to an unmodified base (MLKPV). During
welding, there were no major cracks or splits in the
bases. As a result of the modification, some dowels
were slightly curved and deflected, which created ma-
jor problems during welding. If the deflection of the
dowel was greater than 1 mm, it was not welded. Dur-
ing pull-out testing, only three, out of 25 welded dow-
els, were pulled out of the bases. All other dowels were
weaker than the welded joint, so the pull-out force
could not be measured. High data variability of meas-
ured pull-out force is due to the different tensile
strength of the modified dowels. The tensile strength of
the dowels varied from a minimum of 774 N to a max-
imum of 4063 N, and the average pull-out force of
three dowels that withstood the tension during testing
(no fracture occurred in the dowel) was 3420 N, which
is comparable to the MRTV and LKRTV samples (Ta-
ble 6, Figure 6).

4 CONCLUSIONS
4. ZAKLJUCAK

The untreated dowels can be welded or glued into
a thermally modified base or a base modified with cit-
ric acid. If both the base and the dowel are modified
with citric acid, major errors (splits in the bases or
breakage of the dowels) occur during welding.

Thermal modification causes a decrease in the
pull-out force of welded and glued dowels parallel and
perpendicular to the grain. Welded and glued dowels
parallel to the grain achieve higher pull-out forces
compared to welded and glued dowels perpendicular to
the grain.

Modification with citric acid in glued or welded
samples parallel and perpendicular to the grain reduces
the pull-out force compared to thermally modified
samples.

The strength of the welded joints of dowels mod-
ified with citric acid is higher than the tensile strength
of the modified dowels.

Due to the significant reduction of pull-out force
of dowels welded in thermally modified wood or wood
modified with citric acid, their use is not recommended
for welded joints.
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ABSTRACT . The effect of temperature and moisture on the behaviour of solid wood is a well-known fact that
directly affects wood creep as well. Wood creep includes three types of behaviour, such as viscoelastic creep, mech-
ano-sorptive creep, and pseudo-creep and recovery. All these types can occur simultaneously, and it is sometimes
complicated for researchers to isolate or distinct one from another. This paper presents a review of literature on
wood rheology and creep properties, as well as factors that influence them, mainly time, temperature, and moisture
content. The study of the viscoelasticity and wood creep is very important for gaining knowledge to be applied in
solid wood bending.

KEYWORDS: solid wood; creep; rheology; viscoelastic; solid wood bending

SAZETAK - Utjecaj temperature i vlage na ponasanje drva dobro je poznata cinjenica koja ima izravan utjecaj
i na puzanje drva. Puzanje drva obuhvacéa tri tipa ponasanja: viskoelasticno puzanje, mehanicko puzanje uzro-
kovano sorpcijom vode te prividno puzanje i oporavak. Svi ti tipovi ponasanja drva mogu se pojaviti istodobno,
a istrazivacima je katkad komplicirano izolirati ili razlikovati jedan tip od drugoga. Ovim je radom prikazan
pregled literature vezane za reologiju i svojstva puzanja drva, kao i cimbenika koji na njih utjecu, a uglavnom
su to vrijeme, temperatura i sadrzaj vode u drvu. Proucavanje viskoelasticnosti i puzanja drva iznimno je vazno
radi stjecanja specificnih znanja potrebnih za istrazivanja i razvoj tehnoloskog procesa savijanja cjelovitog drva.

KLJUCNE RIJECI: ¢jelovito drvo,; puzanje; reologija; viskoelasticnost, savijanje cjelovitog drva

1 INTRODUCTION
1. UVOD

rangement is the basic of dividing cell wall layers
(Cave and Walker, 1994). Lignin is an amorphous phe-
nol, and the cellulose and hemicellulose are linear pol-

Wood is a 3-component fibre-reinforced biocom-  ysaccharides (Tabet and Aziz, 2013). According to Ar-

posite. Its cells are multi-layered tubes with closed
ends. Individual cells have four distinct cell wall lay-
ers. Those layers are primary, S1, S2, and S3 and each
of them is composed of a combination of cellulose mi-
crofibrils, lignin and hemicelluloses. Microfibrils ar-

zola-Villegas et al. (2019), primary wall and middle
lamella are grouped into a layer called the compound
middle lamella due to them being almost identical. The
middle lamella provides adhesion between the cells
and interconnects them. It is mostly made of lignin

! Authors are researchers at University of Zagreb, Faculty of Forestry and wood technology, Department of Wood Technology, Zagreb, Croatia.
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Figure 1 Schematic of wood cell wall layers, patterns represent cellulose microfibril orientations (Arzola-Villegas et al.

2019)

Slika 1. Shema slojeva stani¢ne stijenke drva; uzorak predo¢uje orijentaciju celuloznih mikrofibrila (Arzola-Villegas et al.,

2019.)

with some hemicelluloses. Schematic of wood cell
wall layers in Figure 1 shows the patterns that repre-
sent the orientation of cellulose microfibril.

Navi and Sandberg (2012) stated that the S2 layer
is thicker than S1 and S3 and that therefore it contrib-
utes the most to the mechanical and physical properties
of the cell wall. For these reasons, the term microfibril
angle (MFA) is usually applied to the orientation of
cellulose microfibrils in the S2 layer in literature. It re-
fers to the angle between the direction of cellulose mi-
crofibrils and the longitudinal cell axis. According to
Barnett and Bonham (2003), wood mechanical proper-
ties are profoundly affected by differences in microfi-
bril angle since the S2 layer represents the cell wall
major component. Tensile strength and stiffness quick-
ly decrease as the MFA increases (Mary Treacy et al.,
2001). This means that wooden elements with long
cells and low microfibril angles would make great ma-
terial for bending due to better tensile strength, which
can cause problems.

Bending of wood is the type of processing with
certain levels of mechanical destruction. It is often
used in manufacture of furniture, ships and boats,
sports equipment, fishing rods, bows and other kind of
tool equipment. Higher material utilization is the most
important advantage of wood bending. Some of other
advantages are small investments in technology, and
higher strength and stiffness of bent wood elements
than those of sawn elements. For example, chairs pro-
duced of bent elements have greater load-bearing ca-
pacity (e.g., legs, back rest, and arm rest) than those of
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sawn elements. Greater strength of bent elements is
due to continuous grain slope. Sawn elements have
their grain slope cut off in certain parts, which lowers
their strength and load-bearing capacity.

When solid wood bends, it stretches on the con-
vex (outer) side of bent piece and compresses on the
concave (inside) side. Therefore, convex side is longer
than the concave side. Bent elements tend to return to
their original position due to high remaining stresses
caused by deformation of wood. For these reasons
wood is softened by moisture and heat or in some cases
with chemicals because that way stress development is
limited. It allows wood elements to retain their bent
shape. Wood, even after softening or plasticizing, can-
not be stretched very much but it can be significantly
compressed, which is the reason why manufacturers
are compressing wood while at the same time prevent-
ing stretching along the outer (convex) side (usually by
using a metal strip). Some prior knowledge of wood
creep and rheology of materials (mainly wood) is re-
quired to bend wood properly and precisely without a
high rate of damage and discard.

Wood is a natural polymer, and it creeps under
imposed stress, and it is a viscoelastic mechanical
problem that is mostly encountered during processing
and utilization. Wood creeps during the drying of solid
wood, as well as during long-term loading of wood
members such as roof frames, beams, columns, and
walls. It is necessary to understand wood creep proper-
ties and the influence of creep on wood and wood prod-
ucts in long-term service conditions to make rational
and efficient use of it (Jin et al., 2016).
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Pustai¢ and Cukor (2009) called material creep
“a phenomenon where stresses and strains that occur
under the load of a deformable body change over time
even if the load is time-invariant (constant)”. On the
other hand, Curtu ef al. (2015) defined the rheological
behaviour as the system that strains under external load
in a certain amount of time and under the influence of
environmental factors. This phenomenon was also di-
vided by Pustai¢ and Cukor (2009) in two forms; the
first form is called creep — the change in deformation
over time, while the second form is called relaxation —
the change in stress. Fridley (1992a); Fridley (1992b)
characterized wood as viscoelastic material governed
by creep behaviour. Creep can be plastic and elastic,
which means that, with plastic creep, the deformations
are basically irreversible (only slight decrease in de-
flection) after unloading the element, while with elastic
creep, deformations decrease over time after removing
the load from the element and they completely disap-
pear after some time. Hunt (1999) claims that for many
structural applications the most important mechanical
property of wood is its resistance to deflection, includ-
ing elastic and creep deflection. Many factors affect
rheological phenomenon. Curtu et al. (2015) listed
some of them to be temperature and air humidity or
moisture content (MC) of rheological system (in this
case wood MC), various radiations in term of intensity,
duration, and type — UV, IR, X, geometry of the cle-
ments; loadings in terms of intensity, variation, dura-
tion; defects; aggressive environment; composition,
material properties; and combinations of these factors.
Rheology science is based on the theories of the
strength of materials, thermodynamics, chemistry and
materials science, but in terms of application, it pro-
vides a personalized analysis or diagnosis according to
the condition of the structures/systems used (Curtu et
al., 2015). Hunt (1999) suggests that creep includes
three distinct types of behaviour, which are difficult to
separate because they can all operate simultaneously.
The three types mentioned by Hunt (1999) are time-
dependent (viscoelastic) creep, mechano-sorptive
(moisture-change) creep, and the pseudo-creep and re-
covery ascribed to differential swelling and shrinkage.

2 MECHANICS AND RHEOLOGY OF
WOOD

2. MEHANIKA | REOLOGIJA DRVA

The study of strain behaviour of polymeric mate-
rials, which is time-dependent, is called creep and it is
defined as continuous deformation in time when ex-
posed to a continuous load (Peng ef al., 2017). In terms
of creep behaviour, it is well known that, when stress is
applied, an immediate elastic strain appears and in case
of longer period exposure, long-term strain is devel-

oped. Navi and Stanzl-Tschegg (2009) and Morreale et
al. (2015) described wood as a sustainable building
material, which shows creep behaviour due to its vis-
coelastic nature. Creep of wood as viscoelastic materi-
al occurs as a combination of elastic deformation and
viscous flow, known as viscoelastic deformation
(Bodig and Jayne, 1993). As already mentioned in the
introduction, a variety of factors influence wood creep
behaviour, some of them being stress level, composite
formulation, temperature, and MC (Liu, 1993; Chen
and Lin, 1997; Hogan and Niklas, 2004; Zhang et al.,
2007). The factors listed above are a more simplified
explanation of rheological factors than that of Curtu et
al. (2015) presented in the previous chapter. Leicester
(1971) reported that, while drying under a load, the de-
flection increase is more influenced by MC than by
time. Hunt (1999) suggests that the main design pa-
rameter for timber is deflection which is the addition of
two types of behaviour, namely elastic deflection and
creep. The second component of deflection, creep, is of
two types as already mentioned earlier in this paper:
viscoelastic and mechano-sorptive. These two types
have traditionally been considered independent and ad-
ditive but contrary to previous views, the experimental
results of Hunt (1999) led to the conclusion that time-
dependent creep and mechano-sorptive creep are dif-
ferent means of reaching the same creep result. In addi-
tion to the time-dependent creep and mechano-sorptive
creep, Hunt (1999) also mentions a pseudo-creep and
recovery phenomenon, which is manifested during
continued moisture cycling, in which the creep deflec-
tion eventually increases during desorption but de-
creases during sorption. He ascribed this to differences
in the normal longitudinal swelling and shrinkage of
wood as stated by Hunt and Shelton (1988) who
claimed that “a tensile strain resulted in a smaller
shrinkage coefficient, while a compression strain re-
sulted in a larger one”. This indicates that pseudo-creep
and recovery are approximately a reversible phenome-
non, contrary to the other two types of creep that are
irreversible while the loading is maintained. Curtu et
al. (2015) explained the creep phenomenon that ap-
peared in the timber by the development of dislocation
between the molecule chains and the destruction of the
primary and secondary links, by occurrence of cracks
and shears between the wood fibres. On the other hand,
Kollmann (1968) stated that the elastic properties of
wood are influenced considerably by knots, as they
have cross grain or interlocked fibres. Furthermore,
Hunt (1999) considers that deflection has acquired
greater importance since the increased use of ‘planta-
tion grown’ timber, which means that more commer-
cial timber is fast grown (i.e., wide growth rings) and is
cropped at a sufficiently early age to contain a signifi-
cant proportion of ‘juvenile’ wood. He also claims that
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juvenile wood can creep up to five times as much as
mature wood and that all these factors mentioned result
in a material that has lower elastic modulus and creeps
significantly more than slow-grown mature wood.
Kollmann (1968) mentions investigations carried out
by Kellog (1960), which indicate that ultimate tensile
strain of wood including accumulated creep increases
after repeated stressing in tension parallel to the grain
and that there is an indication that this increase in ulti-
mate strain is a result of the increased strain due to the
creep that occurred during the cycling period.

The general rheological model was developed
under the assumption of strain which is divided into
parts, meaning that the total mechano-sorptive creep
strain is the sum of all the above strains: elastic strain,
viscoelastic strain at constant MC, free shrinkage/
swelling strain, mechano-sorptive strain, and thermal
expansion/contraction strain (Vici et al., 2006; Guo,
2009). However, Peng et al. (2017) claim that this rhe-
ological model and its application is still not under-
stood well enough due to wood viscoelastic properties
that depend on climate conditions, complex anatomic
structure, stress level, and load model.

3 INFLUENCE OF MOISTURE AND
TEMPERATURE ON WOOD CREEP

3. UTJECAJ VLAGE | TEMPERATURE NA
PUZANJE DRVA

Wood adsorbs and desorbs moisture with chang-
es in conditions such as relative humidity and tempera-
ture, which is the reason why it is considered a hygro-
scopic material. The changes in MC of wood lead to
swelling and shrinkage, which are dimensional chang-
es that happen when wood adsorbs or desorbs mois-
ture. For that reason, it is expected that MC and espe-
cially its changes would have effect on wood creep.
Hunt (1999) named a second type of creep, which is
mentioned and associated with transient moisture-con-
tent changes, as mechano-sorptive creep, while Kaboo-
rani et al. (2013) named dual effect of wood moisture
and the load mechanical absorption effect. Armstrong
and Kingston (1960) were the first ones that discovered
the effect of moisture changes on creep and reported it.
Hunt (1999) summarized this phenomenon in three
statements: “the deflection of wood under load increas-
es massively during moisture changes, whether sorp-
tion or desorption, and the final creep compliance is
greater than it would be expected at either the lower or
the higher MC”; “the final deflection depends mainly
on the size of the moisture step and is little affected by
its duration”; “and while the moisture is cycled within
a given range there is a gradual decrease in creep rate;
any increase to a yet higher MC causes the creep rate to
increase to the original highest rate”. Jin et al. (2016)
put it simply by saying that moisture in wood, acting as
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a plasticizer, strongly affects the wood viscoelastic
properties. It is well known that as the wood dries be-
low fibre-saturation point its strength increases and
that above fibre-saturation point the effect of MC on
static strength is negligible. Following these claims,
Kollmann (1968) suggests that above the fibre satura-
tion point free liquid water filling the coarser capillar-
ies in vessels, tracheids and other elements of the
wooden tissues does not affect strength and elastic
properties. This would suggest that, when wood is ex-
posed to moisture changes, deformation would be
higher than when it is exposed to constant environmen-
tal conditions for the same time (Bazant and Meiri,
1985; Nakano, 1999). It can be concluded that MC
would have an impact on creep properties of wood as
well as its lowered mechanical properties. Jin et al.
(2016) suggests that moisture in wood (when MC < 30
%) could affect the internal hydrogen bonds between
wood polymers, which would directly influence wood
plasticity and deformation. When wood is under load,
adsorption and desorption cause additional deflection,
hydrogen bonds break during desorption, which leads
to an increased response in strain (Gibson, 1965).

Hoffmeyer and Davidson (1989) related the pro-
cess of forming, breaking, and reforming of hydrogen
bonds to slip planes in the cell walls. Slip planes form
faster and at lower stresses when exposed to varying
moisture conditions than at constant MC.

Hsieh and Chang (2018) separated their results
into two distinct groups with MC higher or lower than
the equilibrium moisture content (EMC) and found
that the mechano-sorptive effect is time-independent.
It is well known that temperature itself, as well as
changes in temperature, have influence on strength,
elasticity, and plasticity of wood. Kollmann (1968)
claims that strength and stiffness of wood decrease
with increasing temperature due to thermal expansion
of the crystal lattice of the cellulose and due to the in-
creased intensity of the thermal molecular oscillations.
Researchers often have problems when conducting
creep experiments with increasing temperature be-
cause retaining constant MC at higher temperatures is
very difficult due to changes in MC that take place si-
multaneously with changes in the wood temperature;
for these reasons, achieving desired MC levels at high-
er temperatures during creep tests was shown to be a
technical difficulty (Jin ef al., 2016). Jin et al. (2016)
conducted experiments on small birch wood samples
conditioned at six MCs (0 %, 6 %, 12 %, 18 %, 24 %
and 120 %) and temperatures ranging from 5 °C to 105
°C in increments of 10 °C. Their results of instantane-
ous compliance (IC), (which is reciprocal of modulus
of elasticity), are shown in Figure 2. Based on data
shown in Figure 2, it can be concluded that with in-
creasing MC, the instantaneous compliance at the same
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Instantaneous Compliance, pm*N
trenutacna uskladenost, pm*N

Figure 2 Instantaneous compliance of samples at 6 MCs and 11 temperatures (Jin et al., 2016)
Slika 2. Trenutacna uskladenost uzoraka pri Sest razli¢itih sadrzaja vode i 11 razli¢itih temperatura (Jin et al., 2016.)

temperature increased consistently, which agrees with
previous research conducted by (Tissaoui, 1996; Mou-
tee, 2006; Engelund et al., 2012) and with Madsen
(1992) who claimed that higher temperatures produce
more creep, while at the same time samples were more
affected by changes in MC than by temperature in a
given range.

Yang et al. (2004) mention dependence of tem-
perature on mechanical behaviour of wood (as a natu-
ral polymer) by saying that mobility of their molecular
chain parts and chain segments are completely frozen
when polymer components of wood are in the glassy
state and that thermal motion only occurs at fixed posi-
tions. This again means that, when temperature is in-
creased, molecular chains become loosened because of
the repulsion between chains (Yang et al., 2004; Enge-
lund and Salmén, 2012). Dwianto et al. (1998b) divid-
ed these structural changes at molecular level in wood
under steaming in three processes depending on treat-
ment conditions. The first process they mention is
hemicelluloses degradation, the second process is for-
mation of cross-linkages between cell wall polymers
and the last process is decomposition of hemicelluloses
and lignin. They suggest that the difference in struc-
tural changes between the mentioned processes can be
determined by creep measurement rather than by stress
relaxation measurement. Results of Dwianto et al.
(2000) research suggest that, with increasing pre-
streaming time, degradation rate of cell wall polymers
accelerated. They recorded large deformations at stress
level of 0.71 of maximum compressive strength above
160 °C and concluded that creep deformation in those
cases was sensitive to any degradation of cell wall

polymers and that increasing temperature noticeably
accelerated the increase of creep compliance while
steaming above the mentioned temperature. Data from
Armstrong and Kingston (1960); Gibson (1965);
Hoffmeyer and Davidson (1989); Madsen (1992);
Hsieh and Chang (2018); Peng et al. (2017) agree with
the statement that changes in MC contribute more to
creep than the initial MC. Hsieh and Chang (2018) re-
ported that higher strain at same time point was noticed
at wood samples with higher MC, as well as higher
creep strain increment caused by higher MCs and high-
er desorption rates.

Wood creep knowledge in relation to moisture
and temperature is also important while drying wood.
For example, Zhan and Avramidis (2011) obtained val-
uable data in their research for kiln operators to choose
the correct control strategy and theoretically valuable
to determine the mechano-sorptive creep development
mechanism during timber drying processes, which can
help in obtaining a better description of the wood dry-
ing stress and drying strain.

4 TIME AS A FACTOR INFLUENCING
WOOD CREEP

4. VRIJEME KAO JEDAN OD CIMBENIKA
KOJI UTJECU NA PUZANJE DRVA

Creep phenomenon also depends on time, and it
appears in many other materials, not only wood, and it is
called time-dependent creep (Hunt, 1999). Hunt also
claims that wood, as any other material, when consider-
ing its behaviour in terms of time requires temperature
and MC as well as other relevant variables to remain
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constant. Sun and Frazier (2007) suggest that, in order to
ease moisture control problem, absolutely dry wood rhe-
ology offers experimental advantage. Franck (2021)
suggests that more detailed picture of time-related influ-
ence is needed to understand this behaviour fully for this
information is not accessible experimentally. Further-
more, Franck (2021) claims that measurements consist-
ing of a wide range of temperature are easy to make but
when speaking in term of time changes that occur in less
than a second or when time span is a few weeks long,
such measurements become complicated.

Burgers (1948), Burgers and Blair (1949) and
Curtu et al. (2015) mentioned Burgers model presented
by Eq. (1), which characterises rheological deforma-
tion of wood based on its behaviour in terms of time:

ol

o o*t
E=¢g+¢g,+e =—+—|1-&" |[+——
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Where, ¢ - strain (%)
e, - elastic strain (%)
e, - delayed elastic strain (%)
e, - flow strain (%)
o - stress (MPa)
E - Young’s Modulus of material (MPa)
t - time (s)/(h)/(days)
A - viscosity (Pa*s)

Yuan-rong et al. (2008) described Burgers body as
a simple model that describes creep behaviour of wood
and noted that elasticity, viscoelasticity and creep, as
parts of wood creep, can be determined from this equa-
tion. However, he stated that it can only be applied to the

initial and second stage of creep, and that it cannot be
applied to the end and breakage stage. Schniewind and
Barrett (1972) suggest that wood can be considered as a
linearly elastic material under some conditions, and as a
linear viscoelastic material under other conditions for
the purpose of stress analysis. When wood is exposed to
sufficiently high temperatures, MCs, and stresses, it
starts to show nonlinear behaviour (Bach, 1965). Data
provided by Echenique-Manrique (1969) on stress re-
laxation shows that there are signs of non-linearity even
at low levels of initial strain, but that the degree itself is
very small over a large range of initial strain values,
which means that there is no reason to discard the con-
cept of wood as a linear viscoelastic material. Following
these claims, Franck (2021) suggests that the solution
arose from the experimental findings, which shows that
time and temperature of time-dependent processes have
similar effects on the rheological properties of linear vis-
coelastic materials. Franck (2021) describes master
curves as a helpful way for understanding rheological
behaviour of a polymer: viscoelastic properties depend
on two main variables (time and temperature), which are
separated by the super-position process that expresses
the properties in terms of a single function for each. The
time dependence of the material at a constant reference
temperature is shown by the master curves, while the
variation of the shift factor with temperature shows tem-
perature dependence of the viscoelastic properties. Sun
and Frazier (2007) conducted research on small south-
ern yellow pine (Pinus spp.) and yellow poplar (Lirio-
dendron tulipifera) dry wood samples. They applied
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Figure 3 Raw creep compliance of southern pine from 20 °C to 140 °C (left). Master curve that results from simply shifting
raw data in logarithmic time scale with a multiplicative shift factor (a,) (no vertical shifting employed) (right). (Sun and

Frazier, 2007)

Slika 3. Neobradeni podatci o puzanju uzoraka crvenog bora pri temperaturama od 20 do 140 °C (lijevo). Glavna krivulja
koja je rezultat jednostavnog pomicanja neobradenih podataka u logaritamskoj vremenskoj skali s multiplikativnim faktorom
pomaka (a,) (bez vertikalnog pomaka) (desno) (Sun and Frazier, 2007.)
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creep bending stress in tangential direction over a 10 °C
to 170 °C temperature range for 30 min. Their results of
raw creep compliance are shown in Figure 3, where it
can be seen that the master curve is not smooth, meaning
that the temperature dependence of the creep relaxation
is not uniform across a given temperature range.

They concluded that the principle of time/tem-
perature equivalence was valid for the dry wood creep
response over a given temperature range, but it was
true only for specimens that received a prior thermal
treatment from 100 °C to 170 °C (for 30 min), at which
specimens lost all moisture. The creep compliance is
an established metric of the rate at which strain in-
creases for a constant applied stress of viscoelastic ma-
terials (Tweedie and Van Vliet, 2006).

Ferry (1980) suggests that smooth master curve
appears when time and temperature effects are identi-
cal. When smooth master curve occurs in a material, it
is considered thermorheologically simple, but in this
case specimens are thermorheologically complex due
to failure of achieving smooth master curve (Sun and
Frazier, 2007). According to Franck (2021), the master
curve shows the time dependence (in terms of frequen-
cy) of the material at a constant reference temperature;
the temperature dependence of the viscoelastic proper-
ties is shown by the variation of the shift factor with
temperature.

5 APPLICATION OF RHEOLOGY IN
SOLID WOOD BENDING PROCESS

5. PRIMJENA REOLOGIJE U PROCESU
SAVIJANJA CJELOVITOG DRVA

As already mentioned in the introduction, when
solid wood is bent, it stretches on convex side and
compresses on concave side. This results in convex
side being longer than concave side and that difference
in length causes stresses to accumulate. These stresses
then tend to bring back solid pieces to their original
form; this phenomenon is commonly called spring-
back effect. The reason why wood is being softened is
to restrict development of the mentioned stresses. Dur-
ing the bending process, it is desirable for wood to
creep/bend more due to the nature of the final product.
Both high temperature and MC influence creep proper-
ties as already described in previous chapters. That is
the reason why wood is exposed to high temperatures
and MC due to temporary reduction in MOE of wood
(which is preferred for its easier bending).

Navi and Sandberg (2012) explained the purpose
of plasticization treatments. To make the curve, wood
needs to be sufficiently softened so it can withstand the
necessary compressive deformation without fracture.
Furthermore, a combination of heat and moisture is an
effective way of softening wood as wet wood is more

plastic than dry wood and hot wood more plastic than
cold wood.

Sandberg et al. (2013) stated that the main reason
for the difficulty in bending solid wood is the low strain
to failure in tension (about 1-2 %). However, after wood
is plasticized, it becomes more plastic or semi-plastic,
and this means that it can be softened and formed to
keep its shape after cooling. Wood compressibility is
greatly increased in the longitudinal direction after plas-
ticizing, as much as 30-40 %, although its ability to
lengthen under tension is not significantly affected.

Zemiar et al. (1997) stated that plastic deformabil-
ity of wood increases with the decrease in MOE. Ther-
mal plasticizing is a process of exposing wood to tem-
perature and moisture in order to increase the plasticity
of wood, and its main target is a temporary change in the
mechanical and physical properties of wood. According
to Bader and Németh (2019), the best pliability during
bending is achieved when the moisture content of pleat-
ed wood is close to its fibre saturation point. According
to Taylor (2008), the best MC for bending is around 25
to 30 %, and around 2 minutes of steaming per millime-
tre of width. Plasticisation of wood can also be done
with chemicals such as urea and liquid ammonia, but it
will not be described because it is beyond the scope of
this paper. Gaborik and Zemiar (1997) suggest that it is
most desirable to optimize the degree of plasticity with
the degradation of components of the lignin-cellulose
matrix. Ga$parik and Barcik (2014) suggest that soften-
ing lignin, which is the main component of the middle
lamella, is an important part of plasticizing wood be-
cause lignin properties reflect wood plastic properties.
While steaming is the most commonly used method of
softening wood, many manufacturing companies use the
combination of steaming and high frequency (HF) pro-
cess to unite the heating, plasticizing and drying in a sin-
gle sequence. Bent samples are partially dried in (HF)
press after bending. After unloading, the press samples
are further fixated with wooden or metal tools to keep
them firm to prevent the spring-back effect during dry-
ing of samples.

As already mentioned in the introduction, exten-
sive knowledge of wood rheology and wood viscoelastic
properties and a lot of trial and error tests is required to
bend wood properly. Beech is the most common species
of wood used for bending because of its good bending
properties and its common use in manufacture of furni-
ture. Likewise, oak wood is also a desirable species for
bending because it is also often used in manufacture of
furniture but is more complicated to bend than beech.
Considering that, as expected, most of the literature de-
scribes and gives data on beech wood (Fagus sylvatica)
bending. While in essence the process of plasticizing
oak wood by heat and moisture is the same as that of
beech wood, parameters such as initial MC before
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Figure 4 Transverse cracks on convex side (tension) (photo:
Miksik, 2021)

Slika 4. Popre¢ne pukotine na konveksnoj strani uzorka
(tenzija) (fotografija: Miksik, 2021.)

steaming, temperature of steaming, duration of steaming
and press parameters vary. Many factors affect wood
bending; some of them are radius of bending, species,
MC, thickness, and width of wood, steaming time, fibre
direction and defects (Niemiec and Brown, 1995). Nie-
miec and Brown also claim that wood selected for bend-
ing must be defect-free and have straight fibres, but in
practice it is not always the case since wood pieces with
knots and curled fibres can also be bent properly. Wan-
gaard (1952) conducted an experiment on loss of modu-
lus of rupture for beech and oak wood bent at a radius of
20 cm and concluded that the loss was 32.1 % for beech
and 26.1 % for oak. Furthermore, he also stated that,
with the increase of bending radius, the strength loss of
beech wood decreased. Biiytiksar1 and As (2012) con-
cluded in their research that the density of bent samples
of oak wood and beech wood increased with the de-
creasing bending radius, which is logical due to the com-
pression on the concave side of samples. They also stat-
ed that the increase of density was greater in oak wood
than beech wood for all bending radii.

According to Peck (1957), compressive failures
can occur if the plasticized wood is compressed exces-
sively, if stresses are concentrated because of some de-
fects and if the lines of weakness encourage shear fail-
ure. According to Bader ef al. (2019), compression in
longitudinal direction induces changes in wood tissue,
which results in better bendability.

On the other hand, Stevens and Turner (1970)
suggest that controlling the length and longitudinal
tensile strain in the vicinity of the convex surface of a
wood specimen during a bending process is important,
because too small end-force causes longitudinal tensile
failure, while an excessively large end-force causes
premature longitudinal compressive failure. The small-
est radius of curvature for any piece of wood is reached
when both the inner and outer surfaces are on the point
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Figure 5 Structure collapse on concave side (compression)
(photo: Miksik, 2021)

Slika 5. Urusavanje strukture na konkavnoj strani uzorka
(kompresija) (fotografija: Miksik, 2021.)

of fracturing. Adjusting end-stops can be used to regu-
late the amount of end-force and thereby impose the
maximum compression on the concave surface of a
bend, without, at the same time, inducing stress on the
fibres near the convex surface (to strain them beyond
the limit). Some of the wood defects encountered in
literature so far are transverse cracks on convex side,
structure collapse on concave side, defects around
knots, cross section cracks, surface splitting of layers,
cracks due to current breakdown in HF press, longitu-
dinal crack on both sides and discoloration caused by
metal strap in contact with woods that contain tannin.

6 CONCLUSIONS
6. ZAKLJUCAK

It can be concluded that both temperature and
MC affect wood creep. It is more affected by changes
in MC than by constant MC. Time-dependent creep
also affects wood but to measure it requires tempera-
ture, moisture content and other important variables to
remain constant. It is hard to conduct creep experi-
ments with increasing temperature because retaining
constant MC at higher temperatures is very difficult
due to changes in MC, which take place simultane-
ously with changes in the temperature. The sum of the
elastic strain, viscoelastic strain at constant moisture
content, free shrinkage/swelling strain, mechano-sorp-
tive strain, and thermal expansion/contraction strain
makes mechano-sorptive creep stain. In order to bend
wood more easily, it needs to be plasticized (treated
with high temperature and moisture) properly to avoid
unwanted defects. Bending methods and parameters
for beech have already been determined in detail,
which cannot be said for oak. For these reasons, our
further studies will focus on finding optimal drying
mode and optimal bending parameters (MC, thickness,
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width of wood, steaming time) for oak. Furthermore,

experiments related to minimum radius for bending
oak will be conducted. These parameters, if established
properly, will have great industrial relevance for manu-
facturers that plan on producing furniture of bent solid
oak wood in the future.
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ABSTRACT - This paper deals with an overview of additive manufacturing and its segment - 3D printing,
which is today rapidly and widely used (Agashe et al., 2020) for personal and high-capacity production. The
paper discusses the possible positive factors such as small and personalized production series, cheaper design
and production process, complex geometry, bionic structures (whose surfaces are complicated to make, and are
copy of biological organisms) and negative factors such as lack of educated specialists and trainings. Those facts
are affecting the implementation of these technologies in different segments of the design, product development
and furniture production. The impacts of new technologies on the design and production of rapid prototypes and
finished products in furniture industry are analyzed. The positive results of using additive manufacturing indicate
that, in spite of minor obstacles and problems with connecting different production processes, additive production
will have a significant place in the future of furniture design and production. The most important advantages of
3D printing is fast prototyping, one piece production, free form designing and the use of bio-based materials and
their possibility of recycling.

KEYWORDS: additive manufacturing; furniture modelling; 3D printing; furniture design, bio — based materi-
als

SAZETAK « U radu se opisuje aditivna tehnologija 3D printanja koja se danas ubrzano i Siroko primjenjuje
(Agashe et al., 2020.) u maloj i industrijskoj proizvodnji. U radu se opisuju moguci pozitivni cimbenici kao Sto su
male i personalizirane proizvodne serije, jeftiniji dizajn i proizvodni proces, slozena geometrija, bionicke strukture
(povrsine slozene za izradu, a kopije su bioloskih organizamay), ali i negativni cimbenici poput nedostatka obuke i
educiranih strucnjaka. Navedeni cimbenici utjecu na implementaciju tih tehnologija u razlicitim segmentima diza-
Jjna, razvoja proizvoda i proizvodnje namjestaja. Analizirani su utjecaji novih tehnologija na dizajn i proizvodnju
brzih prototipova i gotovih proizvoda u industriji namjestaja. Pozitivni rezultati primjene aditivne tehnologije
pokazuju da ce ona, usprkos manjim preprekama i problemima povezivanja razlicitih proizvodnih procesa, imati
vazno mjesto u buducnosti dizajniranja i proizvodnje namjestaja. Najvaznije prednosti 3D printanja jesu brza
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izrada prototipova, proizvodnja u jednom komadu, dizajn slobodnih formi i upotreba proizvodnih materijala te

mogucnost njihova recikliranja.

KLJUCNE RIJECI: aditivna proizvodnja; modeliranje namjestaja; 3D printanje; dizajn namjestaja; prirodni

materijali

1 INTRODUCTION
1. UVOD

Additive manufacturing (AM) is a specialist and
complex manufacturing niche. The development of ad-
ditive manufacturing has huge influence on the produc-
tion process in the furniture sector. 3D printing offers
almost unlimited possibilities for creativity. In terms of
technology, it is completely different from the tradi-
tional subtractive type of production (Kietzmann et al.,
2015) and gives it a lot of advantages especially in de-
sign. The possible uses of 3D printing are: fast proto-
type, one piece production, complete product manufac-
turing, education and testing of ergonomics. Therefore,
it affects production from the initial stages — from base
model to the final stages of finished products. To be
able to use additive manufacturing, it is necessary to
think differently. It is necessary to determine the pur-
pose of using available technology and material to be
able to achieve full benefits of additive technology.
There are doubts about the meaning of the terms AM
and 3D printing. Both terms are often used interchange-
ably, and they are considered synonymous by some
authors (Weller ef al., 2015). On the contrary, other au-
thors consider AT and 3D printing to be two different
terms (Gibson et al., 2010; Mellor et al., 2014). As
stated by Ford et al. (2016) AT is not just one technol-
ogy but covers a range of technologies. Both, the term
additive manufacturing, and the term 3D printing are
used when talking about three-dimensional printing of
prototypes or real pieces of furniture. Because of al-
most unlimited application, the manufacturing has en-
tered the era of artificial intelligence, digitalization,
and networking (Xu et al. 2019). The versatility and
more use of AM are confirmed by Berman (2012).

Regardless of whether it is the production of fur-
niture, clothing (Sun and Zhao, 2017), medical im-
plants (Schubert et al., 2013), cars, jewellery, or artifi-
cial organs (which use layers of human cells), this
technology is in rapid development and is already
widely used (Ngoa et al., 2018). Recent advances in
research and development have already enabled its ap-
plication for private use in households. Additionally,
also design education and courses are adapted to the
new compatible technologies that include 3D rapid
prototyping (Yulvan, 2020). 3D printing enables con-
sumers around the world to transform digital data into
physical products and vice versa, thus facilitating ac-
cess to innovation (Rindfleisch et al., 2017). This al-
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lows the user to progress in the process of developing
new products, in the way that he/she can use digital
tools, such as 3D scanners and 3D printers, to collect
and/or generate data, and in the end to create and offer
a range of new products on the market. A positive fea-
ture is also that 3D printing allows anybody with lower
manual skills to produce very demanding and compli-
cated products (as craftsmen once did), which makes
such furniture or furniture parts unique.

2 ADDITIVE MANUFACTURING AND
OCCURRENCE OF 3D PRINTING

2. ADITIVNA PROIZVODNJA | POJAVA
3D PRINTANJA

2.1 Historical review of additive
manufacturing

2.1. Povijesni prikaz aditivne proizvodnje

Production of 3D printers began in the 1980s
with the development as an auxiliary simple technolo-
gy for making rapid prototypes. As well as moulding
and welding, printing is also considered as additive
manufacturing due to the process of adding material,
which creates a new body. Previously applied proce-
dures are based on cutting and removing material. In
the period from early 1980s to 1988, various 3D print-
ing processes were designed thanks to the high demand
for rapid prototyping. The first ideas and key detailed
information for creating the process of stereolithogra-
phy were given in the 1980s by the Japanese physician
Hideo Kodama, who invented the laser approach to
curing with one laser beam using photopolymerization.

In the same years, Oliver de Witt together with
Jean Cloude Andre worked on research and invention
of 3D printers, and in 1986 a patent was granted for the
stereolithographic process. The development was not
completed due to the uncertainty of the application of
this technology. At the same time, Charles Hull suc-
cessfully patented stereolithography, i.e., solidification
or resin printing. It is an ongoing process consisting of
curing or solidifying a photosensitive polymer in con-
tact with an ultraviolet laser and an adequate resin
(Wong and Hernandez, 2012).

2.2 Preparation of CAD models for 3D
prototyping

2.2. Transformacija CAD modela za izradu 3D
prototipa

A suitable computer program, equipment and ad-
equate materials are needed for 3D printing (Kralj,
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Figure 1 STL file format of chair backrest made of lines and triangles; (Jarza, L.: 3D model photography, 2021)
Slika 1. STL datoteka modela naslona stolice sastavljenoga od linija i trokuta (slika 3D modela: Jarza, L., 2021.)

2017). The first step is to create the wanted model in the
program, then the model needs to be converted into a
readable device format for 3D printer. The basic 3D
model is converted in STL format to get a readable for-
mat that consists of lines and surfaces combined into
triangles. With terms stereolithography, the abbreviation
STL standing for “Standard Triangle Language” and
“Standard Tessellation Language” is also used. This is a
universal format used to transfer information from mod-
elling programs and can be exported from and to most
CAD software packages. The process of creating a STL
file is to convert the continuous geometry in a CAD file
into triangles or a list of triplet coordinates x, y and z
coordinates and a normal vector into triangles (Wong
and Hernandez, 2012). Each triangle, which represents a
given area, is characterized by three vertices and the cor-
responding unit normals (Pascucci ef al., 2018). The
STL format only supports a three-dimensional descrip-
tion of surface geometry without generating print infor-
mation such as texture or colour (Hiller and Lipson,
2009). Depending on the complexity and size of the
model, each vertex is part of three or more triangles and
could be read as a 3D body. Szilv$i-Nagy and Matyasi
(2003) provide a method for detecting deficiencies in the
representation of the surface when using the STL for-
mat. Figure 1 shows a 3D body of a chair backrest which
is made of the above-mentioned triangles. They are an
integral part of a model and important for further usabil-
ity of the files. If the link is “split”, it is not visible to the
printer when reading the format. For the print format to
be functional, it must be non-specific or adaptable to
each printing machine and have the ability to read all
elements of the model, including models default colours
and materials. Also, because of the rapid advancement
of this technology, the format should be “up-to-date” or
readable regardless of computer software updates.
Groenendyk and Gallant (2012) write about the chal-
lenges of preparing files for printing, and Wu and
Cheung (2005) about the possibilities for enhancing the
printing format.

The advantages of this format (Hiller and Lip-
son, 2009) include simplicity, portability (format), and

low-requirements of working computer memory, while
the disadvantages are geometry leaks, incompatibility
with colours and materials, poor scalability, and lack of
auxiliary information for printing. Based on these dis-
advantages, they suggest new solutions for use in 3D
printing. Their proposal is XML based and AMF for-
mat (they give precision, multiple materials and multi-
ple colours at once) but the success of a file format
depends on its adoption by users. Nevertheless, today
with the development of new materials and hardware,
these disadvantages have been reduced, including the
lower cost, and better properties of materials, more col-
ours, elc.

3 TECHNOLOGY OF 3D PRINTING
3. PRIMJENA TEHNOLOGIJA 3D ISPISA

Additive manufacturing could be divided into
two categories: regarding the material required for
printing or the type of technology. Thus, the best
known are SLS (selective laser sintering); SLM (selec-
tive laser melting); EBM (electronic beam melting -
which uses the powder materials for printing); SLA
(stereolithography - the first invented using photopoly-
mers and UV light); LOM (laminated object manufac-
turing - not so used because of the amount of needed
material and difficult removal of residual material,
INKJET, LENS (laser engineered net shaping); FDM
(fused deposition modelling) and others described by
(Kariz et al., 2017). There are many technologies for a
variety of applications, but for the furniture production
and product development, FDM is the most frequently
used due to the possibility of joining the wood with
polymers. This method uses the thermoplastic poly-
mers, since they are compatible with clay, metal, wood,
and others. This technology uses heat for energy and
has a lot of advantages including cheap printers, simul-
taneous printing with multiple materials, etc. SLS uses
powder, resulting in high accuracy, strength, stiffness,
and high density and can also be used in furniture pro-
duction. Figure 2 shows the examples of FDM and SLS
printed models.
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Figure 2 Examples of printed models: a) SLS technology printed models (https://3dprint.com/); b) FDM technology printed
model (https://www.printyourmind3d.ca/products/print-your-mind-3d-woodfill-filament?variant=43074437318); c) FDM

technology printed model (https://www.forust.com/)

Slika 2. Primjeri isprintanih modela: a) model ispisan SLS tehnologijom (https://3dprint.com/); b) model ispisan FDM
tehnologijom (https://www.printyourmind3d.ca/products/print-your-mind-3d-woodfill-filament?variant=43074437318); c)

model ispisan FDM tehnologijom (https://www.forust.com/)

4 APPLICABLE MATERIALS IN 3D
PRINTING

4. MATERIJALI ZA PRIMJENU U 3D
PRINTANJU

Innovation and progress mean innovation in both
technology and application of new materials. Additive
manufacturing printing materials are available in dif-
ferent forms as powder, filaments, pellets, granules,
resins, etc. The choice depends on the application and
properties. Various materials are available on the mar-
ket, such as polymers, metal-based materials, wood
based, ceramic, concrete, etc. Some of these polymers
are (polylactic acid), (¥2012), ABS (acrylonitrile buta-
diene styrene), PVA (polyactic) PC (polycarbonate),
nylon, and polystyrene.

Frequency of use of different materials depends on
the requirements of users and the purpose. Polylactic
acid or polylactide (PLA) is a widely used plastic fila-
ment material, and it is biodegradable and adaptable to
all FDM printers. ABS is currently the most flexible
material for various purposes available on the market. It
is used in the form of filament and is suitable for melting
and hardening, also available in all colours. Nylon or
polyamide is used in powder form or filament form.
Ashraf et al. (2018) write about metals and stainless
steel in 3D printing. There is also the possibility of print-
ing with powder such as ceramic (Travitzky et al., 2014)
or concrete (Nadarajah, 2018). Saad (2016) and Rael
(2018) indicate the recommendations for choosing the
material depending on the technology used. San Fratello
and Rael (2020) describe how to use innovative materi-
als like clay and salt or even soil for 3D printing.

Although synthetic polymers have to be recycled,
recycling rates are very low (Garmulewicz et al.,
2018). There is an interest for using other sustainable
and environmentally friendly materials (Sabbatini et
al., 2021). Wood residues make a high percentage of
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waste in wood industry. It can be useful as a material
for further use and recycling. It can be used for making
wood filaments for 3D printing and not only for eco-
logical reasons (Pringle et al., 2017).

From the designer’s or even the customer’s point
of view, 3D printed product should look like wood and it
is less important whether the printed model is real wood.
However, for the wood industry, the possibility of recy-
cling wood waste is more important than the mentioned
aesthetic impression. Additive manufacturing would be
one of the most positive ways of disposing wood waste
and wood mass, which mainly ends up in thermal power
plants. Numerous studies have shown a positive trend
towards lignocellulosic fillers that are increasingly re-
placing synthetic fibres, emphasizing their mechanical
properties, such as low density, good thermal insulation,
low cost, and availability (Ayrilmis ez al., 2019). Cellu-
lose does not cause allergies, and withstands high pro-
cessing temperatures between 175-250 °C needed for
3D printing. Such printed elements have the possibility
of further processing, carving, sanding, painting, etc.
With the use of wood waste, the use of filament of or-
ganic origin can also further increase the environmental
benefits (Das ef al., 2021). In addition to being widely
available and renewable material, reusing and recycling
would give the waste a new purpose and thus gain in
value, which is of extreme importance in the context of
the world’s climate crisis.

Wood filaments are made by mixing wood saw-
dust, powder, or particles with polymers, after which
the material is extruded. Wood particles must be of a
certain fineness and texture to enable its mixing into
the polymer (Wimmer et al., 2015). Extrusion deposi-
tion and polymer binding are layering technologies
that use wood materials (Das et al., 2021). An over-
view of the problems and advantages of using wood in
3D printing is explained by Gardner and Wang (2019).
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The research of Wahab et al. (2013) confirms the
sustainability of wood waste - sawdust for use with 3D
printing manufacturing with the fact that the fineness
of the powder increases the model surface quality.
They also state that increasing the sawdust content re-
duces the properties of hardness and dimensional ac-
curacy. Several authors explore the possibilities of us-
ing wood waste for 3D printing depending on its ratio
(%) in the filament (Kariz et al., 2016, 2018b). The re-
search was conducted on residues of beech wood (Fa-
gus sylvatica) (Kariz et al., 2017; 2018a; Ayrilmis et
al., 2019; Rosenthal et al., 2018); Chinese poplar (Pop-
ulus lasiocarpa) - Chinese aspen (Populus adenopoda)
(Tao et al., 2019), spruce (Picea abies) (Henke and
Treml, 2013); European poplar (Populus), (Bi et al.,
2018b); pine (Pinus) (Le Guen et al., 2019), (Wechsler
and Hiziroglu, 2007) and olive wood (Olea europaea)
(Smardzewski et al., 2018).

Kariz et al. (2017) investigated the impact of
beech particles present in wood content on 3D printing.
The wood particles in the filament reduced the density
of the printed parts due to the lower density of the
wood compared to synthetic polymers. The surface of
the printed parts without the addition of wood is
smoother and without cavities. The increase of wood
particles increased the roughness of the printed ele-
ment. Nevertheless, their results showed that wood can
be used as a component in 3D printing materials and
that a small percentage of wood dust strengthens the
filament structure by up to 10 %. But also, with in-
creasing percentage of wood dust, tensile strength de-
creases.

Between the layers, certain stresses may occur
due to shrinkage / swelling e.g., stresses during cooling
of molten polymers and bending of the product (Kariz
et al., 2017). The influence of moisture content from
wood powder and air on 3D printed wood was de-
scribed by Kariz et al. (2018b) and Ayrilmis et al.
(2019). Grujovi¢ et al. (2016) prove that 3D printed

furniture connecting elements are useful for wide ap-
plication. That would reduce the cost of making small
series of complex furniture elements. Research on the
production of extruded wood concrete, whose compo-
sition is limestone, cement, and untreated coniferous
wood chips, has also shown positive results (Henke et
al., 2016).

Considering that the 3D printing is a relatively
new technology, the production of adequate wood fila-
ment requires a lot of research focusing on issues such
as types of wood used, particle size, type of natural
polymers, etc. Table 1 presents the advantages and dis-
advantages of wood in the application of additive man-
ufacturing and 3D printing based on previous research
(Wimmer et al.,, 2015; Henke, et al., 2016; Bi et al.
2018a; Das et al., 2021; Wahab et al., 2013; Ayrilmis et
al., 2019; Rosenthal et al., 2017; Kariz et al., 2017).

5 IMPLEMENTATION OF AM IN
FURNITURE PRODUCTION

5. IMPLEMENTACIJA ADITIVNE
PROIZVODNJE U PROIZVODNUJI
NAMJESTAJA

The choice of adoption of new technologies in a
company depends on the needs and priorities of the
production department. There are good reasons for and
against the introduction of 3D printing. Aydin (2015),
based on a real projects overview, emphasizes innova-
tion as key in the development of this industry. For
small-and medium-sized companies’ benefits, chal-
lenges and business factors have significant influence
on the adoption of the additive manufacturing (Kulkar-
ni et al.,, 2020). According to the production depart-
ment, technology and costs are the most important im-
plementation factors, while the marketing and
development department consider future market place-
ment as the priority, followed by the impact on the en-
vironment (Yeh and Chen, 2018). Pascucci et al. (2018)

Table 1 Advantages and disadvantages of wood used in 3D printing

Tablica 1. Prednosti i nedostatci upotrebe drva u 3D printanju

Wood filaments in 3D printing / Filamenti na bazi drva u 3D printanju

Advantages / Prednosti

Disadvantages / Nedostatci

Ecological aspects, recyclability, and biodegradability
ekoloski aspekti, nestetnost za okolis,
mogucnost recikliranja i biorazgradivost

Technical difficulties when printing -
filling and blocking nozzles with wood powder
punjenje i blokiranje sapnica drvnim prahom

Reducing the cost of purchasing materials possibility of
making it inside the factory

smanjenje troskova nabave materijala za ispis, mogucnost
izrade unutar tvornice

Higher percentage of wood reduce mechanical properties,
and surface quality

veci postotak drva smanjuje

mehanicka svojstva predmeta i kvalitetu povrsine

Sustainability of use of 3D printing manufacturing
odrzivost proizvodnje 3D printanja

Low wood compatibility with printing — materials
niska kompatibilnost drva s ostalim materijalima

Easy workability, sanding, colouring of the printed element
laka obradivost ispisanog elementa

Rougher surface
hrapavija povrsina

Aesthetic characteristics (appearance of real wood)
estetska obiljezja (izgled pravog drva)
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determined the key factors common to all productions
in terms of implementation of additive manufacturing
in production processes. These are: the purpose of use,
company size, time of use, type of material and transi-
tion from conventional production techniques. Addi-
tive manufacturing must be interconnected with mar-
ket and production needs. The plan for the
implementation of additive manufacturing in the actual
production is described by Mellor ef al. (2014), and as
the main characteristics for the introduction of technol-
ogy they state: the degree of adaptability, increased
functionality through design and the possibility of pro-
ducing small quantities. The reasons against are the
high price of large-scale printing machines despite the
use of cheap recycled material and the slowness of the
technology, e.g. 24 hours for one backrest.

The mentioned value can be associated with the
increase of competitiveness. The product can be quick-
ly improved with new properties or design details.
Every aesthetic supplement that makes the product rec-
ognizable and more interesting increases the interest of
customers and the product gains in value. Most often,
these are examples of furniture parts that are not avail-
able on the market, and due to their design, they must
be special and different. The possible uses in produc-
tion that could be important for the implementation

are: full size prototyping and printing furniture in large
scales; printing elements of furniture; replacement of
furniture pieces; ergonomy testing; printing furniture
joints, reverse engineering and rapid prototyping.
These few examples are shown in Figure 3. The exam-
ple for the replacement parts is presented by 3D printed
elements shown in Figure 3d. It describes the furniture
part whose solution did not exist on the market and a
new one was created. Innovative elements are very
suitable for 3D printing (Podskarbi et al., 2016;
Krzyzaniak ef al., 2020). Those made with 3D printing
may enrich the product not only with an aesthetic value
but also with a new function. They are printable with
different materials, interchangeable, available in all
places where there is the possibility of 3D printing,
even in households. This reduces the cost of ordering
and delivery time and allows the possibility of person-
alization. Users who want to be unique are the most
common target group to be recipients of such furniture.
Interesting examples of 3D printed elements incorpo-
rated into the design of furniture are shown in the
works of Pandolfo (2016) and Jarza (2016).

Aiman et al. (2020) compare furniture joints
made of existing material and traditional production
type and Fused Deposition Modelling (FDM) fabrica-
tion method. Results showed that the elements made

e)

Figure 3 Uses of 3D printing in production: a) 3D printed large scale chair (https://parametrichouse.com/3d-printed-furniture/);
b) Part of furniture (https://ultimaker.com/learn/3d-printing-in-furniture-design); c) Joints development (Prekrat, S., photogra-
phy); d) Parts for testing of ergonomy (https://3dprinting.com/3d-printing-use-cases/how-the-furniture-industry-benefits-
from-3d-printing/); ¢) Replacement of parts (Jarza, L., photo of rendered 3D model)

Slika 3. Primjena 3D ispisa u proizvodnji: a) 3D printana stolica stvarne veli¢ine (https://parametrichouse.com/3d-printed-
furniture/); b) dijelovi namjestaja (https://ultimaker.com/learn/3d-printing-in-furniture-design); c) razvoj elemenata za sastavl-
janje namjestaja (fotografija: Prekrat, S.); d) elementi za ergonomsko testiranje (https://3dprinting.com/3d-printing-use-cases/
how-the-furniture-industry-benefits-from-3d-printing/); ) zamjenski dijelovi (fotografija izvedenog 3D modela: Jarza, L.)
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Figure 4 3D printed element created by reverse engineering
(https://3dprint.com/45399/marie-antoinette-museum-chair/)
Slika 4. 3D printani elementi kreirani povratnim
inzenjeringom (https://3dprint.com/45399/marie-antoinette-
museum-chair/)

from waste materials printed by FDM method are fully
functional and of suitable quality. This way of reusing
and recycling the residue from production (which is
thrown away in large quantities) could be used in pro-
duction of filaments for 3D printers.

In traditional (convectional) production some
products and elements have become a thing of the past,
they are no longer produced, technologies are outdated
or not in line with the new trends. 3D print is part of
reversible engineering. The example of the application
of this technology is the restoration of furniture ele-
ments (Figure 4). It includes three-dimensional scan-
ning of elements, digitization of models and creation of
documentation for CAD programs that support the for-
mat for 3D printing (Celent ef al., 2016). The advan-
tage of using this manufacturing, which includes print-
ing of specific parts, also allows the production of a
single piece, which does not affect the economic as-
pects of the remaining production.

Virtual furniture design is another activity devel-
oped from the additive manufacturing and it includes
3D modelling of furniture for architecture and interior
design. This allows useful interactive participation of
the customers in the selection process when buying
furniture (Lin and Hsu, 2004; Chua et al., 1999).

Due to the commercialization of the 3D printers,
many smaller manufacturers decide to implement it in
accordance with their financial and spatial possibili-
ties. Advances in information science enable them to
use services in the data cloud, which solves several
limitations, including the problem of lack of profes-
sional staff and the implementation of personalized in-
dividual production (Xu et al., 2019; Krsnik, 2019).
This is good because 3D printing is a way of produc-
tion that occasionally needs prototyping or parts manu-
facturing services. That would enable them to avoid the
cost of implementing new technology and training of
workers. Services in the cloud connect three types of
users: manufactures, designers, and consumers. The
advantages of this possibility include reduced disrup-

tion to the daily flow of production. Rayna et al. (2015)
explain the market developments for design, 3D print-
ing, service, and group collaboration with users on
digital platforms.

6 ADVANTAGES AND DISADVANTAGES
OF ADDITIVE MANUFACTURING

6. PREDNOSTI | NEDOSTATCI ADITIVNE
PROIZVODNJE

The need of fast prototypes, new design ele-
ments and innovative furniture is growing rapidly,
and competition is becoming fierce. Shehata* wrote
about the advantages of 3D printing. In recent years,
design has become a widespread activity that launch-
es many new solutions around the world daily. In or-
der to be competitive, it is necessary to react quickly
to launch a new product on the market and to be faster
than the competition. This includes prototyping, test-
ing, finishing and market presentation. This is where
this 3printing comes forward. Top et al. (2019) point
out that 3D printing of parts, assemblies, and seg-
ments helps to achieve this goal. This method allows
the creation of very complex shapes with high preci-
sion and maximum material savings, and an addition-
al plus is that 3D models and print data once prepared
can be easily and quickly modified when needed.
Ngoa (2018) describes the flexibility of this technol-
ogy, Tofail et al. (2018) its benefits and Grujovic et al.
(2016b) write about its cost-effectiveness.

Designing new solutions and products using fast
prototypes is now much simpler. In short time, it is
possible to change dimensions, materials, etc. on the
basic 3D model, depending on the requirements, and
print a new sample, if necessary. With rapid prototyp-
ing, it is much easier to control the ergonomics, dimen-
sions, product stability, usability and other characteris-
tics that are difficult to assess on-screen. According to
Pascucci et al. (2018), this manufacturing gives free-
dom of design expression, reduces the need for special
tools and the cost of production of individual specific
parts and components of complex geometric shapes.
Murmura and Bravi (2018) quote advantages for crea-
tive manufacturing industries and those that develop
furniture. This includes reducing the time of product
launch on the market, main limitations of the inadequa-
cy of manufacturing and the need for more educated
employees, increasing at the same time the freedom of
design expression. Opposite of that, Schniederjans
(2017) and Ford et al. (2016) claim that, despite all the
advantages of this technology, it has not yet reached
high levels of adoption mainly because of regulatory
and legal issues, high initial investment costs, increased
electricity consumption compared to traditional meth-
ods and needs for new skills and competencies.
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Holzmann et al. (2017) outline the positive as-
pects of 3D printing as opportunity from the perspec-
tive of small producers. Opposite of this, Bogers et al.
2016 conclude that 3D print can have a devastating
impact on business models because of the changes in
the production processes that negatively affect the pro-
cesses of supply and transport, which will no longer be
needed because of possibilities of self-printing (Oberg,
2018). Jumaah (2018) also writes about the conse-
quences of localizing AM on supply, transport and
transportation activities and states the positive effects
on the environment and savings in financing urban in-
frastructures. Holzmann et al. (2020) explore new
business models and explain how companies currently
underutilize the key benefits of 3D manufacturing.

Ryan et al. (2017), Oettmeier and Hofmann
(2016), Rogers et al. (2016), Durach et al. (2017) are
convinced that, by the implementation of additive
manufacturing, the systems of transport and supply ac-

tivities will be excluded from the whole process pre-
cisely because then manufacturers will be oriented to
reduce unnecessary costs by introducing new machines
that could improve production and products and make
something they ordered. Improving production and
products, in that case, would mean added value to the
factory and a better product for the market.

Reducing costs and time, reducing environmen-
tal pollution, and even reducing injuries at work are
listed by Sakin and Kiroglu Caner (2017) as the main
advantages of the implementation of this technology in
construction companies. This is applicable to the wood
industry as well because the machines can do jobs in-
stead of workers. Implementation of this technology in
furniture production processes would contribute to sig-
nificant savings in some areas, including the usage of
only the amount of material that is needed for their de-
sign. This means to use less resources and thus reduce
waste, to create more innovative designs because 3D

Table 2 Advantages and disadvantages of implementations of additive manufacturing
Tablica 2. Prednosti i nedostatci implementacije aditivne proizvodnje

Implementation of additive manufacturing / Implementacija aditivne proizvodnje

Advantages / Prednosti

Disadvantages / Nedostatci

Early error detection during design process
prepoznavanje i uklanjanje pogresaka u procesu oblikovanja

Lower product strength, delamination may occur during
loading / manja ¢vrstoca proizvoda, mogucnost pojave
raslojavanja

Check of product assemblies / provjera sastavljanja sklopova
proizvoda

Possible lower mechanical properties of prototypes
depending on filament quality and technology / moguca
losija mehanicka svojstva prototipova, ovisno o kvaliteti
filamenta i o tehnologiji

Making individual or unique products
izrada pojedinacnih proizvoda ili unikata

Vanishing of existing traditional mass production plants
zatvaranje postojecih tradicionalnih proizvodnih pogona
za serijsku proizvodnju

Making of 3D models and visualizations
izrada 3D modela i vizualizacije

Lack of professional staff and educated training
nedostatak strucnog osoblja i adekvatne obuke

Digital storage of the model, quick modification and adaptation
to a new product / digitalna pohrana modela i brza izmjena i
prilagodba novom proizvodu

Sustainability of production processes / odrzZivost proizvod-
nih procesa

The user / customer personally participates in the process of
creation / osobno sudjelovanje korisnika/kupca u procesu
kreiranja

Lower 3D printer speed compared to conventional
productions / sporost 3D pisaca u usporedbi s konvencion-
alnim proizvodnjama

Rapid prototyping
brza izrada prototipa

Lack of knowledge of 3D technology industrial printing
and application / nedovoljno poznavanje industrije 3D
tehnologije ispisa i primjene

Quick production of devices or parts shortens delivery time
brza izrada prirucnih alata ili dijelova, §to skracuje vrijeme
isporuke

Limited number of materials and their availability
ogranicen broj materijala i njihova otezana dobavljivost

Reduced production costs (instead of ordering from other
factory) and thus reduce cost of transport, storage and
subcontracting services / smanjeni troskovi proizvodnje
(umjesto narucivanja), ¢ime se smanjuje i trosak prijevoza,
skladistenja te kooperantskih usluga

More expensive than conventional construction due to high
cost of 3D printers / proizvodnja skuplja od konvencion-
alne gradnje zbog visokih troskova 3D pisaca

Use of direct production - reducing the number of operations
primjena izravne proizvodnje — smanjenje broja operacija

3D printers can be too big or they are difficult and
expensive to install in place / 3D pisaci mogu biti veliki i
stoga ih je tesko i skupo instalirati na odredeno mjesto

The possibility of making products or parts in the “house”
privately or in own factory / mogucnost izrade proizvoda ili
dijelova ,,u kuci”, privatno ili u viastitoj tvornici

24/7 technology management / upravljanje tehnologijom 24/7
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printing can achieve shapes that conventional technol-
ogies cannot achieve with lower labour and transport
costs and thus enable on-site application. The nega-
tives could be the lack of technical staff, professional
staff and workers on printing machines (because some
machines require an extra worker). The offer of 3D
manufacturing on the market cannot yet replace tradi-
tional production of higher capacity but has an impact
because the traditional as well as AM face depreciation
of machine and labour cost (Steenhuis and Pretorius,
2016; Attaran, 2017). Achillas et al. (2017) consider it
as an excellent complement to small and micro produc-
tions that achieve competitiveness through their appli-
cation. Table 2 lists the mentioned advantages and dis-
advantages of additive manufacturing.

Table 2 presents advantages and disadvantages of
wide use of additive manufacturing in different pro-
duction sectors. It should be emphasized that the disad-
vantages show daily a decreasing trend. Lots of them
have already been improved and some problems will
be corrected in favour of AM in the near future. The
mentioned disadvantages and possibilities can be di-
vided into several groups. They involve the develop-
ment of the materials, development of printers, reduc-
ing costs (of hardware, printers, software, materials,
work, or defined properties of the future product) and
better education of employees.

Development of printers will reduce printing
costs and secure better and cheaper hardware on the
market. Development of materials includes improved
properties of the printed model and the materials them-
selves, possibilities of using more colours and their
combinations, more available materials, and filaments,
even combinations of different materials. Education
means more education from primary to higher educa-
tion, also the implementation of education in regular
schooling or additional lifelong learning courses, the
so-called lifelong learning. Those properties will ena-
ble the wide use, which is the goal of this technology.

7 CROATIAN FURNITURE
MANUFACTURER NEEDS

7. POTREBE PROIZVOPACA
NAMJESTAJA NA HRVATSKOM
TRZISTU

In Croatia, the wood industry and furniture pro-
duction do not keep up with new technologies. It can
be said that at this time the implementation of additive
manufacturing is still slowly progressing, but there are
possibilities for the development. 3D technology im-
plementation in solid wood furniture factories depends
on the primary interest of the factories, their placement
on world markets and their technological capabilities.

Figure 5 a) Engineering education (Prekrat, S., photography, 2022); b) Devices for research projects (Prekrat, S. photogra-
phy, 2022); c¢) Product presentation (Prekrat, S., photography, 2022); d) Creating innovations (Prekrat, S., photography, 2022)
Slika 5. a) Inzenjersko obrazovanje (fotografija: Prekrat, S., 2022.), b) uredaji za istrazivacke projekte (fotografija: Prekrat,
S.,2022.); c) prezentacija proizvoda (fotografija: Prekrat, S., 2022.); d) stvaranje inovacija (fotografija: Prekrat, S., 2022.)
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The need for rapid prototyping and new design solu-
tions stems from the wishes to conquer the market with
novelties. Only a few such factories show good exam-
ples and results, and the examples are shown in Figure
4. The other barriers include the procurement of new
technologies and software that would be compatible
with the existing machines. For some factories, this
means a complete reconstruction and renewal of pro-
duction and the design of new production processes.

For a greater degree of use of 3D printing in the
design and manufacture of furniture, the problem is in-
sufficient knowledge of 3D modelling as a basis for 3D
printing. Still, there is progress. As part of the study
program at the Faculty of Forestry and Wood Technol-
ogy, University of Zagreb, students make models of
furniture or its parts. Within this program, students use
3D print in product development and innovation, and
they manufacture parts for devices in research projects
(Figure 5).

Thus, the 3D printing is for now used just for pro-
totyping and product development and not for big series
and large furniture (Figure 6). While turning to ecologi-
cal materials, wooden furniture is a trend on the domes-
tic market, and ecological awareness when buying
wooden furniture is still moving in small steps. At pre-
sent, the companies that are already aiming at the for-
eign markets could benefit most from this technology.

Rapid prototyping also includes technological
process with simple manufacturing (example is small
printers and machines for fast prototyping) that most
producers could afford and that would greatly support
the development process of production or marketing.
Positive factors of faster work process, reducing the
cost of raw materials spent on the production of test
prototype elements, and use of technology only (non-
interference of regular production process, where

workers would continue to work on their usual posi-
tions in production) would certainly show results.

8 CONCLUSIONS

Today, additive manufacturing could speed up
production (in case of rapid prototyping, one piece of
unique furniture, alternate pieces of machines, etc.),
reduce the cost of the design process and increase
product quality. The number of disadvantages is much
smaller than advantages. With such manufacturing, it
is possible to make small production series, cheaper
products, complex geometry, and bionic structures. It
allows design freedom of making any shapes or furni-
ture parts and make personalized products for a variety
of customers. Additive manufacturing allows optimi-
zation of product performances. 3D printing has in-
creased implementation in different fields of furniture
production starting with making fast prototypes to final
functional products or furniture parts. Figure 7 shows
good examples of the mentioned advantages. Also, ac-
celerated development of applied materials, improve-
ment of technologies and reduction of hardware cost in
additive manufacturing results in greater application in
the design process and furniture manufacturing. Using
natural polymers allows green production and possibil-
ity of recycling. All this gives the product new added
value and lots of possibilities in product development.
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Figure 7 Good examples of 3D printing in furniture manufacturing (https://www.3dnatives.com/en/3d-printed-furni-

ture-130220194/)

Slika 7. Dobri primjeri 3D ispisa u proizvodnji namjestaja (https://www.3dnatives.com/en/3d-printed-furniture-130220194/)
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Drvo topole
Populus spp.

OPCENITO O VRSTI

Topole su ¢lanice botani¢kog roda Populus spp. i
porodice Salicaceae. Istoj porodici pripadaju i vrbe
(rod Salix). Rod Populus obuhvaéa izmedu 22 i 75
vrsta, ovisno o primijenjenoj taksonomskoj klasifikaci-
ji, ali najcesce se govori o priblizno 30 razlicitih vrsta.
Nadalje, rod topola dijeli se na Sest sekcija: Abaso Eck-
en (meksicke topole), Aigeiros Duby (crne topole),
Leucoides Spach. (mocvarne topole), Leuce Duby
(jasike 1 bijele topole), Tacamahaca Spach. (balzamne
topole) i Turanca Bunge (topole aridnih podrucja i
tropske topole). U Europi su tim imenom uglavnom
obuhvacene ove vrste: bijela topola (Populus alba L.)
(njem. Weisspappel, engl. white poplar, franc. peuplier
blanc, tal. pioppo bianco); crna topola (Populus nigra
L.) (njem. Schwarzpappel, engl. black poplar, franc.
peuplier noir, tal. pioppo nero) i trepetljika (Populus
tremula L.) (njem. Aspe (Zitterpapel), engl. aspen,
franc. peuplier tremble, tal. pioppo tremolo). Topole su
Siroko rasprostranjene diljem sjeverne hemisfere, u
borealnim i suptropskim zonama te u planinskim i po-
plavnim podruc¢jima.

Osim velikoga uzgojnog potencijala topola, drvo
te vrste ima Siroku primjenu. Raspon proizvoda od to-
polovine vrlo je Sirok, osobito u podru¢ju proizvodnje
papira, pulpe i kartonske ambalaze, ali i u proizvodnji
drvnih ploca i furnira, drvene ambalaze, Sibica, bioe-
nergije, ogrjeva i dr. Aktivnosti na poduc¢ju konzervaci-
je genetskih izvora topole u svijetu, poglavito bijele i
crne topole, provode se u sklopu mreze EUFORGEN.
Topola nije na popisu ugrozenih vrsta medunarodne
organizacija CITES, s tim da se P. alba i P. tremula,
prema IUCN-u, smatraju vrstama najmanje zabrinja-
vajuceg opstanka, dok za P. nigra podatci nedostaju.
Samo se P. caspica navodi kao ugrozena vrsta.

VAZNOST UZGOJA TOPOLA

U danasnje vrijeme u svijetu je pojacano zani-
manje za uzgoj razlicitih vrsta i krizanaca topole. Neki
od razloga jesu organska svojstva i ekonomska vrijed-
nost te vrste: brz rast i sposobnost proizvodnje drva
prikladnoga za tehnicku uporabu ve¢ nakon rotacije od
20 godina; izvor sirovine zadovoljavajuce kvalitete za

Uz sliku s naslovnice

GENERAL INFORMATION ON SPECIES

Poplars are members of the botanical genus Pop-
ulus spp. and the Salicaceae family. Willows (genus
Salix) also belong to the same family. The genus Popu-
lus includes between 22 and 75 species, depending on
the taxonomic classification used, while the most com-
mon are about 30 different species. Furthermore, the
genus Populus is divided into six sections: Abaso Eck-
en (Mexican poplars), Aigeiros Duby (black poplars),
Leucoides Spach. (swamp poplars), Leuce Duby (as-
pens and white poplars), Tacamahaca Spach. (balsam
poplars) and Turanca Bunge (arid and tropical pop-
lars). In Europe, the following species mainly come
under this name: white poplar (Populus alba L.) (Weis-
spappel (GER), white poplar (EN), peuplier blanc (F),
pioppo bianco (1)); black poplar (Populus nigra L.)(
Schwarzpappel (GER), black poplar (EN), peuplier
noir (F), pioppo nero (I)) and aspen (Populus tremula
L.) (Aspe (Zitterpapel)(GER), aspen (EN), peuplier
tremble (F), pioppo tremolo (I)). They are widely dis-
tributed throughout the northern hemisphere, in boreal
and subtropical zones and in mountainous and flood-
plain areas.

In addition to the great breeding potential of pop-
lars, poplar wood has a wide range of applications. The
options for products from poplar wood are numerous,
especially in the production of paper, pulp and card-
board packaging, but also in the production of wooden
boards and veneers, wooden packaging, matches, bioen-
ergy, for heating purposes, etc. Activities in the field of
conservation of poplar genetic resources in the world,
especially white and black poplar, are carried out within
the EUFORGEN network. These species are not listed
in the international organization CITES Appendices of
endangered species. According to the [IUCN, P. alba and
P tremula are reported as species of the least concern,
while no data are available for P. nigra. Only P. caspica
stands out as an endangered species.

IMPORTANCE OF POPLAR BREEDING

Nowadays, there is an increased global interest in
the cultivation of different poplar species and hybrids.
Some of the reasons are: the organic properties and
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siroku industrijsku upotrebu; sposobnost rasta na mar-
ginalnim tlima; sposobnost ve¢ine popularnih vrsta i
krizanaca da se vegetativno razmnozavaju (Sarsekova,
2015.). Dobivanje genotipova Sumskog drveca ¢ija su
svojstva bolja od postojecih vrsta glavni je cilj primje-
ne oplemenjivanja (Kajba i Ballian, 2007.). Oplemen-
jivanje se vrlo Cesto provodi radi povecanja proizvod-
nosti drvne mase. Usto, medu vaznim ciljevima
oplemenjivanja topola jest i povecanje kvalitete drva.

Mnoge vrste topole prilagodile su se razlici-
tim klimatskim uvjetima i tipovima stanista, ukljucu-
juci visoke temperature kineskih pustinja, kao i hladne,
vjetrovite uvjete juznoameri¢kih Anda. Velika genetska
varijabilnost karakteristika je upravo topola, a krizanje
medu vrstama i sekcijama rasprostranjeno je u prirodi,
kao i unutar kultiviranih topola. Topole su uzgojno za-
nimljive jer ih, osim brzog rasta, obiljezavaju i brojne
mogucénosti medusobnog krizanja. Plantazno se sade
diljem svijeta, ukljucujuci i juznu hemisferu. Procijen-
jeno je da se topole uzgajaju u 70 zemalja svijeta, kako
u mjesSovitim sastojinama, tako i u plantaznim nasadi-
ma te kao pojedinacna stabla u krajobrazima. Glavnina
topola u svijetu, tj. 91 %, raste u prirodnim Sumama, 6
% ih uspijeva na plantazama, a 3 % u mjesSovitim pol-
joprivredno-sumskim sustavima. Ukupna povrsina pri-
rodnih Suma topole iznosi vise od 70 milijuna hektara,
od cega 97 % otpada na Kanadu, Rusku Federaciju i
SAD, gdje se najcesce iskoristavaju za proizvodnju dr-
vne sirovine. U ostalim ve¢im zemljama u kojima to-
pole prirodno rastu (Kina, Njemacka, Finska, Fran-
cuska, Indija i Italija) primarno se koriste za
unaprjedenje okolisa, ukljucujuc¢i konzervaciju in situ,
zastitu voda i tla te za obnavljanje krajolika. Kad je ri-
jec o posadenim sastojinama topole u svijetu (plantaze,
zaStita Suma i poljoprivredno-Sumski sustavi), njihova
povrsina iznosi 6,7 milijuna hektara, od ¢ega je 3,8 mi-
lijuna hektara zasadeno topolom ponajprije radi
proizvodnje drvne sirovine, a ostatak od 2,9 milijuna
hektara radi zastite okolisa.

RELEVANTNE SPOZNAJE O DRVU
TOPOLE

Drvo topole je rastresito porozno, s uocljivim ili
slabo uocljivim godovima te je fine i jednoli¢ne teks-
ture. U pojedinih vrsta topole postoje odredene razlike
u makroskopskim karakteristikama drva. Drvo trepetl-
jike je bakuljavo, prljavo bijele do Zuckastobijele boje;
drvo crne topole je jedricavo, sa svjetlosmedom do svi-
jetlo zelenkastosmedom srzi, dok drvo bijele topole
ima crvenkastozutu do zutosmedu srz.

Pregled ranih istrazivanja drva topole prema
Bendtsenu (1978.), Zobelu i van Buijtenenu (1989.),
Tsoumisu (1991.) te Zobelu i Spragueu (1998.) donosi
ove spoznaje: stabla koja se uzgajaju u kratkim ophod-
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economic value that poplar trees provide; rapid growth
and the ability to produce wood suitable for technical
use already after a rotation of 20 years; the source of
raw material of satisfactory wood quality for wide in-
dustrial use; the ability to grow on marginal soils; the
ability of most poplar species and hybrids to reproduce
asexually (Sarsekova, 2015). Obtaining genotypes of
forest trees with properties better than the existing ones
is the main goal of the improvement (Kajba and Bal-
lian, 2007). Very often the improvement is carried out
in order to increase the productivity of wood mass.
Also, one of the important goals of poplar improve-
ment is to increase the quality of the wood.

Many poplar species have adapted to different
climates and habitat types, including the high tempera-
tures of the Chinese deserts and cold, windy conditions
of the South American Andes. High genetic variability
is a characteristic of poplars, while crossing between
species and sections is widespread in nature and in
poplar cultivation. Poplars are interesting for cultiva-
tion because, in addition to their rapid growth, they are
also characterized by the wide range of cross-breeding
possibilities. Plantations are distributed all over the
world, including the southern hemisphere. It is esti-
mated that poplars are grown in 70 world countries,
both in mixed stands and plantations, and as individual
trees in landscapes. The majority of poplars in the
world grow in natural forests (91 %), 6 % in planta-
tions and 3 % in mixed agroforestry systems. The total
area of native poplar forests is over 70 million hectares,
of which 97 % is in Canada, the Russian Federation
and the United States of America, where they are most
often used for the production of wood raw material. In
other major countries where poplars occur naturally
(China, Germany, Finland, France, India and Italy),
they are primarily used for environmental improve-
ment, including in situ conservation, water and soil
protection and landscape restoration. As for planted
poplar stands in the world (plantations, forest protec-
tion and agro-forestry systems), their area is 6.7 mil-
lion hectares, of which 3.8 million hectares are planted
primarily for the production of wood raw material, and
the remaining 2.9 million hectares for the purpose of
environmental protection.

RELEVANT KNOWLEDGE ABOUT
POPLAR WOOD

Poplar wood is diffuse porous, with noticeable or
barely noticeable annual growth rings and a fine and
uniform texture. Regarding the macroscopic character-
istics of the wood, there are certain differences among
different poplar species. The heartwood of aspen wood
is uncolored, dirty white to yellowish white in color;
the heartwood of black poplar wood is colored, light



njama poput topola proizvode drvo s velikim udjelom
juvenilnog drva; gustoéa drva u blizini sréike je velika,
smanjuje se, a zatim se u zrelom drvu, nakon otprilike
15. goda, ponovo povecava; s poveéanjem starosti sta-
bala nema varijacija u omjeru volumena razlicitih ele-
menata strukture drva; u rastresito poroznom drvu kao
Sto je topolovina kasno drvo nije jasno vidljivo i ne
postoji praktican nacin proucavanja odnosa izmedu
gustoée drva i Sirine godova.

Novija istrazivanja drva topole govore o slje-
de¢emu: a) juvenilno drvo obuhvaca prvih deset go-
dova pocevsi od sréike (Senft, 1986.; Barcik i dr.,
2008.; Efhami i Saraeyan, 2009.); b) zabiljezene su
varijacije izmedu i1 unutar krizanaca i prirodnih vrsta
topola, i to u smislu anatomskih i mehanickih svojstava
drva (Telewski i dr., 1996.); ¢) gustoca drva topole ima
Sirok raspon izmedu taksonomskih sekcija i izmedu
klonova, rangirane su prema gusto¢i vrste topole male
gustoée (Balatinecz i dr., 2014.); d) topole vece gustoce
takoder pokazuju sli¢an potencijal poput, primjerice,
breze ili bukve (Balatinecz i dr., 2014.); e) u nekih no-
vih kultivara godovi mogu biti prili¢no $iroki, ¢esto Siri
od 2 cm, katkad cak S§iroki tri ili viSe centimetara (Ba-
latinecz i dr., 2014.); f) glavne greske povezane s ras-
tom jesu kvrge i tenzijsko drvo (Koman i dr., 2013.); g)
oborine su navedene kao ¢imbenik koji odreduje Sirinu
godova topola (Ziemianska i Kalbarczyk, 2018.); h)
brzina prirasta negativno se odrazava na gustocu drva
odredenih klonova topola (IStok i dr., 2016.).

Uzgojem topola dobiva se sirovina razlicite kva-
litete, ovisno o krajnjoj namjeni drva. Napomena: po-
datci o tehnickim i tehnoloskim svojstvima drva topole
dostupni su na web stranicama i u priruénicima nave-
denim u literaturi na kraju teksta.
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brown to light greenish brown, while the heartwood of
white poplar wood is reddish yellow to yellow-brown.

A review of early research on poplar wood ac-
cording to Bendtsen (1978), Zobel and van Buijten
(1989), Tsoumis (1991) and Zobel and Sprague (1998)
provides the following knowledge: trees grown in short
rotations, such as poplars, produce wood with a large
proportion of juvenile wood; wood density is high near
the pith, decreases, then increases again in the mature
wood after about the 15th annual growth ring; there is
no variation in the proportion of different wood struc-
ture elements by volume with increasing age of trees;
in diffuse porous hardwoods, such as poplars, latewood
is not clearly discernible and there is no practical way
to study the relationship between wood density and
ring width.

Later research on poplar wood leads to the fol-
lowing conclusions: (a) juvenile wood includes first
ten annual growth rings from the pith (Senft, 1986;
Barcik et al., 2008; Efhami and Saraeyan, 2009); (b)
there are considerable variations between and within
hybrid and natural poplar species for anatomical and
mechanical properties (Telewski et al., 1996); (c) den-
sity of poplar wood has a wide range between taxo-
nomic section and between clones, ranking the species
with low density (Balatinecz et al. 2014); (d) the high-
er-density poplars also show similar potential to, for
example, birch or beech (Balatinecz et al. 2014); (e) in
some new cultivars, growth rings may be quite broad,
often exceeding 2 cm and sometimes even 3 cm or
even more (Balatinecz ef al. 2014); (f) the main growth-
related defects include knots and tension wood (Koman
et al. 2013); (g) rainfall is indicated as a factor deter-
mining the tree-ring width in poplars (Ziemianska and
Kalbarczyk, 2018); (h) increased growth rate has a
negative effect on wood density of certain poplar
clones (Istok et al. 2016).

The cultivation of poplar produces raw material
of different quality, depending on the end use of wood.
Note: data on technical and technological properties of
poplar wood are available on web pages and in manu-
als listed in literature section.
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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 objavljivanje
odobrili svi suautori (ako rad ima vi$e autora) i ovlastene osobe usta-
nove u kojoj je istrazivanje provedeno. Cjelokupni sadrzaj Drvne in-
dustrije dostupan je za skidanje s interneta, tiskanje, daljnju distribu-
ciju, ¢itanje i ponovno kori$tenje bez ogranicenja sve dok se naznace
autor(i) i originalni izvor prema Creative Commons Attribution 4.0
International License (CC BY). Autor(i) zadrzavaju izdavacka prava
bez ogranicenja.

Znanstveni i stru¢ni radovi objavljuju se na engleskom jeziku, uz sa-
zetak na hrvatskome. Takoder, naslov, podnaslovi i svi vazni rezulta-
ti trebaju biti napisani dvojezi¢no. Uredni$tvo osigurava inozemnim
autorima prijevod na hrvatski. Ostali se ¢lanci uglavnom objavlju-
ju na hrvatskome. Znanstveni i stru¢ni radovi podlijezu temeljitoj
recenziji najmanje dvaju recenzenata. Izbor recenzenata i odluku o
klasifikaciji i prihvacanju ¢lanka (prema preporukama recenzenata)
donosi Urednicki odbor.

Svi prilozi podvrgavaju se jezi¢noj obradi. Urednici ¢e od autora
zahtijevati da tekst prilagode preporukama recenzenata i lektora,
te zadrzavaju i pravo da predloze skracivanje ili poboljSanje teksta.
Autori su potpuno odgovorni za svoje priloge. Podrazumijeva se
da je autor pribavio dozvolu za objavljivanje dijelova teksta $to su
ve¢ negdje objavljeni te da objavljivanje ¢lanka ne ugrozava prava
pojedinca ili pravne osobe. Radovi moraju izvjestavati o istinitim
znanstvenim ili tehni¢kim postignu¢ima. Autori su odgovorni za ter-
minolosku i metrolosku uskladenost svojih priloga. Radovi se Salju
elektronicki putem poveznice http://journal.sdewes.org/drvind

Upute

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

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

Posljednja stranica treba sadrzavati titule, zanimanje, zvanje i adresu
(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 oznacena odgovaraju¢im podnaslovima. Na-
pomene se ispisuju na dnu pripadajuce stranice, a obrojcavaju se
susljedno. One koje se odnose na naslov oznacuju se zvjezdicom,
a ostale uzdignutim arapskim brojkama. Napomene koje se odnose
na tablice piSu se ispod tablica, a 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 obroj¢ane, arapskim broj-
kama, a u tekstu se na njih upucuje jasnim naznakama (“tablica 1”
ili “slika 17). Naslovi, zaglavlja, legende i sav ostali tekst u slikama i
tablicama treba biti napisan hrvatskim i engleskim jezikom.

Slike je potrebno rasporediti na odgovarajuca mjesta u tekstu, trebaju
biti izradene u rezoluciji 600 dpi, crno-bijele (objavljivanje slika u
koloru moguce je na zahtjev autora), 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). Tablice i grafikoni trebaju biti na svojim mjestima u tekstu
te originalnog formata u kojemu su izradeni radi naknadnog ubaci-
vanja hrvatskog prijevoda. Ako ne postoji moguénost za to, potrebno
je poslati originalne dokumente u formatu u kojemu su napravljeni
(excel ili statistica format).

Naslovi slika i crteza ne piSu se velikim tiskanim slovima. Crtezi
i grafikoni trebaju odgovarati stilu ¢asopisa (fontovima i izgledu).
Slova i brojke moraju biti dovoljno veliki da budu lako ¢itljivi na-
kon smanjenja $irine slike ili tablice. Fotomikrografije moraju imati
naznaku uvecanja, pozeljno u mikrometrima. Uvecanje moze biti
dodatno naznaceno na kraju naslova slike, npr. “uvecanje 7500 : 1”.
Diskusija i zaklju¢ak mogu, ako autori zele, biti spojeni u jedan odje-
ljak. U tom tekstu treba objasniti rezultate s obzirom na problem
postavljen u uvodu i u odnosu prema odgovarajué¢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 navodenija literature

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

Primjer

Karki, T., 2001: Variation of wood density and shrinkage in Europe-

an aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Knjige: Prezime autora, inicijal(i) osobnog imena, godina: Naslov.
(ev. izdavac/editor): izdanje (ev. svezak). Mjesto izdanja, izdavac
(ev. stranice od — do).

Primjeri

Krpan, J., 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb,
Tehnicka knjiga.

Wilson, J. W.; Wellwood, R. W., 1965: Intra-increment chemical
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.

Ostale publikacije (brosure, studije itd.)

Miiller, D., 1977: Beitrag ziir Klassifizierung asiatischer Baumar-
ten. Mitteilung der Bundesforschungsanstalt fiir Forstund Holzvvirt
schaft 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 Uredni$tvu s listom ispravaka. Autori
znanstvenih i stru¢nih radova besplatno dobivaju po jedan primjerak
Casopisa. Autoru svakog priloga takoder se dostavlja besplatan pri-
mjerak ¢asopisa.

Dodatne informacije o nacinu pisanja znanstvenih radova mogu se
naci na web adresi:

hww.ease.0rg.uklnublications/author—guidelines



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

Instructions for authors

General terms

The “Drvna industrija” (““Wood Industry”) journal publishes scientific
papers (original scientific papers, review papers, previous notes),
professional papers, conference papers, professional information,
bibliographical and survey articles and other contributions related
to biology, chemistry, physics and technology of wood, pulp and
paper and wood products, including production, management and
marketing issues in the wood industry.

Submission of a paper implies that the work has not been submitted
for publication elsewhere or published before (except in the form of
an abstract or as part of a published lecture, review or thesis, in which
case it must be stated in a footnote); that the publication is approved
by all co-authors (if any) and by the authorities of the institution
where the research has been carried out. The complete content of the
journal Drvna industrija (Wood Industry) is available on the Internet
permitting any users to download, print, further distribute, read and
reuse it with no limits provided that the author(s) and the original
source are identified in accordance with the Creative Commons
Attribution 4.0 International License (CC BY). The authors retain
their copyrights.

The scientific and professional papers shall be published in English
with summary in Croatian. The titles, headings and all the relevant
results shall be also presented bilingually. The Editor’s Office shall
provide the translation into Croatian for foreign authors. Other
articles are generally published in Croatian. 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 the link http://journal.sdewes.org/drvind

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),
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). 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.):

Miller, 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. 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:

&ww.ease.0rg.uk/gublications/author—guidelinej
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HRVATSKA KOMORA
INZENJERA SUMARSTVA
| DRVNE TEHNOLOGUE

HRVATSKA KOMORA INZENJERA SUMARSTVA
| DRVNE TEHNOLOGIJE

Osnovana je na temelju Zakona o Hrvatskoj
komori inZenjera Sumarstva i drvne tehnologije.

Komora je samostalna i neovisna strukovna
organizacija koja obavlja povjerene joj javne
ovlasti, Euva ugled, ¢ast i prava svojih clanova,
skrbi da ovlasteni inZenjeri obavljaju svoje
poslove savjesno i u skladu sa zakonom, promice,
zastupqi uskladuje njihove interese pred
driavnir i drugim tijelima u zemlji i inozemstvu.

|

Clanovi komore:

inZenjeri Sumarstva i drvne tehnologije koji
obavljaju stru¢ne poslove iz podrudja Sumarstva,
lovstva i drvne tehnologije.

Strucni poslovi:

proiektii'anie, izrada, procjena, izvodenje i nadzor
radova iz podrucja uzgajanja, uredivanja,
iskoridtavanja i otvaranja Suma, lovstva, zastite
Suma, hortikulture, rasadnicarske proizvodnje,
savjetovanija, ispitivanja kvalitete proizvoda,
sudskoga vjestacenija, izrade i revizije struc¢nih
studija iplanova, kontrola projekata i strucne
dokumentacije, izgradnja uredaja, izbor opreme,
objekata, procesa i sustava, strucno

osposobljavanje i licenciranje radova u Sumarstvu,

lovstvu | preradi drva.

v

g, 72 o] v

v ¥V

telefon:
++ 385 1376-5501
e-mail:
info@hkisdt.hr ‘

Zadaci Komore:

promicanje razvoja struke i skrb o stru¢nom
usavriavanju ¢lanova,

poticanje dono3enja propisa kojima se utvrduju
javne ovlasti Komore,

reagiranje struke na pripremu propisa iz podrucja

Sumarstva, lovstva i drvne tehnologije,
suradnja s nadleznim institucijama i zastupanje
struke u odnosu prema njima,

organizacija stru¢noga usavriavanja,
zastupanje interesa svojih clanova,

izdavanje pecata i iskaznice ovlastenim
inZenjerima,

briga i nadzor postivanja kodeksa strukovne etike,

osiguravanje clanova Komore za Stetu koja bi
mogla nastati investitorima i trecim osobamaii sl.

Clanovima Komore izdaje se rjeenje, pecat i
iskaznica ovlastenoga inZenjera.

Za uspjesno obavljanje zadataka te za postizanje
ciljeva ravnopravnoga i jednakovrijednoga
zastupanja struka udruZenih u Komoru, ¢lanovi
Komore organizirani su u razrede:

» Razred inZenjera Sumarstva
» Razred inZenjera drvne tehnologije

HRVATSKA KOMORA INZENJERA SUMARSTVA | DRVNE TEHNOLOGIJE
Prilaz Gjure Dezelica 63
10000 ZAGREB

www.hkisdt.hr |



SVEUCILISTE U ZAGREBU * FAKULTET SUMARSTVA I DRVNE TEHNOLOGIJE

UNIVERSITY OF ZAGREB * FACULTY OF FORESTRY AND WOOD TECHNOLOGY

Svetosimunska 23, 10000 Zagreb, Hrvatska / Croatia IBAN: HR0923600001101340148
tel: 00385 1 2352 454 e-mail: dcvetan@sumfak.hr OIB / VAT ID: HR07699719217

PRETPLATNI LIST / SUBSCRIPTION SHEET

1zasao je broj 1 ¢asopisa Drvna industrija, volumen 74 (2023. godina). Pozivamo Vas da obnovite svoju pretplatu
ili se pretplatite na Casopis, te na taj nacin pomognete njegovo izlazenje. Cijena sva Cetiri broja jednog godista
(volumena) je 55,00 EUR bez PDV-a, u Hrvatskoj i inozemstvu. Ukoliko ste suglasni s uvjetima pretplate za jedno
godiste Casopisa, molimo Vas da popunite obrazac za pretplatu i poSaljete ga na nasu postansku ili elektroni¢ku
adresu.

Issue 1, Volume 74 (2023) of the journal Drvna industrija is published. We invite you to renew your subscription
or subscribe to a journal to support it. The price of all four issues of one year (volume) is 55 EUR without VAT, in
Croatia and worldwide. If you agree to the subscription terms for one volume, please complete the subscription
form and send it to our postal or e-mail address

Predsjednik Izdavackog savjeta Glavna i odgovorna urednica
¢asopisa Drvna industrija ¢asopisa Drvna industrija
President of Publishing Council Editor-In-Chief
izv. prof. dr. sc. Vjekoslav Zivkovi¢ prof. dr. sc. Ruzica Beljo Luci¢

PRETPLATA NA CASOPIS 1l 3 prUNA
SUBSCRIPTION TO JOURNAL @ INDUSTRIJA

Pretplac¢ujemo se na ¢asopis Drvna industrija u koli¢ini od godisnje pretplate (Cetiri broja).

Cijena jednog godista (volumena) iznosi 55 EUR, bez PDV-a. Pretplata obuhvaca sve brojeve jednog godista.
We subscribe to the journal Drvna industrija in amount of annual subscription(s) (four issues).

Price of one volume (vear) is 55 EUR, without VAT. The subscription covers all numbers of one volume.

Hrvatska: EU / World:
HR0923600001101340148 Bank: Zagrebacka banka
s naznakom “Za ¢asopis Drvna industrija” IBAN: HR0923600001101340148
poziv na broj: 3-02-03 Swift: ZABA HR 2X
Osoba / Name: e-mail:

Tvrtka, ustanova / Company, institution:

OIB / VAT ID: Telefon / Phone:
Adresa / Address: Posta. broj:
(ulica / street) Postal code:
Grad / City: Regija / Region:

Drzava / Country:




Danube Transnational Programme

Projekt Sume u rukama Zena - Fem4Forest

f

Projekt “Sume u rukama Zena" (,Fem4Forest”) Zeli ojacati sektor baziran na 3umama na lokalnoj,
regionalnoj i meduregionalnoj razini kroz povecanu ukljucenost i jaanje sposobnosti Zena, podrzavajudi
njihovu jednaku prisutnost i kompetencije na trzistu.
Projekt se provodi od 01.07.2020 - 21.12.2022. godine u sklopu Interreg Danube transnacionalnog
programa te je sufinanciran iz fondova EU ( ERDF, IPA, ENI) i Vlade RH (Ured za udruge).
Na projektu sudjeluje 14 partnera iz 10 drZzava Dunavske regije. Hrvatski partneri su Hrvatska komora
nZenjera Sumarstva i drvne tehnologije i Hrvatski savez udruga privatnih Sumoviasnika.
Na temelju provedenih upitnika i intervjua, zakljuCeno je kako su osobni razvoj i cjeloZivotno ucenje put
za uspjesnu karijeru svake Zene u svim sektorima, pa tako i Sumarskom, a na tom putu potrebno je:

- unaprijediti organizaciju poslovania,

- uciti o tehnikama upravljanja kolektivom,

- vjezbati komunikacijske vjestine te

- identificirati uzore u sektoru i njinova iskustva.
Provedeni su razgovori sa Zenama uzorima u sektoru, ¢ija dugogodisnja i raznolika karijera, bogato
skustvo te pozitivan stav prema radu mogu posluZiti kao primjer mladim Zenama na W‘ihO'\"L, putu i
profesionalnom razvoju.
U sklopu projekta uskoro pocinje provedba trening radionica koje ¢e se fokusirati na vjestine '-«oder-ja,

prezentacijske i komunikacijske vjestine te osobne vjestine za podizanje ")TI,(J('J\ | samopouzdanja.

7(1 vise informacija pratite web stranice projektnih partnera (www.hkisdt.hr, www.hsups.hr).
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® Drvodjelac d.o.o.
 Petra Preradoviéa 14, lvanec, Hrvatska
+385 (0)42 781 922 | www.drvodjelac.hr
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