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ABSTRACT

Engineered wood products need alternatives of raw materials to their production. The hybrid Eucalyptus
urograndis has great potential to supply the demand of this industrial sector. In this context, the present paper
aims to analyse the feasibility of using Fucalyptus urograndis in glued laminated timber (glulam) production.
To this end, four groups with ten glulam beams each, were produced and tested. An extensive experimental
program was performed in order to determine: the stiffness and bending strength of the beams; and the com-
pression strength parallel to grain of the beams. The performance of structural adhesives was verified based on
shear tests of glue lines. The experimental mean of stiffness was higher than 14675 MPa and the characteristic
value of compression strength parallel to grain achieved a value above 40 MPa. Nevertheless, failure mode of
the glulam beams showed that finger-joints reduced bending strength. The glulam beams produced with Euca-
lyptus urograndis proved to be a feasible alternative due to their mechanical properties. However, this material
presents difficulties in finger-joints adhesion.
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INTRODUCTION

In Brazil, forest plantations with exotic species have been increasing significantly every year. The planta-
tion area of Eucalyptus genus, throughout the country, has grown 15,77 % between 2010 and 2016 (IBA 2017).
The hybrid Eucalyptus urograndis, obtained from Eucalyptus urophylla and Eucalyptus grandis species, was
developed in Brazil (Wright 1997) and already represents an expressive percentage of the planted forest areas
of Eucalyptus spp. in this country (Negrao ef al. 2014). In addition, cultivation of Eucalyptus urograndis can
already be seen in China, Southeast Asia (Booth et al. 2017), in India (Sharma et al. 2015), South Africa, Con-
g0, Mexico, Colombia and Venezuela (Wright 1997).

Brazilian glued laminated timber (glulam) industries employ species from planted forests in their produc-
tion line. Due to its continental dimensions, Brazil has a significant extension of native forests, which may be
exploited through sustainable management, and planted forests with potential to supply the demand of timber
companies. Still, the search for alternative raw materials is always necessary in order to guarantee full atten-
dance of wood demand in glulam production.
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Glulam is a structural product produced from joining sawn lumber pieces. Widely, softwoods are preferred
in glulam production due to better interaction with structural adhesives (Serrano 2003). Therefore, several re-
search studies were developed, aiming to increase raw material alternatives for the glulam market (Lopez and
Correal 2009, Nadir and Nagarajan 2014, Tran et al. 2016, Moya et al. 2019). In addition, adhesives need to
be tested following normative parameters in order to verify their adhesion capacity with different wood species
(Knorz et al. 2014, Clerc et al. 2018). The main challenge to using hardwoods in glulam production is the
lamellae adhesion (Lehmann ef al. 2016), once their anatomical characteristics are different from softwoods
(Kamke and Lee 2007).

Lumber pieces (lamellae) present smaller lengths than glulam structural members. Therefore, connections
between lamellae ends (finger-joints) should be performed to produce the desired glulam beam length. Nowa-
days, finger-joint is the most usual type of connection used to join lamellae ends in glulam industries (Stark et
al. 2010). Finger-joints strength depends on wood density, finger length (Ahmad ef al. 2017) and adhesive type
(Ozgifci and Yapici 2008). Moreover, failure modes of hardwood glulam beams with finger-joints positioned
in greater tension stress areas often occur on finger-joints, due to their lack of strength to endure this stress
(Nadir and Nagarajan 2014, Tran et al. 2016).

Eucalyptus urograndis has been studied in some research in Brazil (Pereira et al. 2016, Calil Neto et
al. 2017, Brito and Calil Junior 2018), however, several other species are also approached in these studies
(Segundinho ef al. 2013, Segundinho ef al. 2014, Almeida et al. 2014, Calil Neto et al. 2014, Calil Neto ef al.
2016, dos Santos 2014). Segundinho et al. (2013) compared the values of the modulus of elasticity obtained
by tests of transverse vibration and static bending. In this research article, the authors tested glulam beams
produced from Pinus ooccapa, Tectona grandis and Eucalyptus urograndis, treated and without chemical
treatment. Segundinho et al. (2014) evaluated the tension strength and the displacement of the beams similarly
to the research presented in (Segundinho ez al. 2013). In addition, glulam made of Eucalyptus urograndis was
one of the engineered wood products analyzed by (Almeida ef al. 2014, Calil Neto et al. 2014, Calil Neto et
al. 2016). The focus of these studies was to verify the bonding quality of some adhesives in glulam produced
with Brazilian reforested wood. Pereira ef al. (2016) compared the tension strength parallel to grain of struc-
tural timber with and without finger-joints produced with Eucalyptus urograndis. This hybrid of Eucalyptus
has been the object of studies on connections with self-tapping screws (Calil Neto et al. 2017) and metal plates
semi-rigid connections (Brito and Calil Junior 2018). Dos Santos (2014) have studied glulam beams made with
Eucalyptus urograndis in structural sizes, to obtain results of strength and stiffness in static bending, but only
a few beams were mechanically tested. Shear tests were performed on the glue line in accordance with ASTM
D905-08 (2013) and tension and compression parallel to grain tests were done according to the ABNT 7190
(1997) (dos Santos 2014).

In this research, groups of Eucalyptus urograndis glulam beams were produced, and differed in aspects
such as the commercial adhesive used; beams height; wood density; and the presence or absence of finger-joints.
Therefore, this research aimed to study the feasibility of employing Fucalyptus urograndis in glulam beams
production. For this purpose, an experimental program was carried out involving a four-point static bending
test to determine stiffness and strength in static bending; and the obtaining of specimens from the beams to
evaluate glue line shear strength and strength in compression parallel to grain.

MATERIALS AND METHODS

Beams

The timber lamellae for the glulam beams were obtained from planted forests of Fucalyptus urograndis.
These forests were situated in the states of Bahia and Espirito Santo, Brazil. Forty beams were manufactured
in a Brazilian glulam industry in the state of Sdo Paulo. The mechanical characterization of the lamellae to
determine their stiffness, density and strength was not performed. The beam groups were created according
to their adhesive type, the presence of finger-joints, width and dimensions of the beam, Table 1. The timber
boards arrived in the glulam industry planed, kiln dried (10 % - 12 % moisture content) and clear of defects.
Then timber boards were planed again with 0,1 mm dimension tolerance under ambient temperature and
ambient relative humidity before gluing. The adhesives used to produce the glulam beams belonged to two
different groups: melamine-urea-formaldehyde - MUF (type 1 and type 2) and one-component polyurethane
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-1C-PUR. The adhesives were applied with a glue proportion of approximately 200 g/m? for 1C-PUR and 450
g/m? for MUF. The lamellae were submitted to a clamping pressure of 1 MPa by means of a hydraulic press
under ambient temperature and ambient relative humidity. This pressure value was applied in the production
of glulam beams according to recommendations of adhesives manufactures. Moreover, the amount of adhesive
used also was based in parameters provided by the adhesive manufacturers.

Table 1: Features and nominal dimensions of each glulam beams group.

Number : : Lamella | Length of | Finger- Mean
Group Adhesive of \(lelig] I?renlggt thickness | the %eam ] oift in | density
beams (mm) (cm) the beam | (kg/m’)
1 MUF Type 1 10 60 180 30 360 no 782
2 MUF Type 2 10 60 180 30 360 no 761
3 1C-PUR 10 80 180 30 360 yes 775
4 1C-PUR 10 60 270 30 590 yes 743

Firstly, finger-joints were made on some lamellae before the previously described process for the
manufacture of beams in groups 3 and 4. The finger-joints in the board end were produced by mean of a
minifinger-joint cutterhead with 20 (22) mm nominal finger length (the value 22 mm is maximum finger
length which can be produced utilizing this cutterhead) 6,2 mm pitch width, and 1 mm tip width. The adhesive
used in the production of finger-joints was one-component polyurethane - 1C-PUR. The adhesive was applied
manually following the recommendation of adhesive manufacturer. A clamping pressure of 10 MPa was
applied by means of a hydraulic press during 5 seconds under ambient temperature and ambient relative humidity.
Moreover, finger-joints were randomly distributed along the height and length of the beams, always respecting
the minimum normative spacing.

Shear of glue line and compression strength parallel to grain specimens

The shear of glue line and the compression strength parallel to grain specimens were extracted from the
glulam beams after the realization of the four-point bending test. The glulam beams were sawn with a circular
saw to collect these specimens. A piece of about 20 cm in length was discarded from each beam end due to
possible irregularities provoked by lamellae and structural elements planning. The specimens were collected
from the ends of structural elements where there was not any damage caused by beams rupture, Figure 1. The
samples for the shear of glue line were extracted with 10 cm of length, while the samples for the compression
strength test were extracted with 20 cm. Table 2 shows the size of the samples used in the tests.

Compression _
strength Compression
S strength

20 em 20 cm”

10 cm Shear of glue line:

‘J‘l(}cm :

Specimens

Shear of glue line_

Figure 1: Length and region from extractions of specimens.
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Table 2: Samples dimensions for shear of glue line and compression strength parallel to the grain.

: Dimensions (mm
Group Adhesive Shear of glue line Co(mprt):ssion strength
1 MUF Type 1 60 x 100 x 180 60 x 180 x 200
2 MUF Type 2 60 x 100 x 180 60 x 180 x 200
3 1C-PUR 80 x 100 x 180 80 x 180 x 200
4 1C-PUR 60 x 100 x 270 60 x 270 x 200

Tests procedures

The procedures to evaluate glulam beam bending and stiffness were realized by means of ABNT NBR
7190 - Part 4 (draft) (2021). This normative document is based on the standard ISO 13910 (E) (2014).
Moreover, ABNT NBR 7190 - Part 6 (draft) (2021) was used to evaluate the shear strength in glue lines, this
standard method is based on EN 14080 (2013). Also, the compression strength parallel to grain test was carried
out in accordance with ABNT 7190 (1997). All tests were conducted under ambient temperature and ambient
relative humidity.

Four-point bending
The four-point bending tests were carried out to determine the modulus of elasticity in bending (£ ) and
the bending strength (f ) for all structural elements. The test arrangement was made in accordance with ABNT

NBR 7190 — Part 4 (draft) (2021), as shown in Figure 2. This test arrangement was adopted because it leads
to more conservative results of the modulus of elasticity in bending.

F/2 Ff2

m

6b 6b 6b mmom  d

Figure 2: Test arrangement in accordance with ABNT NBR 7190 - Part 4 (draft) (2021).

A dial indicator was placed in the bottom edge of the beam to measure centre-point deflection. Loading
was applied in a constant rate of 10 MPa/min. It was controlled by a dynamometric ring, Figure 3.

Figure 3: Test set-up of four-point bending test.
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The finger-joint of the bottom edge lamella was positioned between loads when possible due to the
maximum bending moment. The modulus of elasticity in bending was calculated from Equation 1 ABNT NBR

7190 - Part 4 (draft) (2021):
3
-Z(L(A)L
108\ b Ae )d

Where: £ is the modulus of elasticity in bending (MPa); AF" is the value of incremental load (N); Ae is
the value of incremental deflection (mm); L is the length along the glulam beam (mm); b is the height of the
glulam beam (mm); and d is the width of the glulam beam (mm).

The bending strength was calculated from Equation 2 ABNT NBR 7190 - Part 4 (draft) (2021):

— FultL (2)
" db?

Where: f, is the bending strength (MPa); I, is the ultimate applied load (N); L is the length along the
glulam beam (mm); b is the height of the glulam beam (mm); and d is the width of the glulam beam (mm).

Compression strength parallel to grain

The compression strength parallel to grain was determined by experiments carried out according to the
principles of ABNT 7190 (1997) with adaptations for structural specimens. The Brazilian Code, ABNT 7190
(1997), describes which cross section of the specimen must be 5 cm x 5 cm and yours length 15 cm. But, the
specimen in this research had cross section equal to cross section of the glulam beams and had 20 cm length.
The slenderness ratio of each group was less than 15 and, therefore, there was not buckling and bending of
the specimen in each test realized. This strength is the reference in timber structure design in Brazil. Thus,
this test is important to help Brazilian engineers to apply glulam in Brazilian civil construction. Samples were
submitted to a compression force using a compression test machine from the company ELE, as shown in
Figure 4, with load capacity of 2000 kN.

Figure 4: Test set-up of compression parallel to the grain test.

The loading was applied in a constant rate of 10 MPa/min until sample rupture. The compression strength
parallel to grain was obtained using Equation 3 ABNT 7190 (1997).
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fco — c0,max (3 )

Where: f, is the compression strength parallel to grain (MPa); F, is the ultimate applied load (N); and
A, is the compressed cross-section (mm?).

Shear of glue lines

The shear test of glue lines was performed to determinate the shear strength of the combination between
structural adhesives and Eucalyptus urograndis wood. The tests were carried out according to ABNT NBR
7190 — Part 6 (draft) (2021) with adaptations for specimens of EN 14080 (2013). The difference was in the
cross section of the sample where its cross section was equal to the width of the glulam beams and 100 mm of
thickness, Figure 1. On the other hand, EN 14080 (2013) describes that the cross section must be 40 mm to 50
mm in width and thickness. Samples were submitted to compression force using a compression test machine,
Figure 5.

LOAD CELL

O T T T T T T T T T T T T T T T T T T T 7711

6/54

Figure 5: Test set-up of shear test of glue lines.

Loading was applied for more than 20 seconds until material failure. A load cell coupled to a computer was
used to measure the load applied to the sample. The shear strength was calculated from Equation 4 ABNT NBR
7190 - Part 6 (draft) (2021). Furthermore, the percentage of adhesive failure was visually analysed.

Where: F is the shear strength of the glue line (MPa); F',  is the maximum load (N); b is the width of
the sample (mm); and t is the height of the sample (mm).

RESULTS AND DISCUSSION
Four-point bending test

The bending strength and the modulus of elasticity of each group of glulam beam are shown in Table 3.
The characteristic value /, | was obtained by means of EN 14358 (2016) assumed a logarithmically normally
homogeneous. The mean experimental value of stiffness was higher than 17800 MPa for all groups considered.
Group 1 presented the highest mean, 20072 MPa, while Group 2 exhibited the lowest mean, 17812 MPa. The
results obtained show that coefficient of variation was low for all groups studied. This signifies there was a low
variability among the bending stiffness of the tested specimens in each group.
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Table 3: The statistical values of the mechanical properties of each glulam beams group.

Group 1 2 3 4
— Mean (MPa) 20072 17812 19612 18168
s 52 Coefficient of
elasticity variation (%) 9,13 8,70 12,05 3,50
Mean (MPa) 93,9 86,8 61,1 56,5
Bending Cocfficient of
strength variation (%) 2,78 1363 1236 150
fux (MPa) 545 63.9 47.6 419
. Mean (MPa) 75,1 686 70,4 654
Compression Cocfficiont of
strength parallel | ~O¢ <t 10,57 8,08 6,07 7.26
to the grain variation ()
foox (MPa) 67.1 584 70,0 63.1
Mean (MPa) 11,7 10,3 10,6 9.9
Shear strength CO‘“'.fﬁ.C‘e“f, of 20,12 30,76 3717 2863
of glue line varlatlon_( /o)
W"O‘(l;;“lure 82,92 68,73 92,30 82,99
(1]

Groups 1 and 2 have similar features and their mean experimental value of bending strength is slightly
different 93,9 MPa and 86,8 MPa, respectively. These results may occur due to the random distribution of
lamellae along the beams cross section during assembly. Thus, lamellae with low mechanical proprieties can
have been put in the beam position where the highest tension stress occur. Furthermore, in Group 2 there was
a predominant failure by tension in the lamella edge. It shows that the collapse in structural elements in this
group started in their edge.

Groups 3 and 4, constituted by glulam beams with finger-joints, presented a mean experimental value of
bending strength lower than Groups 1 and 2, with no discontinuity in their lamellae, Table 3. Failure mode
started in the finger-joints of a large part of glulam beams in Groups 3 and 4, Figure 6. This showed that fin-
ger-joints were fragile regions of glulam beams produced with Eucalyptus urograndis and 1C-PUR. This struc-
tural element type is basically formed of reforested timber, therefore, finger-joints utilization is necessary be-
cause boards can present defects and are shorter than glulam beams. Similar failure mode was observed for oak
and beech glulam beams with horizontally finger-joints produced with MUF adhesive (Tran et al. 2016). This
failure occurred initially within the finger-joints due adhesive failure for beech glulam beams and by means
finger-joint (rupture in wood) for oak glulam beams (Tran et al. 2016). According to Nadir and Nagarajan
(2014), the ruptures of the Hevea brasiliensis glulam beams with vertically finger-joint also occurred initially
from finger-joints. The Group 3 reached only 65,07 % and 70,39 % of the mean bending strength of Group
1 and Group 2 respectively. On the other hand, the Group 4 obtained an mean bending strength equivalent to
60,17 % of the Group 1 and 65,09 % of the Group 2. The failure of the 1C-PUR adhesive in the finger-joints
caused the reduction of the bending strength for Group 3 and Group 4 when compared with Group 1 and Group
2 (both without finger-joints). Tran ef al. (2016) showed that the mean bending strength of the beech glulam
beams (3-layer) having finger-joints reached 54,84 % of mean bending strength of the beech solid lamella. In
addition, Tran ef al. (2016) presented the mean bending strength of the oak glulam beams (3-layer) having
finger-joints reached 80,01 % of mean bending strength of the oak solid lamella.

L

Figure 6: Failure mode started in the finger-joint.
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In beam failure mode analysis, detachment by shear between two adjacent lamellae due to unsatisfactory
adhesion was noticed, Figure 7. This was verified in a beam of Groups 1 and 4, in experimental tests. It
probably occurred due to superficial penetration of the adhesive in the lamellae. This problem usually
happens in hardwoods, the same timber type used in those groups, because of small pores that hinder adhesive
anchorage in the material. Lehmann et al. (2016) verified that structural adhesives utilized in the manufacture
of their Fraxinus excelsior L. glulam did not attain the minimum requirements of delamination.

o5 ote y

Figure 7: Detachment by shear due to unsatisfactory adhesion.

Compression strength parallel to grain

The statistical values of the compression strength parallel to grain of each group of glulam beams are
shown in Table 3. Group 1 presented the highest mean experimental value of strength in compression parallel
to grain, 75,1 MPa, while Group 4 presented the lowest mean, 65,4 MPa. Moreover, all groups with mean den-
sity higher than 700 kg/m? achieved a mean experimental value in compression parallel to grain higher than 60
MPa. The characteristic value of this property was calculated according to ABNT NBR 7190 (1997). Group 3
was the only group which achieved a characteristic value of 70 MPa. All the other groups presented a charac-
teristic value above 50 MPa. Glulam beams made with Eucalyptus urograndis can be considered as having a
strength class of 50 MPa, due to the fact that the groups studied had similar mean densities.

Shear strength of glue line

The shear strength of glue line is shown in Table 3. This table also shows the percentage of wood failure
of the each samples. The mean experimental value of shear strength of glue line was higher than 9,9 MPa for
all the groups. Group 1 had the highest mean, 11,7 MPa, while Group 4 presented the lowest, 9,9 MPa. Fur-
thermore, Group 3 had experimental mean rupture in the timber higher than 90 %. The wood failure above 90
% can be seen in the Figure 8 for a glue line of the Group 4. Group 2 showed a mean percentage of 31,27 % of
failure in adhesive, the worst among the groups analysed.

Figure 8: 95 % of wood failure of a specimen of the Group 4.
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The percentage of wood failure (Table 3) reveals that the bonding between this wood species and the adhesives
is the main problem in using this substrate in the production of glulam. However, the EN 14080 (2013) pre-
sents softwood glulam’s minimum production requirements. The minimum wood failure percentage depends
average shear strength of glue lines according to EN 14080 (2013) Equiation 5, Equation 6 and Equation 7.

WE, 02 90 % for f,,= 6 MPa  (5)

mean

WE, 0 2 144 — (91, ) for 6 MPa <f < 11 MPa (6)

mean

WE, 2 45 % for f,,2 11 MPa  (7)

mean

The minimum wood failure is 54 % if the average shear strength of the glue line is 10 MPa. Thus, all
groups studied reached the minimum production requirements described in EN 14080 (2013) for softwood
glulam. However, the EN 14080 (2013) shows that the minimum wood failure percentage must be 20 % for a
glue line of softwood glulam with shear strength higher than 10 MPa. All samples from Eucalyptus urogran-
dis had at least a glue line with failure exclusive in adhesive. Therefore, the adhesive anchorage in this wood
species must be improved or new types of adhesive must be developed, taking chemical adhesion into account.
Moreover, Group 2, Group 3 and Group 4 had shear strength less than 4 MPa at least a glue line. This value is
the minimum permitted for a glue line according to EN 14080 (2013).

The shear strength of the glue line leads to the conclusion that it is possible to produce glulam with Eu-
calyptus urograndis because Groups 1, 3, and 4 presented rupture exclusively in wood in at least 45 % of the
specimens tested in each group. On the other hand, Group 2 presented only 30 % of the tests with rupture in
wood. Due to this property, adhesion can be performed satisfactorily in Eucalyptus urograndis.

The mean shear strength parallel to grain for solid timber of Eucalyptus urograndis was 11,92 MPa
according to research developed by Moritani and Calil Junior (2018). Thus, only Group 1 obtained a
percentage above 90 % when compared to solid timber (Moritani and Calil Junior 2018), that is 98,15 %. On
the other hand, the other groups showed strength above 80 % when compared to solid timber (Moritani and
Calil Junior 2018).

Comparative analysis with the mean values of the species of origin of Eucalyptus urograndis

Brazilian Code, ABNT 7190 (1997), presents a table with values of mechanical properties of some wood
species available in the Brazilian market. These values were obtained from small samples which are clear of
defect, ABNT 7190 (1997). Data on the two wood species which were used in the development of Eucalyptus
urograndis are contained in this table, Eucalyptus grandis and Eucalyptus urophylla. The mean compression
strength parallel to grain of Eucalyptus grandis and Eucalyptus urophylla is 40,3 MPa and 46,0 MPa, respec-
tively, ABNT 7190 (1997). Thus, glulam beams manufactured with Eucalyptus urograndis showed means of
such property much higher than the species of origin, Table 3. Group 4 presented the worst mean among the
groups studied, however, it showed a mean 62,28 % better than the mean of Eucalyptus grandis and 42,17 %
better than the mean of Eucalyptus urophylla, ABNT 7190 (1997). Moreover, the mean shear strength parallel
to grain of Eucalyptus grandis and Eucalyptus urophylla is 7,0 MPa and 8,3 MPa, respectively, ABNT 7190
(1997). This showed that the values obtained in shear tests of the glue line were better than those obtained in
species originated from Eucalyptus urograndis, Table 3.
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CONCLUSIONS

The Eucalyptus urograndis wood has great potential to be applied in glulam industries due to its high
mechanical properties and density. This potential was confirmed by the experimental program carried out in
this research. However, the main obstacles revealed were the existing structural adhesives, developed for soft-
woods, used in the manufacturing of the glulam beams, since better results could be achieved if bonding had
been more satisfactory. Moreover, the mean percentage of rupture in wood was below 90 % for some groups
in the shear of glue lines. Thus, it is possible to conclude that adhesives must be developed taking chemical
adhesion to hardwood and hybrid species, like Eucalyptus urograndis, into account.

The experimental average value of the bending strength for groups without finger-joints (Groups 1 and
2) remained close to 90 MPa. On the other hand, groups with beams which have finger-joints reached an
experimental mean value of bending strength between 56 MPa and 62 MPa. Furthermore, the experimental
mean stiffness of all groups studied remained above 17812 MPa. The characteristic value of strength in com-
pression parallel to grain for all groups achieved a value above 50 MPa. Moreover, glulam made with Euca-
lyptus urograndis showed good shear strength of the glue line. This property had a mean above 9,9 MPa for
all groups studied.

Finger-joints have proved to be a region of weakness in glulam beams made from Eucalyptus urograndis
because failure mode has occurred in this area. Furthermore, finger-joints reduced the mean value of bending
strength of the beams when compared to the beams without finger-joints, even though this value was above
50 MPa for beam groups with finger-joints. These results prove a great potential for the use of Fucalyptus
urograndis in glulam.

There was a superiority in the compression parallel to grain and shear properties of the glued line of the
groups of Eucalyptus urograndis glulam beams when compared to the mean values of the compression parallel
to grain and shear strengths of the wood species that gave rise to the studied hybrid species.
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