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ABSTRACT - This research aims to optimize densified laminated veneer lumber production parameters of
compression ratio, press temperature, press time, and adhesive spread rate to maximize their mechanical proper-
ties. In the manufacturing process of densified laminated veneer lumber, I-77/51 American poplar clone (Populus
deltoides) veneers and urea formaldehyde adhesive are used. The results showed that the compression rate and
press time had the most significant impact on the mechanical properties of densified laminated veneer lumber.
The optimal production conditions were determined as follows: 38 % compression, press temperature of 170 °C,
press time of (10+3) minutes, and spread rate of 150 g/m?. Modulus of rupture, modulus of elasticity, tensile shear
strength, and tensile strength perpendicular to panels surface of densified laminated veneer lumbers produced
under these conditions increased by 49 %, 8 %, 71 %, and 23 %, respectively, compared to the control group of
laminated veneer lumber. So, it can be said that the production parameters of densified laminated veneer lumbers
can be optimized safely and effectively using Taguchi method-based grey relational analysis.

KEYWORDS: densification, laminated veneer lumber, urea formaldehyde, processing parameters, Taguchi
method based grey relational analysis

SAZETAK « Cilj ovog istrazivanja bilo je optimiziranje parametara proizvodnje uguscéene lamelirane furnirske
grade: stupnja uguscenja, temperature presanja, vremena presanja i kolicine nanosa ljepila kako bi se povecala
mehanicka svojstva lamelirane furnirske grade. U procesu proizvodnje lamelirane furnirske grade upotrijebljeni
su_furniri drva klona americke topole I-77/51 (Populus deltoides) i urea-formaldehidno Ijepilo. Rezultati su poka-
zali da su stupanj uguscenja i vrijeme presanja imali najveci utjecaj na mehanicka svojstva uguscéene lamelirane
furnirske grade. Utvrdeni su ovi optimalni uvjeti: stupanj uguscenja 38 %, temperatura presanja 170 °C, vrijeme
presanja 10+3 min i kolic¢ina nanosa ljepila 150 g/m’. Modul loma, modul elasticnosti, smicna cvrstoca i vlacna
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évrstoéa okomito na povrsinu ploce uguscéene lamelirane furnirske grade proizvedene uz navedene uvjete povecali
suseza49 %, 8 %, 71 % odnosno za 23 % u usporedbi s kontrolnom skupinom lamelirane furnirske grade. Dakle,
moze se reci da se parametri proizvodnje uguscene lamelirane furnirske grade mogu sigurno i ucinkovito optimi-
zirati uz pomoc¢ sive relacijske analize utemeljene na Taguchijevoj metodi.

KLJUCNE RIJECI: uguscivanje, lamelirana furnirska grada, urea-formaldehid, parametri procesa, siva relaci-

Jjska analiza utemeljena na Taguchijevoj metodi

1 INTRODUCTION
1. UVOD

The mechanical properties of wood, such as
strength, hardness, and abrasion, can be improved by
densification due to the compression perpendicular to
grain under high temperature and pressure (Haller and
Wehsener, 2004; Kollmann et al., 1975; Seborg et al.,
1956; Ulker and Burdurlu, 2016). Thus, it is possible to
use the wood of fast-growing species with low density
and low mechanical properties as structural material
instead of high-value wood (Kutnar and Sernek, 2007).
Wood surface roughness is also reduced by densifica-
tion, which provides lower press time, press pressure,
press temperature, and less glue, especially in the pro-
duction of laminated materials such as plywood and
laminated veneer lumber (LVL) (Bekhta and Marutz-
ky, 2007; Bekhta ef al., 2012; Bekhta and Salca, 2018;
Bekhta et al., 2018; Fang et al., 2012; Ugovsek et al.,
2013; Ulker and Burdurlu, 2016).

In the literature, there are many studies on the
production of laminated materials such as plywood and
LVL from pre-densified veneer (Bekhta and Marutzky,
2007; Bekhta er al., 2012; Bekhta and Salca, 2018;
Bekhta et al., 2018; Ugovsek et al., 2013; Ulker and
Burdurlu, 2016). However, the densification of veneer
as a separate step before lamination increases produc-
tion time and cost.

Both densification and lamination require high
press temperature and pressure. So, the production of
laminated material by combining the densification and
lamination in the same step may provide significant
cost advantages. However, the vapor pressure, caused
by the water in the adhesive, and wood moisture create
the risk of blistering and blowing. A higher tempera-
ture (more than 100 °C) and pressure, which are need-
ed for softening of wood, increase these risks even
more (Wang and Dai, 2005). In contrast, spring-back
and dimensional stability improve with increasing con-
densation temperature and time (Fang et. al., 2012;
Kudela et al., 2018). Therefore, it is necessary to apply
the press pressure, press temperature, press time, and
adhesive spread rate (SR) more carefully, if densifica-
tion and lamination are used in the same step.

The Taguchi method is a powerful analysis meth-
od that reduces the number of experiments using or-
thogonal arrays to optimize production parameters.
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Several studies have used the Taguchi method to opti-
mize the parameters such as press pressure, tempera-
ture, time, and adhesive amount in the production of
composite materials. (Alade ef al., 2022a; Alade et al.,
2022b; Buddi et al., 2018; Hamzagebi, 2016; Shafie
and Zarea-Hosseinabadi, 2019).

Taguchi method allows for determining the effect
of production parameters and optimizing them on a
single product feature. However, it is often insufficient
to evaluate the quality of a product by adhering to a
single feature. In such cases, multi-response optimiza-
tion techniques are used. In several studies, the Tagu-
chi method and grey relational analysis (GRA) were
successfully used together to determine the optimal
production conditions for multiple quality features
(Gupta et al., 2019; Kavimani et al., 2022; Khan et al.,
2021; Kopparthi et al., 2021; Onyekwere et al., 2021;
Velmurugan and Babu, 2020).

In this study, the effects of compression ratio,
press temperature, press time, and adhesive spread rate
on the mechanical properties of densified laminated
veneer lumber (dLVL) were investigated. In this con-
text, the parameter levels were determined using Tagu-
chi-based GRA to maximize the modulus of rupture
(MOR), modulus of elasticity (MOE), tensile shear
strength (7SS), and tensile strength perpendicular to
panel surface (7SPS) of dLVL.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The veneers to produce dLVLs were peeled from
1-77/51 American poplar clone (Populus deltoides)
logged at an altitude of 250 m in Diizce, Turkey. Ameri-
can poplar wood was chosen as wood of low value with
lower mechanical properties (Candan ef a/., 2013) and
with great potential of improvement by densification.
The veneers were peeled in thicknesses of 1.8, 2.1, and
2.4 mm to produce dLVLs and 1.2 mm to produce LVLs
for the control group. They were cut in dimensions 55
cm x 30 cm, conditioned at (20£3) °C and (65+1) %
relative humidity until they reached a constant weight.
Their equilibrium moisture content reached approxi-
mately 13 % before the production of panels. A com-
mercial urea-formaldehyde (UF) adhesive (Poliure
2265, Polisan Kimya San. A.S., Kocaeli, Turkey) was
used in the production of dLVLs. 10 % by weight hard-
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Table 1 Production parameters of dLVLs and control group (non-densified) LVL
Tablica 1. Parametri proizvodnje dLVL-a i LVL-a kontrolne skupine (neuguséeno)

Parameters / Parametri Level 1 | Level2 | Level 3 | Control
Compression rate / Stupanj uguscenja, % 38 47 54 7*
Press temperature / Temperatura presanja, °C 130 150 170 110
Press time, min under 0.8 N/mm? / pod tlakom 0,8 N/mm? 10 10 10 10
Vrijeme preSanja, min under increased pressure / pod poveéanim tlakom 3 5 7 -
Spread rate of adhesive, g/m?’ Kolicina nanosa ljepila, g/m? 120 150 180 150

*Compression occurred at press pressure of 0.8 N/mm?. / Uguscenje je postignuto primjenom tlaka presanja od 0,8 N/mm?’.

ener (10 % NH,Cl/water solution) and 20 % wheat flour
by weight were added to prepare UF adhesive solution.

Equilibrium moisture content and air-dry density
(d) were measured according to standards TS EN 322
(1999) and TS EN 323 (1999), respectively. The
spring-back ratios (SB) of the produced test panels
were calculated according to Eq. 1, respectively:

sp=ta "l 19 (1)
Where ¢, is the thickness of dLVL panels in
air-dry condition, ¢__ is the thickness of panels com-
pressed state, i.e., of a mechanical stop.
MOR and MOE were determined according to TS
EN 310 (1999), while 7SS was determined according
to TS EN 314-1 (1998) standard. For each experimen-
tal group, five samples were tested. The 7SPS was de-
termined according to the principles specified in TS
EN 319 (1999) standard, and three samples for each
experimental group were tested. The universal test ma-
chine with 50 kN capacity (UTEST 7012) was used to
determine these mechanical properties of dLVLs.

2.1 Experimental design
2.1. Postavke eksperimenta

Parameter design is the first step of the Taguchi
method. Here, the parameters that affect product qual-
ity and their levels are determined. As a result of the

Press temperature, °C

Press temperature, °C
temperatura presanja, °C

literature review and preliminary experiments, four
production parameters, compression rate (CR), press
temperature (PT), press time (P?), and spread rate of
adhesive (SR), and three levels of each suitable to L9
Taguchi orthogonal array were determined (Table 2).
Parameter levels are determined by the low-normal-
high principles. In addition, to compare the dLVLs,
control group (non-densified) LVL panels were pro-
duced in conditions shown in Table 1.

2.2 Production of dLVLs
2.2. Proizvodnja uguséene lamelirane drvne
grade

The UF adhesive was applied to one side of the
veneers of various thicknesses (1.8, 2.1 and 2.4 mm) to
create nine layers of dLVL drafts with 16.2, 18.9, and
21.6 mm thicknesses, respectively. In the same way,
10.8 mm thick control group LVL drafts were created
from 1.2 mm thick veneers. There are four main stages
in the dLVL pressing process, as shown in Figure 1.
Initially, the prepared drafts were cold-pressed under
0.5 N/mm? pressure for 1 minute. Subsequently, the
panels were placed in the laboratory hot press with a
capacity of 180 tons (Cemil Usta SSP 180 T) and
pressed under a pressure of 0.8 N/mm? for 10 minutes
to reach the desired temperature of all veneer sheets. In
the compression stage, the press pressure was increased

Pressure, MPa

Pressure, N/mm?
pritisak, N/mm?

Time / vrijeme, min

Figure 1 Schedule of dLVL pressing process

Slika 1. Raspored procesa presanja ugusc¢ene lamelirane drvne grade
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to 4 N/mm? and the panels were brought to 10 mm. To
ensure that all panels produced are of the same thick-
ness, 10mm thick mechanical stops made of stainless
steel were used. Thus, dLVLs were compressed at the
rates of 38 %, 47 %, and 54 %. The compression step
was not applied in the production of the control group
LVL. The production parameters of the different ex-
perimental groups are presented in Table 2.

2.3 Single and multi-response optimization
2.3. Optimizacija s jednim i viSe odgovora

In this study, single responses are optimized by
the Taguchi method, in which the functions called sig-
nal-to-noise ratio (S/N) are used and expressed in deci-
bels (dB). The S/N for the SB was calculated according
to the “smaller is better” principle using Eq. 2. In con-
trast, density, modulus of rupture (MOR), modulus of
elasticity (MOE), tensile shear strength (7'SS), and ten-
sile strength perpendicular to panels surface (7SPS)
were calculated according to the “larger is better” prin-
ciple using Eq. 3, where S/N (k): S/N of the ith experi-
mental group for k¢h mechanical property, y(k): test
result of jth repetition for kth mechanical property, n:
number of repetitions.

(), o=-10108, BZy (k)z} @)

(S4) (=-10l0g, [%Z%)] 3

i=t Y

In both cases, the highest S/N calculated for each
experimental group is considered as the best result. In
addition, the contribution rates (Cr) and significance
levels of the production parameters on mechanical
properties were determined using analysis of variance
(ANOVA) at a 95 % confidence interval. Taguchi-
based experimental design and statistical analysis were
performed using Minitab 18 software.

GRA was used to obtain optimal process param-
eters to maximize MOR, MOE, TSS, and TSPS at the
same time. GRA was applied according to the follow-
ing steps:

First, the results of MOR, MOE, TSS, and TSPS
were normalized (P (k)) between the ranges from 0 to 1
to reduce the variability. The data are calculated ac-
cording to Eq. 4.

Y (k)—miny(k)
Bk)= max y(k)—min y(k) @

Then, the grey relational coefficient (g) was cal-
culated according to Eq. 5, where A (k) is the absolute
difference between P (k) and P(k), A . (k) and A _ (k)
are the minimum and maximum value of absolute dif-
ference between P (k) and P (k). ¢ is the distinguish-

max
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ing coefficient and commonly assumed to be 0.5
(Kavimani et al., 2022; Kopparthi ef al., 2021; Onyek-
were et al., 2021; Velmurugan and Babu, 2020).
¢ () e )+ 8, (8 o
A, (k)+EA,,,, (k)

In the fourth step, the grey relational degree
(GRD) was calculated by summing the weighted grey
relational coefficients (Eq. 6) and ranked as the largest
best. In this study, equal weights r(k) are given for
MOR, MOE, TSS, and TSPS.

501

GRD ; = & (k) (6)
The grey relational degree (GRD) is a representa-
tion of the results of MOR, MOE, TSS, and TSPS as a
single value. By using these values, Taguchi analysis
was performed again to determine optimum process
conditions. The dLVL for the confirmation test was
produced in these optimum conditions. Finally, the me-
chanical properties of this dLVL and the control LVL
produced under the standard conditions applied in in-

dustry were compared.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The air-dry density of the [-77/51 American pop-
lar clone wood measured as 0.49 g/cm®. The air-dry
density, DR, SB, MOR, MOE, TSS, and TSPS of dLVLs
and control group LVL are given in Table 2.

The densities of the dLVLs increased by 31 % to
43 % compared to American poplar wood and 17 % to
28 % compared to the control group LVL. When the
response table for the S/N (Table 3a) is examined, it is
seen that the most effective production parameter on
density is the CR (45 %), as expected. However, it was
observed that the increase in CR did not cause a sig-
nificant increase in the densities of dLVLs (Figure 2a).
This can be attributed to the increase in the SB of
dLVLs, as the CR increases, which has the greatest ef-
fect on SB (Table 3b and Figure 2b). The higher CR
increases internal stresses and causes an increase in the
SB (Blomberg et al., 2006; Kutnar et al., 2009; Laine et
al.,2016; Unsal et al., 2011). Additionally, the water in
the adhesive evaporates due to the high temperature
applied in pressing of dLVLs. As a result of the in-
creased press pressure required to increase the density,
this water vapor may be trapped in dLVL, which caus-
es increased steam pressure. Therefore, the dLVLs may
have tended to return to their original thickness and
increased the SB when the press was opened. On the
other hand, as the SR increased, an increase was ob-
served in the density of dLVLs, because the used adhe-
sive filled the cell lumens (Figure 2a).
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Table 2 Experimental results of produced dLVLs and control group LVL
Tablica 2. Eksperimentalni rezultati proizvedene uguséene lamelirane drvne grade i kontrolne skupine lamelirane drvne

grade
Exp. CR,% | PT,°C | Pt,min | SR, gm* | d glem’ | SB, % |—HOR | MOE | 7ss | 7sps
Group N/mm?*
1 38 130 10+3 130 0.68 9 122.56 | 14122 | 4.15 1.25
2 38 150 10+5 180 0.68 14 103.52 | 11476 | 6.77 | 1.47
3 38 170 10+7 150 0.70 9 104.11 | 11926 | 5.39 | 1.22
4 47 130 10+5 150 0.69 43 88.06 10429 | 5.25 1.51
5 47 150 10+7 130 0.69 38 97.52 10425 | 4.68 | 1.02
6 47 170 10+3 180 0.67 37 119.66 | 10821 | 5.23 1.51
7 54 130 10+7 180 0.67 45 78.97 7722 | 5.63 1.21
8 54 150 10+3 150 0.68 53 83.87 9391 | 5.33 1.27
9 54 170 10+5 130 0.64 43 71.16 6362 | 8.07 | 0.85
Control 7 110 10 150 0.55 1 8277 | 10222 | 550 | 1.15
Kontrolni uzorak
Table 3 Response tables for S/N of d (a), SB (b), MOR (c), MOE (d), TSS (e), and TSPS ()
Tablica 3. Tablice odgovora za S/N od d (a), SB (b), MOR (c), MOE (d), TSS (e) i TSPS (f)
a) Level CR PT Pt SR b) Level CR PT Pt SR
1 -3.24 -3.31 -3.38 -3.46 1 19.79 11.87 11.82 12.36
2 -3.30 -3.33 -3.45 -3.43 2 8.17 10.26 10.47 10.77
3 -3.55 -3.45 -3.26 -3.20 3 6.53 12.36 12.20 11.35
Delta 0.32 0.14 0.19 0.29 Delta 13.26 2.11 1.72 1.59
Rank 1 4 3 2 Rank 1 2 3 4
Cr 45% 8% 14% 33% Cr 96% 2% 1% 1%
Signal to noise: larger is better Signal to noise: larger is better
Omyjer signal/Sum: veci je bolji Omjer signal/Sum: veci je bolji
c) Level CR PT Pt SR d) Level CR PT Pt SR
1 41.07 39.80 40.86 39.75 1 82.14 80.57 81.25 79.96
2 39.99 39.44 38.71 39.90 2 80.34 80.22 79.16 79.85
3 37.80 39.61 39.28 39.20 3 77.70 79.39 79.77 80.38
Delta 3.27 0.36 2.15 0.70 Delta 4.45 1.17 2.10 0.53
Rank 1 4 2 3 Rank 1 3 2 4
Cr 66% 1% 28% 5% Cr 79% 4% 16% 1%
Signal to noise: larger is better Signal to noise: larger is better
Omyjer signal/Sum: veci je bolji Omyjer signal/Sum: veci je bolji
e) Level CR PT Pt SR f) Level CR PT Pt SR
1 14.02 13.81 13.68 14.36 1 2.13 2.83 2.41 0.11
2 13.99 14.55 15.87 14.98 2 2.33 1.67 1.68 3.24
3 15.55 15.21 14.01 14.23 3 1.31 1.28 1.68 242
Delta 1.56 1.40 2.20 0.75 Delta 1.02 1.55 0.72 3.13
Rank 2 3 1 4 Rank 3 2 4 1
Cr 24% 21% 51% 4% Cr 25% 6% 14% 55%

Signal to noise: larger is better
Omjer signal/Sum: veci je bolji

As seen in the response tables for the S/N, the
most effective production parameters on MOR and
MOE are CR and press time, respectively. While the
contribution rates of CR and press time on MOR were
66 % and 28 %, those on MOE were 79 % and 16 %,
respectively (Table 3¢ and 3d). The MOR and MOE
values unexpectedly decreased due to the increase in
CR (Figure 2c and 2d), although an increase in me-
chanical properties was expected (Kutnar and Sernek,

Signal to noise: larger is better
Omjer signal/Sum: veci je bolji

2007; Pelit et al., 2018; Yu et al., 2017). As a result, it
is predicted that the highest MOR and MOE values will
be obtained in dLVLs that are compressed at 38 % and
pressed for (10£3) minutes.

As seen in Table 3e, the most effective produc-
tion parameter on 7SS was press time (51 %), followed
by CR (24 %), press temperature (21 %), and SR (4 %).
As known, it is possible to use lower press tempera-
ture, pressure, shorter pressing time, and less adhesive,
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Figure 2 Main effect plots for S/N of d (a), SB (b), MOR (c), MOE (d), TSS (e), and TSPS (f)
Slika 2. Dijagrami glavnog ucinka za S/N od d (a), SB (b), MOR (c), MOE (d), TSS (e) i TSPS (f)

as well as to increase mechanical properties by using
densified veneer in the production of laminated materi-
als (Bekhta and Marutzky, 2007; Bekhta et al., 2012;
Bekhta and Salca, 2018). When the main effect plot for
the S/N was examined, it was found that the highest
TSS was obtained by dLVL densified by the highest
compression rate of 54 % and at a temperature of
170 °C for (10£5) minutes (Figure 2e).

When the response table for the S/N (Table 3f) is
examined, it can be seen that the most effective produc-
tion parameters on the 7SPS were the SR (55 %) and
compression ratio (25 %), which made a statistically sig-
nificant difference in 7SPS. During the peeling process,
cracks on the loose side of the veneer in the direction
parallel to the fibers (lathe check) are inevitable (Huang,
2010). Furthermore, depending on the conditions, plas-
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tic deformation occurs during the densification, the cell
lumens collapse, and the cell fractures develop (Bao et
al., 2017; Blomberg and Persson, 2004). For these rea-
sons, a decrease in 7SPS can be expected. However, the
adhesive used may have penetrated between these cracks
and collapsed cell lumens, allowing them to repair. So,
the highest 7SPS was obtained at high SRs of 150 and
180 g/m?, CR of 47 %, press temperature of 130 °C, and
press time of (10£3) minutes (Figure 2f).

3.1 Multi-response optimization
3.1. ViSestruka optimizacija mehanickih
svojstava

In this study, GRA, as a multi-response optimiza-
tion method, was used to determine the optimum pro-
duction conditions for MOR, MOE, TSS, and TSPS si-
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Table 4 Calculated grey relational degree
Tablica 4. Izracunani sivi relacijski stupanj

Exp. Gr. GRD Orders
1 0.722 1
2 0.662 3
3 0.544 5
4 0.587 4
5 0.446 8
6 0.711 2
7 0.429 9
8 0.459 7
9 0.500 6
Table 5 Response tables for S/N of GRD
Tablica 5. Tablice odgovora za S/N GRD-a
Level CR PT Pt SR
1 -3.91 -4.93 -4.19 -5.29
2 -4.87 -5.78 -4.74 -4.63
3 -6.71 -4.76 -6.55 -5.56
Delta 2.80 1.02 2.37 0.93
Rank 1 3 2 4
Cr 48% 7% 38% 7%

*Signal to noise: larger is better / Omjer signala i
Suma: veci je bolji

multaneously. The grey relational degrees (GRD) and
the orders are shown in Table 4.

MOR, MOE, TSS, and TSPS were converted into a
single response (GRD), and the effect of the production
parameters on multiple performance was ordered by ap-
plying Taguchi method again. According to these re-
sults, the CR (48 %) and press time (38 %) had the high-
est effect on multiple performance of dLVLs (Table 5).
The mechanical properties decreased with increasing
compression ratio and pressing time (Figure 3).

3.2 Confirmation tests
3.2. Potvrdni testovi

At first, dLVL panels for confirmation were pro-
duced using optimum production conditions of 38 %
compression, 170 °C press temperature, 10+3 minutes

4.0
45

&
S

Mean of S/N
srednja vrijednost S/N

&
ISR

-6.5

-7.0

38 47 54 130150170 13 15 17 120 150 180
Signal to noise: Larger is better
Omjer signal/Sum: veci je bolji

Figure 3 Main effect plots for S/N of GRD
Slika 3. Dijagrami glavnog uc¢inka za S/N GRD-a

press time, and 150 g/m? SR, and their MOR, MOE, TSS,
and TSPS were determined. It was found that the MOR,
MOE, TSS, and TSPS of dLVLs produced under opti-
mum conditions were 123.41, 11059, 9.40, and 1.42 N/
mm?, which is 49, 8, 71, and 23 % higher than control
samples manufactured under standard conditions used
in industry, respectively. The mechanical properties of
dLVLs produced under optimum conditions were also
compared with those of laminated materials produced
with veneers of higher density, as published in literature
(Table 6). As it can be seen, the dLVL may substitute
LVL produced from high-value wood species and Tagu-
chi-based GRA allows dLVL production parameters to
be optimized safely and efficiently.

4 CONCLUSIONS
4. ZAKLJUCAK

The objective of this study is to determine the
most suitable production conditions of compression ra-
tio, press temperature, press time, and adhesive spread
rate to maximize the mechanical properties of dLVL.
The effects of the production parameters on the me-
chanical properties of MOR, MOE, TSS, and TSPS
were also determined by using Taguchi and grey rela-

Table 6 Comparison of confirmation test results with control group and literature
Tablica 6. Usporedba rezultata potvrdnog testa s kontrolnom skupinom i literaturom

Comparison groups / G db MOR MOE LA ISPS
parison group rupe za usporedbu N/mm?

dLVL pro@uced in optlmum produc.tlon cc.)ndmf)ns 123.41 11059 9.40 142

dLVL proizveden u optimalnim proizvodnim uvjetima

Non-densified LVL (control group) / neuguscéeni LVL (kontrolna skupina) 82.77 10222 5.50 1.15
Poplar LVL / LVL od topolovine 68.14° 6690° 4.24¢

. 118.30* |19512® .
Lt . Beech LVL / LVL od bukovine 05 41b §773b 10.90¢ |-
iterature review - . - ) : ) 3

pregled literature Beech plywood / furnirska ploc¢a od bukovine T ST 1.86
Eucalyptus LVL / LVL od drva eukaliptusa 39.30° 9131 - -
Oak LVL/ LVL od hrastovine - - 8.94¢ -

*Aydin et al., 2014; *Bal and Bektas, 2012; “Uysal, 2006; ‘Réh et al., 2019
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tionship analysis methods to optimize single- and mul-
ti-responses.

As CR increased, the density of dLVLs unexpect-
edly decreased due to the increase in SB. In addition, it
caused an increase in density due to the fact that the
adhesive used filled the cell spaces.

It was found that CR had the most significant im-
pact on MOR and MOE, and contrary to expectations,
dLVLs with 38 % compression showed the highest val-
ues. The most effective production parameters on 7SS
and 7SPS were found to be press time and SR, respec-
tively.

Multi-response optimization using grey relation-
al analysis showed that the CR (48 %) and press time
(38 %) had the most significant impact on the mechan-
ical properties of dLVL. It has also been determined
that the highest results will be obtained when the low-
est CR of 38 % and the shortest pressing time of (10+3)
minutes are applied. This combination may also reduce
production costs.

Confirmation tests showed that the mechanical
properties of dLVLs produced in optimum production
conditions improved by 49 % (MOR), 8 % (MOE), 71
% (TSS), and 23 % (TSPS) compared to control group
of LVL produced by traditional production method ap-
plied in wood product industry. So, it can be said that
poplar dLVLs can be used as structural elements and
the production parameters of dLVLs can be optimized
safely and effectively using Taguchi-based GRA.
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