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ABSTRACT e This study investigated the effect of the reinforcement type, glue type, and reinforcement place-
ment on the mechanical and physical properties of LVL. In the study, the glues used were phenol- formaldehyde
(FF), epoxy (EX), and polyurethane (PU), while reinforcement materials used were glass fiber, basalt, jute, and
cotton fabric. The following three reinforcement combinations were applied: the first was on the bottom surface,
the second was on the first adhesive line at the bottom, and the third was on both the bottom and the first adhesive
line at the bottom. As part of the study, researchers manufactured 9-layer laminated veneer lumber (LVL) using
alder veneers for the surface, and poplar veneers for the middle layers. They produced a total of 39 different com-
binations of LVL. The mechanical and physical properties of the produced samples were determined. According
to the test results, bending strength (BS), modulus of elasticity (MOE), oven-dry specific gravity, and equilibrium
moisture content of samples were higher with FF than with other glues. While the samples with EX glue provided
the lowest values in water absorption and thickness swelling tests, glass fiber-reinforced samples provided the
highest mechanical values. In addition, the samples having reinforcement on the bottom surface provided higher BS
and MOE values.

KEYWORDS: reinforced LVL; glass fiber; basalt; epoxy,; phenol formaldehyde

SAZETAK « U ovom Je radu istrazivan utjecaj vrste ojacanja, vrste ljepila i polozaja ojacanja na mehanicka i
fizicka svojstva LVL-a (lamelirane drvne grade). U istrazivanju je rabljeno fenol-formaldehidno (FF), epoksidno
(EX) i poliuretansko (PU) ljepilo, dok su materijali za ojacanje bili staklena viakna, bazalt, juta i pamucna tka-
nina. Primijenjene su tri kombinacije ojacanja: (1) u donjoj povrsini, (2) u prvoj liniji lijepljenog spoja od donje
povrsine te (3) u donjoj povrsini i u prvoj liniji lijepljenog spoja od donje povrsine. Kao dio studije istrazivaci su
proizveli lameliranu drvnu gradu (LVL) od devet slojeva koristeci se furnirima drva johe za povrsinske slojeve i
drva topole za srednje slojeve. Proizvedeno je ukupno 39 razlicitih kombinacija LVL-a te su odredena mehanicka
i fizicka svojstva proizvedenih uzoraka. Prema rezultatima ispitivanja, vrijednosti ¢vrstoée na savijanje (BS), mo-
dula elasticnosti (MOE), gustoc¢e u apsolutno suhom stanju i ravnoteznog sadrzaja vode uzoraka s FF ljepilom

* Corresponding author
! Authors are researchers at Kahramanmaras Sutcu Imam University, Faculty of Forestry, Department of Forest Industry Enginering, Kahramanmaras, Turkey.
https://orcid.org/0000-0001-9527-1791; https://orcid.org/000- 0002-2614-3662

W) DRVNA INDUSTRIJA 75 (2) 237-248 (2024) 237



Atar, Mengeloglu: The Effect of Type of Reinforcement, Type of Glue and Reinforcement Place on Mechanical and Physical...

imale su vece vrijednosti nego u uzoraka izradenih s ostalim ljepilima. Uzorci s EX ljepilom pokazali su najmanje
vrijednosti upijanja vode i debljinskog bubrenja, a uzorci ojacani staklenim vlaknima imali su najbolja mehanicka
svojstva. Osim toga, uzorci s ojacanjem na donjoj povrsini imali su vece vrijednosti cvrstoce na savijanje i veci

modul elasticnosti.

ojacana lamelirana drvna grada; staklena vlakna; bazalt; epoksid; fenol- formaldehid

1 INTRODUCTION

Solid wood has been used in both indoor and out-
door applications from the past to the present. The ad-
vantages of solid wood are low price, renewability,
easy processing, and good shock resistance. However,
solid wood also has some disadvantages such as bio-
degradability, anisotropic, low dimensional stability,
and low mechanical properties (Bozkurt and Erdin,
1997). For this reason, it is challenging to produce
large-size carrier elements from a single piece of solid
wood. To overcome this problem, engineered wood
materials such as oriented strand board (OSB), cross-
laminated timber (CLT), plywood, and laminated ve-
neer lumber (LVL) have been developed.

LVL is one of the most essential engineered wood
materials. Due to its superior properties, LVL is pre-
ferred for many applications, such as scaffold planks,
headers, joists, beams, rafters, and truss chords (Colak
etal.,2007). They are manufactured using low-density,
fast-growing, and economically inexpensive tree spe-
cies, such as poplar, alder Douglas fir, and spruce. LVL
produced from these tree species has low mechanical
properties. In order to increase the mechanical proper-
ties of wood-based composites, researchers focused on
reinforcement studies.

Many researchers have studied fiber reinforce-
ment of LVLs, mainly synthetic glass fiber and carbon
fiber (Laufenberg et al., 1984). Bal (2014) produced
LVL reinforced with phenol formaldehyde adhesive by
placing glass fiber between the poplar veneers. With the
reinforcement, the increase in impact bending strength
and specific impact bending strength was reported. The
shear strength of reinforced laminated veneer lumber
was significantly greater than that of laminated veneer
lumber, and the percentage increase was 213 %. There
was also an improvement in physical properties, such as
volumetric swelling, tangential swelling, and water ab-
sorption. Liu et al. (2019) manufactured plywood for
construction formwork in different combinations using
poplar, eucalyptus veneers, and carbon fiber as rein-
forcement. Generally, the veneers are bonded with phe-
nol formaldehyde adhesive in plywood production,
while carbon fiber is bonded with epoxy.

Plywood reinforcing material is essential for its
performance. The reinforcement on the surface increas-
es the longitudinal modulus of elasticity (MOE) and
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modulus of rupture (MOR) of the plywood. With the re-
inforcement of the surface, the ultimate load capacity
increases while causing delamination failure. Auriga et
al. (2020) investigated the effect of using carbon fiber
reinforcement in parallel and cross structures. Mela-
mine-urea formaldehyde resin was used as an adhesive,
and the reinforcements were placed on the outer and in-
ternal glue lines. The results displayed that the place of
reinforcement was effective on MOR and MOE and in-
creased the MOR and MOE values. Studies show that
the use of fiber reinforcements in laminated wood mate-
rials is vital in improving mechanical and physical prop-
erties. Yildirim et al. (2020) used 4 layers of 5 mm thick
slats obtained by sawing method from poplar wood.
Laminated wood composite materials were produced
using 100 g/m? (Type 1) and 200 g/m? (Type 2) GFRP as
reinforcement, polyvinyl acid, Polyurethane and dou-
ble- layer Epoxy resin as glue. The investigation re-
vealed that Type 2 plain woven fabric is stronger than
Type 1 plain woven fabric, epoxy glue is stronger than
polyurethane and polyvinyl acetate glue, and parallel
loading to the glue line produces better performance
than perpendicular loading to the glue line. Zor and Kar-
tal (2020) fiber-reinforced finger corner joints were used
to create control samples of the pine, beech, and oak spe-
cies. The glues utilized were Teknobont 200 epoxy and
polyvinyl (PVAc). The experimental samples were test-
ed under diagonal loads, keeping in mind the critical
loads that can influence their application. Speranzini and
Tralascia (2010) reinforced solid wood and LVL with
natural fibers such as basalt, flax, and hemp, and syn-
thetic fibers such as glass fiber and carbon fiber. The
four-point bending test results showed that the values of
the samples with natural reinforcement were lower than
those with the synthetic reinforcements, but their
strength values were higher than those without rein-
forcement. Moezzipour et al. (2017) investigated the ef-
fect of kenaf and date palm fiber reinforcement on the
mechanical and physical properties of horn beam ply-
wood bonded with urea-formaldehyde. The study deter-
mined that kenaf fiber performed better than date palm
fiber. Jorda et al. (2020) produced three-dimensional
molded plywood reinforced with flax fibers using epoxy
glue. The study showed increased load capacity and
stiffness of the reinforced plywood with the reinforce-
ment. Valdes et al. (2020) produced a three- and five-
layer Cross Laminated Timber (CLT) reinforced with
flax fabrics bonded with epoxy. As a result of the study,
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Figure 1 Produced test samples
Slika 1. Proizvedeni ispitni uzorci

the load capacity and stiffness of the three-layer CLTs
increased significantly with the reinforcement, while in
the five-layer CLTs, it was negligible.

In the literature, some studies focus on natural and
synthetic fibers and the most used glues preferred in the
laminated wood sector. However, no study examines the
interaction of natural and synthetic reinforcement mate-
rials, water-based and non-water-based adhesives, and
the reinforcement placed together. This study investi-
gated the changes in the mechanical and physical prop-
erties of LVLs produced by using four different types of
natural and synthetic reinforcements, three types of glue,
and reinforcement at three locations.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

The study used poplar and alder rotary-peeled ve-
neers as raw wood material. The rotary-peeled veneer
thickness of poplar was 2.2 mm, while alder was 1.5
mm. The width and length of the veneer for both spe-
cies was 50 cm. The veneers were dried to 8-10 %
moisture content before production. Phenol formalde-
hyde (FF) resin Polifen 47 (Polisan, Turkey), epoxy (E)
resin LR300/LH300 (Dostkimya, Turkey), and polyu-
rethane (PU) resin PUR 501 (Kleiberit,Germany) were
used as adhesives. Glass fiber, basalt, jute, and cotton
woven fabrics with a density of 200 g/m? were used as
reinforcement material. Reinforcement materials were
also in 50 cm x50 cm dimensions.

2.2 LVL production
2.2. Proizvodnja LVL-a

Nine-layer LVLs were produced in 39 different
combinations using three different glues, four different

reinforcing materials, and three different reinforcement
materials in place of use. Test examples are presented in
Figure 1. LVLs had alder veneer in the outer and poplar
veneer in the middle layers. The placement of reinforce-
ment materials in LVL and the production plan are pre-
sented in Figure 2 and Table 1, respectively. The adhe-
sive application per glue line was set to 200 g/m?. The
hydraulic hot press was set at 140 °C for phenol formal-
dehyde, 110 °C for other glues, and 10 kg/cm? press
pressure with 1 mm/min + 3 min press time.

2.3 Physical and mechanical
characterization of LVLs

2.3. FiziCcka i mehaniCka karakterizacija LVL-ova

The physical properties, oven-dry density, densi-
ty profile, equilibrium moisture content, thickness
swelling, and water absorption tests were carried out.
In addition, the images of the test samples were taken
with a Canon EOS 70D (EF 100 mm {/2.8L Macro IS

Reinforcement
Material

Figure 2 Reinforcement place of use
Slika 2. Polozaj ojacanja
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Table 1 Production plan
Tablica 1. Plan proizvodnje

Reinforcement place
Polozaj ojacanja
No Sample code Glue type Reinforcement type 1st glue line from the
Broj OZnalfa uzorka | Vrsta l]'g;z'la Vrsta ojaéanj;yp Betiol (.)uter §urface boftom / Prva linija
Donja vanjska L .
o lijepljenog spoja od
povrsina donje povrsine
1 F-Control FF - - -
2 FC-1 FF Glass Fiber X -
3 FC-2 FF Glass Fiber -—- X
4 FC-3 FF Glass Fiber X X
5 FB-1 FF Basalt X -—-
6 FB-2 FF Basalt X
7 FB-3 FF Basalt X X
8 FJ-1 FF Jute X -—-
9 FJ-2 FF Jute - X
10 FJ-3 FF Jute X X
11 FP-1 FF Cotton X -—-
12 FP-2 FF Cotton -—- X
13 FP-3 FF Cotton X X
14 E-Control E - -—- -—-
15 EC-1 E Glass Fiber X -—-
16 EC-2 E Glass Fiber - X
17 EC-3 E Glass Fiber X X
18 EB-1 E Basalt X -
19 EB-2 E Basalt -—- X
20 EB-3 E Basalt X X
21 EJ-1 E Jute X -—-
22 EJ-2 E Jute X
23 EJ-3 E Jute X X
24 EP-1 E Cotton X -
25 EP-2 E Cotton - X
26 EP-3 E Cotton X X
27 P-Control PU - - -—-
28 PC-1 PU Glass Fiber X -
29 PC-2 PU Glass Fiber -—- X
30 PC-3 PU Glass Fiber X X
31 PB-1 PU Basalt X -—-
32 PB-2 PU Basalt -—- X
33 PB-3 PU Basalt X X
34 PJ-1 PU Jute X -—-
35 PJ-2 PU Jute X
36 PJ-3 PU Jute X X
37 PP-1 PU Cotton X -—-
38 PP-2 PU Cotton - X
39 PP-3 PU Cotton X X

USM) camera and measured with the MShot Image
Analysis System program.

Oven-dry specific gravity, equilibrium moisture
content, thickness swelling, and water absorption tests
for ten samples each were determined according to EN
323, EN 322, and TS EN 317, respectively. Density
profile values were measured on a DAX 5000 GreCon
X-ray density-measuring device. The water absorption
and thickness swelling test were performed at 2, 24-,
168-, 336- and 504-hour intervals.
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Mechanical properties, bending strength, modu-
lus of elasticity, and compressive strength parallel to
the grain were measured according to EN 310 and TS
2595, respectively. The span/depth ratio was adjusted
to 16 for bending test samples. Ten samples were pre-
pared for each group. Figure 3 presents the bending
strength and compressive strength test image.

The data were analyzed using SPSS 20 statistical
program. Analysis of variance (univariate) was con-
ducted to determine the effects of glue type, reinforce-
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Figure 3 Bending strength and compressive strength test image

Slika 3. Prikaz ispitivanja ¢vrstoce na savijanje i ¢vrstoce na tlak

ment type, and reinforcement place on mechanical and
physical properties. Besides, Duncan’s Multiple Range
Test (0=0.05) determined significant differences be-
tween groups.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Oven-dry density
3.1. Gustocéa u apsolutno suhom stanju

Statistical analysis showed that glue type, rein-
forcement type, and reinforcement place significantly
affected oven-dry density. Table 2 shows the homoge-
neity groups found as the result of the test for oven-dry
density. According to the test results, the highest oven-
dry density was found in the group produced with phe-
nol-formaldehyde (0.547 g/cm?), while the lowest ov-
en-dry density was found for the group glued with
polyurethane (0.511 g/cm?).

When the effect of the reinforcement type was
examined, the highest oven-dry density was found in
the samples using glass fiber. In contrast, the lowest
oven-dry density was determined in the samples with-

out reinforcement. Other studies reported similar re-
sults stating that the board oven-dry density values in-
creased with reinforcement (Bal, 2014; Kramar and
Kral, 2019) because the reinforcing material density
was higher than the veneer density. In addition, the
amount of glue increases with the use of the reinforc-
ing agent, which increases the oven-dry density (Bal et
al., 2015).

Regarding the effect of reinforcement placement
in the LVLs, the third group provided the highest oven-
dry density (the one having two reinforcing sheets). In
contrast, samples without reinforcement had the lowest
oven-dry density. As expected, the first and second
group provided similar oven-dry density since only
one reinforcement material was present in both groups.
The oven-dry density in the third group was higher
than that in the first and second group due to the in-
creased reinforcement and glue.

3.2 Equilibrium moisture content
3.2. Ravnotezni sadrzaj vode

Glue type, reinforcement type, and reinforcement
placement statistically significantly affected equilibri-

Table 2 Duncan test results for oven-dry density and equilibrium moisture content (o = 0.05)
Tablica 2. Rezultati Duncanova testa za gusto¢u uzoraka u apsolutno suhom stanju i ravnotezni sadrzaj vode (0. = 0,05)

Oven-dry density, g/cm? Equilibrium moisture
Groups / Grupe Gustoca u apsolutno suhom content, %
stanju, g/cm? Ravnotezni sadrzaj vode, %
Phenol formaldehyde 0.547 a 9.33 a
Glue type Epoxy 0.538 b 7.04 ¢
vrsta ljepila
Polyurethane 0.511 ¢ 7.46 b
Control group 0.494 d 7.83 ¢
. Glass Fiber 0.544 a 7.84 ¢
Reinforcement type 1, Ga1¢ 0.535b 7.85¢
vrsta ojacanja
Jute 0.523 ¢ 8.12a
Cotton 0.538 b 8.00 b
Control group 0.494 ¢ 7.83 ¢
Reinforcement place | 1. Group 0.530b 7.82¢
polozaj ojacanja 2. Group 0.533 b 8.12a
3. Group 0.543 a 7.92b
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Figure 4 Images of samples after 504 hours
Slika 4. Slike uzoraka nakon 504 sata potapanja u vodi

um moisture content. Table 2 presents the homogeneity
groups found as the result of the test for equilibrium
moisture content. According to the test results, the
highest equilibrium moisture content was found in the
phenol-formaldehyde group (9.33 %), while the lowest
equilibrium moisture content was found in the epoxy
group (7.04 %). None of the groups reached 12 % equi-
librium moisture.

Examining the effect of the reinforcement type
showed that the samples with jute reinforcement had
the highest equilibrium moisture content. In contrast,
samples without reinforcement had the lowest equilib-
rium moisture content. The equilibrium moisture con-
tent of the control group and samples using glass fiber
and basalt were similar. Since jute and cotton are cellu-
losic materials, they increase the amount of equilibri-
um moisture by taking moisture from the atmosphere.

In the case of reinforcement placement, the sec-
ond group provided the highest equilibrium moisture
content, while the first group provided the lowest.

ony- Basalt

Polyurethane- Basalt

3.3 Thickness swelling and water
absorption
3.3. Debljinsko bubrenje i upijanje vode

Statistical analysis showed that glue type, rein-
forcement type and placement, as well as soaking time,
significantly affected thickness swelling. Table 3 pre-
sents the homogeneity groups for thickness swelling
tests. The test results showed that, while samples pro-
duced with phenol- formaldehyde glue had the highest
thickness swelling, samples produced with epoxy, on the
other hand, had the lowest thickness swelling. Since
phenol-formaldehyde glue is water-based, it compels
more in a hot press than epoxy and polyurethane, result-
ing in a more spring back in the water. In addition, the
phenol-formaldehyde glue line weakened more over
time in water than epoxy and polyurethane glues result-
ing in a thickness increase. During gluing, some epoxy
penetrates the veneer (slightly impregnated) and hardens
there. For this reason, the thickness swelling of the sam-
ples produced with epoxy glue was less than that of
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Figure 5 Interaction graph showing average thickness swelling of boards according to soaking time and glue type
Slika 5. Grafikon ovisnosti srednje vrijednosti debljinskog bubrenja ploca o vremenu potapanja i vrsti ljepila
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Table 3 Duncan test results for thickness swelling and water absorption (o= 0.05)
Tablica 3. Rezultati Duncanova testa za debljinsko bubrenje i upijanje vode (o = 0,05)

Thickness swelling salue, % | Water absorption value, %
Groups / Grupe Vrijednost debljinskog Vrijednost upijanja vode,
bubrenja, % %
Gl Phenol Formaldehyde 6.70 a 81.53 a
ue type Epoxy 3.61 ¢ 66.96 ¢
vrsta ljepila
Polyurethane 396b 76.88 b
Control Group 391d 88.82 a
Reinf ¢ Glass Fiber 4.79 b 7192 e
etnforcement (ype Basalt 4.68 ¢ 73.49d
vrsta ojacanja
Jute 5.19a 75.94b
Cotton 4.66 ¢ 74.58 ¢
Control Group 391d 88.82 a
Reinforcement place 1. Group 5.13a 76.33 b
polozaj ojacanja 2. Group 4.57 ¢ 74.16 ¢
3. Group 479b 71.46d
2 2.65d 22.25e
Soaking time. h 24 483 ¢ 52.30d
oaxing fime, i 168 534b 88.42 ¢
vrijeme potapanja, h
336 547a 103.24 b
504 550 a 109.40 a

polyurethane glued samples since polyurethane glue re-
mains on the veneer surface and forms the foam.

The reinforcement worsened the thickness swell-
ing of LVLs. The jute samples had the highest thickness
swelling values, while the control samples had the low-
est ones. In reinforced samples, the bottom of the sam-
ples expanded less than the non-reinforced upper sides.
The reinforcing material reduced the increase in the
width direction. While this caused concave bending on

the reinforced surface during the test, it caused convex
bending on the non- reinforced upper surface (Figure 4);
this bending possibly caused an increase in thickness.

Considering the waiting time in the water, the
thickness swelling increased with time. Thickness
swelling increased significantly up to the 336th hour
(Figure 5).

Statistical analysis showed that glue type, rein-
forcement type, reinforcement place, and soaking time
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Figure 6 Interaction graph showing average water absorption of boards according to soaking time and glue type

Slika 6. Grafikon ovisnosti srednje vrijednosti upijanja vode

ploca o vremenu potapanja i vrsti ljepila
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significantly affected water absorption. Table 3 pre-
sents the homogeneity groups of the water absorption
test result. Results showed that the group produced
with phenol- formaldehyde had the highest water ab-
sorption, while the group glued with epoxy had the
lowest. Similar results were reported in another study.
Moradpour et al. (2018) reported that the boards pro-
duced with water-based UF glue absorb more water
than those produced with non-water-based PMDI glue.

With the use of the reinforcement, the water absorp-
tion values of the samples decreased. The samples rein-
forced with glass fiber provided the lowest water absorp-
tion, while those reinforced with jute had the highest
water absorption. The lower values for glass-fiber and
basalt-fiber reinforced LVLs were due to their hydropho-
bic nature. Jute and cotton have hygroscopic natures, and
their LVLs had higher water absorption values.

The reinforcement place had a significant effect.
The control group had the highest water absorption
value. In contrast, the third group provided the lowest
water absorption values. With the increase in the num-
ber of reinforcements, water absorption decreased. In-
creasing the number of reinforcements also raised the
amount of glue used in samples. Glue prevents water
penetration into the sample, and this reduces the water
absorption of the samples (Sulaiman et al., 2009; Wang
and Chui, 2012a; Wang and Chui, 2012b).

Considering the soaking time in the water bath,
water absorption values increase with the increase of
the soaking time. A significant increase in water ab-
sorption value was observed until the 504th hour.

3.4 Bendin? strength and modulus of
elasticity

Statistical analysis showed that glue type, rein-
forcement type, and reinforcement place significantly

affected bending strength. Table 4 presents the homo-
geneity groups for bending strength test results. The
results showed that the phenol-formaldehyde glued
group provided the highest bending strength (102.49
MPa), while the polyurethane glued group had the low-
est bending strength (83.01 MPa). Samples produced
with phenol-formaldehyde and epoxy gave similar re-
sults. As phenol formaldehyde contains water, the
evaporation of water in the hot press softens the ve-
neers and causes them to compress more. This com-
pression gives resistance to the board. Since epoxy and
polyurethane glues are not water-based glues, water
vapor does not occur in the hot press. The epoxy pen-
etrates a little into the veneer compared to polyure-
thane, providing more compaction in the hot press.
Therefore, the boards produced with polyurethane are
thicker than those produced with phenol-formaldehyde
and epoxy-glued LVLs, and their strength is low.

Table 5 presents the results of a simple analysis
of variance test showing the effect of glue type on com-
paction rate. Statistical analysis showed that glue type
had a significant effect on compression ratio. Accord-
ing to the statistical analysis results, the highest com-
pression ratio was observed in the samples with phenol
formaldehyde, while the lowest compression ratio was
observed in the samples using polyurethane.

When looking at the reinforcement types, the
best results were found in the samples using glass fiber
(102.83 MPa), while the lowest was found in samples
using cotton (91.24 MPa). Jute and cotton gave similar
results. Since the strength values of glass fiber and ba-
salt are higher than those of cotton and jute, the bend-
ing strength of the samples using glass fiber and basalt
was higher. In addition, since the thickness of jute and
cotton is thicker than that of glass fiber and basalt, it
thickens the glue line and is thought to affect the bend-

Table 4 Duncan test results for bending strength, modulus of elasticity and compression strength parallel to grain (o = 0.05)
Tablica 4. Rezultati Duncanova testa za ¢vrsto¢u na savijanje, modul elasti¢nosti 1 ¢vrsto¢u na tlak paralelno s vlakancima (a

=0,05)
Bending strength M(.)d.ulus of S e
value, MPa elasticity value, q
. parallel to grain value, MPa
Groups / Grupe Vrijednost MPa . . z
. q .. Vrijednost cvrstoce na tlak
cvrstoce na Vrijednost modula aralelno s viakancima. MPa
savijanje, MPa elasticnosti, MPa p ’
Gl Phenol Formaldehyde 102.49 a 10934.49 a 59.15b
uetype Epoxy 10037 a 10484.38 b 61222
vrsta ljepila
Polyurethane 83.01b 9096.16 ¢ 5033 ¢
Control Group 86.44 d 8659.43 d 50.71 ¢
Reinf . Glass Fiber 102.83 a 10835.52 a 59.68 a
einforeement ype g salt 98.62 b 1042338 b 58.72a
vrsta ojacanja
Jute 9142 ¢ 10008.09 ¢ 55.70 b
Cotton 91.24 ¢ 9923.80 ¢ 55.57b
Control Group 86.44 ¢ 8659.43 b 50.71d
Reinforcement place | 1. Group 101.89 a 10348.63 a 53.07 ¢
polozaj ojacanja 2. Group 92.90 b 10225.61 a 58.72b
3. Group 93.29b 10318.86 a 60.56 a
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Table 5 Duncan test results for compaction rate
Tablica 5. Rezultati Duncanova testa za vrijednosti stupnja

ing strength negatively. Figure 7 presents the images of
glue lines using reinforcement. With the use of rein-
forcement material, the density of the bottom surface
of the board increases, resulting in a raised bending
strength (Figure 8).

Considering the effect of the reinforcement place,
the best results were found in the first group, while the
lowest bending strength was found in samples with no

uguséenja
a=0.05

G /G

roups / Grupe . b .
Glue type / Vrsta ljepila % % %
Phenol Formaldehyde 17.74
Epoxy 5.27
Polyurethane 0.37

0,175mm

EC-3

0,140 mm

0,287 mm

EJ-3

0,350 mm

Figure 7 Image of glue line with reinforcement
Slika 7. Slika lijepljenog spoja s ojacanjem

Density / gustoca, kg/m?

GreCon
1 Date of pr.

] Time of pr. :
1 280—-H \Welght- 12342 g
T Raw thick, 17,76 mm
- Density :5126  kgm3

Group EB1
Density mean 15126 kgim3
Density max left : 1129877 kgim3
Density max right 156465 ' kgim3
Density min 134468 kgim3-
Density minfmean BT %
Raw thick meas. (1782 mm

n 1 ? 3 4 5
Bottom surface / donja povrsina

Figure 8 Density profile graph of EB1 sample
Slika 8. Grafikon profila gustoce uzorka EB1

9 10 " 12 13 14 15 16 17 18
Top surface / gornja povrsina
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Group EB2
14001 Grecon Density mean 560,59 kgim3
h Date of pr. Density max left 215071 kgim3
] Time of pr. : Density max right (70341 kgim3
1260—— Weiphﬂ 12877 g Density min 1 378,65 - kym3
] Raw thick. 184 mm Density min/mean 6750 %
- Density 156059 kg/m3 Raw thick meas, 183 mm

Density / gustocéa, kg/m?

¢ t+ 2 3 & 5 & 1 8
Bottom surface / donja povrsina

Figure 9 Density profile graph of EB2 sample
Slika 9. Grafikon profila gusto¢e uzorka EB2

reinforcement. The bending strength of samples in the
second and third groups provided similar results. Bend-
ing strength increased with the use of reinforcement.
Samples exposed to bending strength broke from the
bottom surface where tensile stress occurs. Therefore,
the bending strength of the first group was improved
compared to the control group. In the second group, re-
inforced in the first glue line from the bottom of the
boards, bending strength was lower than in the first
group. The reinforcement material cannot prevent the
deformation of the sub-veneer where cracking begins.
Figure 9 presents the density profile graph. In the second
group, the density of the first glue line from the bottom
increased, while the density of the bottom layer where
the fracture started remained low. In the third group, the
bending strength increased more than in the second
group. The deformation of the bottom layer, where the
fracture occurs, was prevented by the reinforcement ma-
terial. In a similar study, the reinforcement of the bottom
surface of plywood gave better results than the ones re-
inforced from the upper surface (Kramar and Kral,
2019). In another study, strengthening the bottom sur-
face with natural fibers increased the bending strength of
the solid wood material (Borri ef al., 2013).

The statistical analysis showed that the glue type
and the reinforcement type significantly affected the
modulus of elasticity, while the reinforcement place did
not. Table 4 shows the homogeneity groups of the modu-
lus of elasticity test result. According to the test results,
the phenol-formaldehyde glued group provided the
highest modulus of elasticity (10934.49 MPa), while
polyurethane glued group provided the lowest modulus
of elasticity (9096.16 MPa). The modulus of elasticity
was low because the boards using polyurethane were
less compressed in the hot press than those using phenol
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10 M 12 13 14 15 18 17 18 18
Top surface / gornja povrsina

and epoxy and foaming in the glue line. Since phenol
formaldehyde is water-based, the board is compressed
more by the effect of water vapor in the hot press, im-
proving the modulus of elasticity of the board.
Regarding the effect of reinforcement types, the
best results were found in the samples using glass fiber
(10835.52 MPa), while the lowest were found in the
samples using cotton (9923.8013 MPa). Jute and cotton
gave similar results. Since the modulus of elasticity of
glass fiber and basalt itself is higher than that of cotton
and jute, the modulus of elasticity of the samples using
glass fiber and basalt was also higher. The reinforcement
place also affected modulus of elasticity. The first, sec-
ond, and third group provided similar results. However,
the modulus of elasticity of the reinforced boards was
significantly higher than that of the control group.

3.5 Compression strength parallel to grain
3.5. Cvrstoca na vlak paralelno s vlakancima

Statistical analysis showed that glue type, rein-
forcement type, and reinforcement place significantly
affected compression strength parallel to the grain. Ta-
ble 4 shows the homogeneity groups of the test result
for compression strength parallel to the grain. Accord-
ing to the test results, the epoxy-glued group provided
the highest compression strength parallel to grain
(61.22 MPa); on the contrary, polyurethane glued
group supplied the lowest compression strength paral-
lel to grain (50.33 MPa). Since the density of the poly-
urethane boards (0.511 g/cm?®) was lower than that of
the boards produced with phenol-formaldehyde (0.547
g/cm?®) and epoxy (0.538 g/em?), the compression
strength parallel to grain determined for the groups was
also low. In the compression strength parallel to the
grain, separation occurred in the reinforcement line in
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Glue Line
Separation

FB-3

Figure 10 Glue line separation as a result of compression
strength parallel to grain

Slika 10. Odljepljivanje sljubnice nakon ispitivanja ¢vrstoce
na vlak

the phenol group samples. In contrast, no separation
from the reinforcement in the epoxy-glued group was
observed (Figure 10).

When considering the reinforcement types, the
best results were found in the samples using glass fiber
and basalt, while the lowest ones were found in sam-
ples using cotton and jute. Since the glass fiber and ba-
salt thickness is less than that of cotton and jute, the
glue line thickness of the samples using glass fiber and
basalt was thinner and had higher densities resulting in
an increased compression strength parallel to the grain.

Considering the effect of the reinforcement place,
the third group provided the best results (60.56 MPa),
while the unreinforced control group had the lowest
compression strength parallel to the grain. With the in-
crease in the number of reinforcements used, the den-
sity of the board increases, as well as the compression
strength parallel to the grain. The density of the glue
line using the reinforcement material increases, and as
this density increases and approaches the middle point
of the board, the compression strength parallel to the
grain increases, too. For this reason, the compression
strength parallel to the grain of the second group was
higher than that of the first group.

4 CONCLUSIONS

This study investigated the effects of three differ-
ent glue types, four reinforcement types, and three re-
inforcement places on the physical and mechanical
properties of LVL.

As a result of the study, the following conclu-
sions were made:

Among them, phenol-formaldehyde (FF) glued
LVLs had the highest density compared to other glues.

Regardless of the type, reinforcement increased the
density of the resulting samples.

The epoxy-glued samples had the lowest equilib-
rium moisture, while phenol- formaldehyde glued
samples had the highest ones. In addition, samples hav-
ing jute and cotton reinforcement had higher equilibri-
um moisture than the ones reinforced with glass fiber
and basalt.

Epoxy-glued samples provided the lowest thick-
ness swelling, while the reinforcement increased thick-
ness swelling. The jute reinforcement resulted in the
highest increase in thickness swelling.

Epoxy-glued samples had the lowest water ab-
sorption, while phenol- formaldehyde-glued samples
had the highest ones. With the use of reinforcement,
the amount of water absorption decreased.

The samples reinforced with glass fiber and glued
with phenol-formaldehyde provided the highest bend-
ing strength. The samples produced with phenol-for-
maldehyde and epoxy provided statistically similar
bending strength properties. Also, reinforcement in-
creased the bending strength of the boards. The rein-
forcement at the tension surface of the sample provided
the highest bending strength.

For the modulus of elasticity, samples glued with
FF provided the highest value, while those glued with
polyurethane had the lowest value. The modulus of
elasticity of the samples increased with reinforcement.

The epoxy-glued samples provided the highest
compression strength parallel to the grain when using
glass fiber and basalt. The compression strength paral-
lel to the grain increased with the number of reinforce-
ments.
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