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Abstract: Unproductive young rubber trees (15 years old) with smaller diameters (15 to 18 cm)
compared to conventional rubber logs, harvested at the age of 25 years old, were selected for the
production of laminated panels. Spindleless rotary veneer peeling was applied to logs from short-
rotation rubber forest plantations to produce veneers for structural purposes. This raises questions
about the utilization of these small-diameter logs with respect to its effect on the quality of veneer
and laminated panels produced. This study examines the effect of the glue spread rates on the
physical and mechanical properties of rubberwood laminated veneer lumber (LVL). Analysis of
variance shows that the application of a 280 g/m2 glue spread rate significantly improved the
density, water absorption and dimensional stability of rubberwood LVL. The mechanical properties
of rubberwood LVL produced with a 200 g/m2 glue spread rate met the minimum requirement
for the 2.1E-3100F stress class; 91.05 MPa for the modulus of rupture in the flatwise direction and
50.23 MPa for compressive strength parallel to the longitudinal axis. The modulus of elasticity in the
flatwise direction of 11,189.55 MPa reached the minimum requirement for the 1.5E-2250F stress class.

Keywords: laminated veneer lumber; small-diameter Hevea log; spindleless rotary veneers; glue
spread rate; structural properties

1. Introduction

Due to dwindling replanting hectarage, the demand for rubber logs could soon
outstrip supply. To ensure the supply of timber and latex, a higher planting density has
been implemented in rubber forest plantations (RFPs). These RFPs have a 15-year cycle,
as opposed to the conventional 25-year cycle. This is specifically for the exploitation of
wood with the option of latex exploitation. Despite the fact that wood is the main RFP
yield, latex production is still a primary concern to collect. In recent years, many rubber
holders introduced young-tapping and high-frequency tapping systems in RFPs to increase
latex yields. However, this has an impact on the growth of rubber trees over their life cycle,
resulting in a slower increase in girth. Rubber trees are harvested at a younger age and
have a smaller diameter (15 to 18 cm) under the RFP planting and modern tapping system
than under the conventional planting and tapping technique used years ago. This raises
concerns about the impact of using these small-diameter logs on the quality of the veneer
and the laminated panels produced.

Peeling small-diameter logs resulted in veneers of different quality compared to
peeling large-diameter logs of the same wood species, especially in terms of lathe check
properties and wettability. Effective usage of glue is highly dependent on the characteristics
of the veneer surface, with the roughness of the veneer being one of them. Rubberwood
veneers peeled and recovered from short rotation Hevea plantation logs using spindleless
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lathe have deep lathe checks and rough surfaces, which might cause the adhesive to over-
penetrate and dry out at the glueline [1]. Over-penetration of adhesive into wood results in
insufficient adhesive remaining in the glueline to bridge between wood surfaces [2]. The
presence of insufficient adhesive in the glueline decreased cohesion strength, resulting in a
thin and starved glueline [3]. This means that the glueline cannot be formed, and hence
there is no bonding strength between the veneers [4]. As a result, a higher glue spread rate
is needed to compensate for the effects of high-penetration levels. Veneers with a deep and
high frequency of lathe checks may require a higher glue spread rate to create an adequate
glueline thickness [5,6], allowing better internal surface contact for mechanical interlocking,
and transferring stresses efficiently between plies [4] in order to rework the defectives of
the veneer surface topography.

The glue spread rate of veneer affects the strength properties of laminated panels.
Moreover, increasing the application of glue does not always improve the bonding strength
but even diminishes it. Vick [5] claimed that structural panels with a glueline thickness
of 0.076 mm to 0.152 mm are able to withstand maximum mechanical loading stresses
and dimensional changes. Below this range, the glueline is too thin to effectively transfer
stresses from one adherent to the other, particularly stresses caused by moisture-induced
dimensional changes [4,7]. When glueline thickness increased to a certain point, the
strength gradually deteriorates [4,8] as thick gluelines are brittle and easily fracture [5].
Thus, the glueline thickness of laminated veneer lumber (LVL) should be within a certain
range because it directly affects the panes strength [4].

The glue spread rate is one of the most important processing factors in achieving an
optimal glueline thickness [4,9]. The adhesive has important technological and economic
implications in terms of the use of wood products and production costs. The cost of the
adhesive will account for up to half of the LVL cost [10]. By optimizing the glue spread rate,
it is possible to avoid the use of excessive adhesive while maintaining a satisfactory LVL
production cost and quality. Therefore, the aim of this study was to optimize the physical
and mechanical properties of rubberwood LVL by means of the glue spread rate.

2. Materials and Methods
2.1. Fabrication of LVL

Small-diameter rubberwood logs (between 15 and 18 cm) from short-rotation Hevea
plantations (Kuala Kangsar, Perak, Malaysia) were peeled using a spindleless rotary-peeler
(HK-130; Linyi Hengkai Machinery Manufacture Factory, Shandong, China) according to
the method demonstrated by Khoo et al. [1] to produce veneers with 2 mm thickness, and
the properties are listed in Table 1.

Table 1. Properties of spindleless rotary-peeled veneers with 2 mm thickness recovered from short-
rotation Hevea plantation logs [1].

Lathe Check Properties
Contact Angle (◦C) after 10 s

Depth (%) Frequency per 5 cm

50 ± 15 30 ± 10 6

Rubberwood LVL was made from 2-mm-thick rotary veneers peeled from a spindleless
lathe. Rubberwood veneers that had been rotary peeled were conditioned at a moisture
content of 7% ± 1%. Figure 1 shows the fabrication process of seven-ply rubberwood
LVL. Phenol formaldehyde (PF) adhesive with 45% solid content were provided by AICA
Malaysia Sdn. Bhd. The following were some of the properties of the PF adhesive: specific
gravity of 1.2 at 30 ◦C; pH of 12.0–14.5; viscosity of 60 to 110 Cp at 30 ◦C and gel time of
15 to 30 min at 105 ◦C. With the PF adhesive, a 1:3 ratio of commercial filler was added.
On the veneer surface, glue spread rates of 200, 240, and 280 g/m2 were applied. With
the loose side facing the loose side and the tight side facing the tight side, seven veneer
sheets were pressed together parallel to each other. The LVL with 7 plies were cold pressed
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for 5 min and then hot pressed for 12 min at 120 ◦C with a specific pressing pressure
of 9 kgf/cm2 [11]. After hot pressing, the LVLs were conditioned at a temperature of
20 ◦C ± 3 ◦C and a relative humidity of 65% ± 1% until they achieved an equilibrium
moisture content. The LVLs were then cut into specimens to be used in the physical and
mechanical tests. The sizes of specimens for various tests were depicted in Table 2. Figure 2
shows the LVL specimen cutting pattern for physical and mechanical tests.
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Figure 1. Fabrication of seven-ply rubberwood LVL; (a) veneer size: 400 × 400 × 2 mm (b) ratio of PF to filler is 3:1; (c) PF
and filler were mixed thoroughly; (d) ready-use resin; (e) resin application on the veneer; (f) LVL lay-up with veneer
tight side facing tight side and loose side facing loose side; (g) cold pressing for five minutes; and (h) hot pressing for
twelve minutes.

Table 2. Cutting size of specimens for physical and mechanical tests.

Test Size of Specimen (mm) Number of Specimen Tested per Board

Moisture content 50 × 50 × 12 6

Density; specific gravity 50 × 50 × 12 6

Water absorption 50 × 50 × 12 6

Radial; tangential; longitudinal; volumetric swelling 50 × 50 × 12 6

Static bending in the flatwise direction 316 × 50 × 12 6

Compression parallel to the longitudinal axis 60 ×20 × 12 3

Tension parallel to the longitudinal axis 250 × 25 × 12 3

Gluebond shear test 81 × 25 × 12 3

2.2. Evaluation
2.2.1. Determine the Moisture Content

The moisture content of the specimens was tested according to the ASTM D 4442-07 [12]. The
specimen’s initial weight was recorded. The specimens were then oven-dried at 103 ◦C ± 2 ◦C
until a constant weight achieved and weighed at an accuracy of ±0.01 g. Equation (1) was used
to calculate the moisture content of the specimens.

MC, % =
Wi − Wo

Wo
× 100 (1)

where,
Wi = initial weight of the specimen
Wo = oven-dry weight of the specimen
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Figure 2. Cutting pattern of specimens for physical and mechanical tests. Note: (1) physical tests
such as density, specific gravity, water absorption, radial swelling, longitudinal swelling, tangential
swelling and volumetric swelling after two and 24 h; (2) static bending; (3) tensile parallel to the
longitudinal axis; (4) compression parallel to the longitudinal axis; (5) gluebond shear test.

2.2.2. Determine the Density

The density of LVL specimens measuring 50 mm by 50 mm was tested according to
the ASTM D 2395-14 [13]. The specimens were air dried in the conditioning room to a
moisture content of about 10% ± 2%. A weighing balance was used to weigh the mass
of each LVL specimen. The volume of the specimens was measured by multiplying the
specimen’s length, width, and thickness. Equation (2) was used to calculate the density of
the specimens.

Density12%,
g

cm3 =
Mass

Volume
(2)

where,
Mass = mass of the specimen, g
Volume = volume of the specimen, cm3

2.2.3. Determine the Specific Gravity

ASTM D 2395-14 [12] was used to determine the specific gravity of LVL specimens
measuring 50 mm by 50 mm. The specimens were oven dried at 103 ◦C ± 2 ◦C until they
reached a constant weight. A weighing balance was used to determine the mass of each
specimen. The volume of the specimens was measured by multiplying the specimens’
length, width, and thickness. The weight and volume of oven-dried specimens were used
to calculate oven-dry density. Equation (3) was used to calculate the specific gravity of LVL.

Specific gravity =
D0

Dw
(3)

where
Do = density of wood when oven-dry
Dw = density of water
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2.2.4. Determining the Water Absorption and Radial, Tangential, Longitudinal and
Volumetric Swelling

LVL specimens measuring 50 mm by 50 mm were weighed and the radial, tangen-
tial and longitudinal lengths of the specimens were measured before being submerged
horizontally in 25 mm of distilled water at a temperature of 20 ◦C ± 1 ◦C. The water was
removed after two hours of submersion. The specimens were suspended to drain for
10 ± 2 min to remove excess surface water. The specimens were weighed and the radial,
tangential and longitudinal lengths of the specimens were measured. The specimens were
then submerged for an additional 22 h before undergoing the weighing and measuring
process described above. After 24 h submersion, the specimens were placed in an oven at
103 ◦C ± 2 ◦C to determine the moisture content based on oven-dry weight. According to
ASTM D 1037-12 [14], the absorbed water of the specimens was calculated as a percentage.
Equations (4)–(6) were used to calculate the percentage of water absorption, as well as
radial, tangential, longitudinal, and volumetric swelling.

Water absorption, % =
Wf − Wi

Wi
× 100 (4)

Swelling, % =
Lf − Li

Li
× 100 (5)

Volumetric Swelling, % =
Vf − Vi

Vi
× 100 (6)

where
Wf = final weight of the specimen after being immersed in water
Wi = initial weight of the specimen before being immersed in water
Lf = final length of the specimen after being immersed in water
Li = initial length of the specimen before being immersed in water
Vf = final volume of the specimen after being immersed in water
Vi = initial volume of the specimen before being immersed in water

2.2.5. Determining the Modulus of Rupture (MOR) and Modulus of Elasticity (MOE)

Flatwise three-point static bending tests were performed on specimens with dimen-
sions of 12 mm thickness by 50 mm width by 316 mm length using an INSTRON Universal
Testing Machine in accordance with ASTM D 5456-10 [15]. The span-to-depth ratio was
18 and speciments with a depth-to-width ratio of three or greater needed to be laterally
supported with lateral supports. Throughout the test, the crosshead loading speed was
maintained at 1.05 mm/min. Equations (7) and (8) were used to calculate the MOR and
MOE of each specimen.

MOR (MPa) =
3PL
2bd2 (7)

MOE (MPa) =
P1L3

4bd3Y1
(8)

where
P = maximum load, in Newtons;
P1 = load at proportional limit, in Newtons;
Y1 = center deflection at proportional limit load, in mm;
L = length of span, in mm;
b = width of the specimen, in mm;
d = thickness of the specimen, in mm.

2.2.6. Determining the Compressive Strength Parallel to the Longitudinal Axis

According to ASTM D 5456-10 [15], the specimen size for compression parallel to
the grain was 12 mm by 20 mm by 60 mm. The loading speed of the crosshead was kept
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constant at 0.06 mm/min. Equation (9) was used to calculate the compressive strength
parallel to the longitudinal axis.

Compressive strength (MPa) =
P

bd
(9)

where
P = maximum load
b = width of the specimen, in mm;
d = thickness of the specimen, in mm.

2.2.7. Determining the Tensile Strength Parallel to the Longitudinal Axis

LVL specimens with dimensions of 12 mm thickness by 25 mm width by 250 mm length
for tension parallel to the longitudinal axis were tested according to ASTM D 5456-10 [15].
The loading speed of the crosshead was maintained at 0.15 mm/min. Equation (10) was used
to calculate each specimen’s tensile strength parallel to the longitudinal axis.

Tensile strength (MPa) =
P

bd
(10)

where
P = maximum load
b = width of the specimen, in mm;
d = thickness of the specimen, in mm.

2.2.8. Determining the Gluebond Shear Strength

According to ASTM D 906-11 [16], the specimen size for gluebond shear testing was
81 mm length by 25 mm width by 12 mm thickness. Two 3-mm grooves were cut to a
depth of three and four plies for each side, and the glue shearing area was kept at 25 mm
by 25 mm. The crosshead loading speed was maintained at 4 mm/min throughout the test.
Equation (11) was used to calculate the gluebond shear strength of each specimen.

Gluebond shear strength (MPa) =
F

l × b
(11)

where
F = failing force of the specimen
l = length of the shear area
b = width of the shear area

2.2.9. Scanning Electron Microscopy (SEM)

An EM-30AX scanning electron microscope (COXEM, Daejeon, Korea) with a 20 kV
acceleration voltage was used to observe the adhesive penetration into the cell wall. For
testing, 10-mm-wide by 10-mm-long by 12-mm-thick specimens were cut at the cross
section of each LVL.

2.3. Statistical Analysis

Statistical analyses were carried out using the statistical package SPSS for Windows,
version 16.0 (SPSS, Chicago, IL, USA). Analysis of variance (ANOVA) was used to evaluate
the effect of the glue spread rate on the physical and mechanical properties of LVL rubber-
wood. The effects were considered not to be statistically significant when the p-value was
higher than 0.05 at the 95% confidence level.
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3. Results and Discussion
3.1. Morphological Properties

Figure 3 presents cross sections of rubberwood LVL captured using SEM with
500× magnification. It could be observed that PF was able to penetrate into the wood
structure for mechanical interlocking bonding. As a result, these would eventually allow
more interaction between the phenol formaldehyde resin and veneers. However, the glue-
line thickness increased with the increasing of the glue spread rate (Figure 3). A more
visible and thicker glueline was observed in the rubberwood LVL bonded with 240 and
280 g/m2 glue spread rates. Although thicker gluelines were observed, glue spread rates
of 240 and 280 g/m2 for rubberwood veneers are considered excessive as excess adhesive
was squeezed out around the edges of the panel during pressing. It is also known that
with increasing glueline thickness, the bonding strength decreases; with a thicker glueline,
higher internal stress is generated during glue shrinkage, which can lead to a lower shear
strength [17].
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Figure 4 shows the failure region of rubberwood LVL after a gluebond shear test,
captured using SEM. These Figures present the starch granules deposited in the rubber-
wood ray parenchyma cells. Starch molecules are polymers of anhydrous glucose units
formed and accumulated through the long-term energy storage of different plants in the
form of unique and isolated granules [18,19]. According to Simatupang et al. [19], fresh
rubberwood contains 1.05% to 2.29% free sugars and 7.53% to 10.17% starch. Due to the
existence of large quantities of hydrophilic hydroxyl groups, starch is fitted with high
hydrophilicity [20]. Starch molecules have strong intermolecular and intramolecular hy-
drogen bonds; therefore, they are hardly soluble at room temperature in water, and easily
self-aggregate in organic media and form micron-scale aggregates in processing [21]. These
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characteristics of starch may impart poor compatibility with hydrophobic polymers [22].
Due to the hydrophobic nature of phenol formaldehyde resin [23], starch granules will
prohibit the penetration of phenol formaldehyde and create a thick glueline formation
if excessive adhesive is applied. With low adhesive penetration and the formation of a
thick glueline, the veneers maybe unfavorable for gluing. Thick gluelines are undesirable
because they reduce the mechanical strength of glued joints, causing the separation of
adjacent layers [24,25].
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3.2. Physical Properties

According to analysis of variance (ANOVA), the effect of the glue spread rate on all
the physical properties of rubberwood LVL were highly significant (p < 0.01) except for
moisture content. The average values that were significant were compared using Tukey’s
test and are summarized in Table 3.

3.2.1. Moisture Content, Density and Specific Gravity

After conditioning for two weeks, the average equilibrium moisture content was
12.68%, 12.91% and 13.13% for rubberwood LVLs produced from 2-mm-thick veneer using
200, 240 and 280 g/m2 glue spread rates, respectively. According to PRL-501 [26] and the
Japanese Standard [27], the average moisture content of LVL intended for use in dry-service
conditions should be less than 16% and 14%, respectively. The rubberwood LVL produced
from this study meets the requirement of these standards.

Table 3 presents the average density and specific gravity of rubberwood LVL produced
using a 2-mm-thick veneer and phenol formaldehyde at different glue spread rates of 200,
240 and 280 g/m2. Based on the verdicts, there was an increase in the density and specific
gravity of rubberwood LVLs with the increasing of the glue spread rate. Rubberwood LVL
produced with a 280 g/m2 glue spread rate has significantly higher density and specific
gravity compared to 240 and 280 g/m2 glue spread rates (p ≤ 0.01). The density of phenol
formaldehyde resin used in this study was 1.2 g/cm3, which was much higher than that of
the rubberwood veneer. Therefore, the amount of phenol formaldehyde resin applied to
the LVL has a greater effect on the total mass of the rubberwood LVL. The higher increase
in the density and specific gravity of rubberwood LVL is due to a higher increment of the
total mass of the panel [28–30].



Polymers 2021, 13, 3799 9 of 17

Table 3. Mean values of physical properties of rubberwood LVL produced using different glue spread rate.

Physical Properties
Glue Spread Rate (g/m2)

Pr > F
200 240 280

Moisture content (%) 12.68 a

(2.66)
12.91 a

(4.92)
13.13 a

(6.32) n.s

Density (kg/m3)
864.11 a

(2.44)
874.73 ab

(2.82)
893.02 b

(3.18)
**

Specific gravity 0.8261 a

(2.66)
0.8611 b

(2.56)
0.8793 c

(2.42) **

Water absorption after 2 h (%) 9.67 b

(6.53)
9.14 b

(8.89)
7.98 a

(11.22) **

Water absorption after 24 h (%) 28.56 b

(3.89)
26.01 a

(5.93)
25.48 a

(5.46) **

Radial swelling after 2 h (%) 2.59 b

(16.21)
2.35 b

(12.44)
2.00 a

(16.52) **

Radial swelling after 24 h (%) 4.93 b

(11.98)
4.82 b

(13.09)
4.00 a

(16.39) **

Tangential swelling after 2 h (%) 0.566 b

(6.99)
0.570 b

(10.39)
0.518 a

(3.67) **

Tangential swelling after 24 h (%) 1.342 b

(10.21)
1.192 a

(12.21)
1.154 a

(12.71) **

Longitudinal swelling after 2 h (%) 0.122 b

(17.05)
0.090 a

(19.62)
0.076 a

(19.46) **

Longitudinal swelling after 24 h (%) 0.146 b

(13.27)
0.153 b

(15.91)
0.118 a

(18.67) **

Volumetric swelling after 2 h (%) 3.51 b

(12.47)
3.17 a

(10.04)
2.88 a

(13.86) **

Volumetric swelling after 24 h (%) 6.72 b

(15.10)
6.45 b

(9.99)
5.44 a

(14.57) **

Note: Means followed by the same letters in the same row are not significantly different at p ≤ 0.05 according to Tukey’s test. Values in
parentheses indicate coefficient of variance. n.s: not significant at p > 0.05; **: significant at p ≤ 0.01.

3.2.2. Water Absorption

As shown in Table 3, the effect of the glue spread rate on the water absorption
percentage of rubberwood LVL was highly significant (p ≤ 0.01). Within the first two hours
of immersion, rubberwood LVL produced with the highest glue spread rate, which was
280 g/m2, showed a significantly lower percentage of water absorption compared to the
200 and 240 g/m2 glue spread rates. After 24 h of immersion, the water absorption of
rubberwood LVL produced using 240 and 280 g/m2 glue spread rates was significantly
lower compared to that produced with the 200 g/m2 glue spread rate. A similar result
was obtained by Abdul Khalil et al. [28], who reported that panels produced with a higher
glue spread rate showed lower percentages of water absorption compared to the panels
produced with a lower glue spread rates. Rubberwood LVL bonded with the highest
glue spread rate has the lowest percentage of water absorption because more phenol
formaldehyde resin penetrated into the wood cell wall, and chemically bonded to the
hydroxyl group of wood structures [31]. Cross-linking reactions of phenol formaldehyde
oligomer and -OH groups of cellulose occurred in the wood cell wall [32]. The formation
of this cross-linked polymer reduced the numbers of free hydroxyl groups in the wood cell
wall [31] and the wood cell wall became bulked with phenol formaldehyde oligomer [33].
During water immersion, the free hydroxyl group absorbs and forms hydrogen bond with
water [34]; one of the scenarios for adhesive penetration into the cell wall is to occupy the
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free hydroxyl groups and reduce of the possibility of water absorption [3]. Thus, reducing
the numbers of free hydroxyl groups weakens the diffusion of water molecules into the
wood cell wall [31]. In other words, the compatibility between the hydrophilic fiber surface
and the hydrophobic adhesive was higher when using higher spread rates [28]. A strong
compatibility between the cellulose in the cell wall and the phenol formaldehyde oligomer
could reduce the percentage of water absorption [23].

3.2.3. Dimensional Stability

As shown in Table 3, rubberwood LVL bonded with a 280 g/m2 glue spread rate
showed significantly (p ≤ 0.01) lower radial swelling after two- and 24-h of immersion,
tangential swelling after two hours of immersion, longitudinal swelling after 24 h of
immersion and volumetric swelling after 24 h of immersion. Rubberwood LVLs bonded
with the highest glue spread rate were found to be the most dimensionally stable, with
the least radial, tangential, longitudinal and volumetric swelling. This finding coincided
with those of a previous study by Khalid et al. [35], who reported that a higher amount
of adhesive improved the dimensional stability of the laminated compressed composite
panels made from oil palm fronds. After hot pressing, internal stresses were built up in
panels [36]. When the panels came in contact with water molecules, the water molecules
penetrated and bonded with the free hydroxyl group in the cell wall through hydrogen
bonding [37]. The internal stresses were released [36] and the cell structure attempted to
restore to its initial form [38]. Thus, the interfacial bonding strength between the wood
and the adhesive, as well as the cohesive forces in the wood and the adhesive have to
be strong enough to counteract different swelling forces [36]. A higher glue spread rate
ensures intimate contact between veneers [39]. Greater intimate contact eliminates surface
voids and develops higher interfacial interaction between adhesives and veneers, further
contributing to better dimensional stability of the panels [39,40].

Based on Table 3, the percentage of radial swelling was 2.30% ± 0.30% and 4.47% ± 0.47%,
tangential swelling was 0.54% ± 0.03% and 1.25% ± 0.10%, longitudinal swelling was
0.10% ± 0.03% and 0.13% ± 0.03%, and volumetric swelling was 3.19% ± 0.32% and
6.08% ± 0.65%, after two- and 24-h immersion, respectively. Compared to the result in
Khoo et al. [41], seven-ply rubberwood LVL was found to be more dimensionally stable
compared to three-ply rubberwood LVL. The seven-ply rubberwood LVL has a significantly
lower percentage of longitudinal swelling, tangential swelling and volumetric swelling, but
a higher percentage of radial (thickness) swelling compared to the three-ply rubberwood
LVL. A lower percentage of longitudinal, tangential, and volumetric swelling might be due
to thicker LVL containing a higher amount of hydrophobic phenol formaldehyde resin,
which blocks the pathway for water molecules to enter the wood cell wall when immersed
in water. This was in agreement with the results Chai et al. [39], who stated that the glueline
may have acted as a partially water-resistant layer that reduced the water intake of the
porous material. For radial swelling, however, a thicker LVL containing more veneer plies
may build up higher compression stresses in the panels during hot pressing compared to a
LVL with less veneer plies. When panels are immersed in water, these compression stresses
are released (spring back), particularly in the radial direction [36]. Higher compression
stress resulted in severe spring-back and higher radial swelling.

3.3. Mechanical Properties

According to analysis of variance (ANOVA), the effect of the glue spread rate on
MOR in the flatwise direction and compressive strength parallel to the longitudinal axis
were highly significant (p < 0.01). There were no significant effects on the MOE in the
flatwise direction, the tensile strength parallel to the longitudinal axis or the gluebond
shear strength. The average values that were significant were compared using Tukey’s test
and are summarized in Table 4.
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Table 4. Mean values of mechanical properties of rubberwood LVL produced using different glue
spread rates.

Mechanical Properties
Glue Spread Rate (g/m2)

Pr > F
200 240 280

MOR in flatwise direction (MPa) 91.0518 a

(5.15)
85.1048 b

(1.53)
83.5965 b

(5.44)
**

MOE in flatwise direction (MPa) 11189.55 a

(10.04)
10767.51 a

(5.99)
10278.66 a

(6.88) n.s

Compressive strength parallel to
the longitudinal axis (MPa)

50.2340 a

(5.74)
48.0382 b

(4.38)
46.9340 b

(4.47)
**

Tensile strength parallel to the
longitudinal axis (MPa)

50.3791 a

(5.17)
51.1458 a

(6.11)
50.3899 a

(2.43) n.s

Gluebond shear strength (MPa) 6.46 a

(4.64)
6.44 a

(8.88)
5.84 a

(12.33) n.s

Note: Means followed by the same letters in the same row are not significantly different at p ≤ 0.05 according to
Tukey’s test. Values in parentheses indicate coefficient of variance. n.s: not significant at p > 0.05; **: significant
at p ≤ 0.01.

3.3.1. Modulus of Rupture (MOR) and Modulus of Elasticity (MOE)

Figure 5 shows the findings relating to the mechanical characterization of the LVL
samples by bending testing in the flatwise direction. The stress-strain diagram based
on the mean values shown in Figure 5a reveals different performance of the three LVL
samples with different glue spread rates. The steeper curves of the LVL samples with
lower glue consumption values indicate that the MOE decreased with the increase of
the glue spread rate, which can also be seen in Figure 5b. The mean MOE in the flat-
wise direction, shown in Figure 5b, decreased by 3.8% and 8.1% for glue spread rates of
240 g/m2 (10,767.51 MPa) and 280 g/m2 (10,278.66 MPa) specimens, respectively, com-
pared to 200 g/m2 (11,189.55 MPa) specimens. The mean bending strength in the flatwise
direction, seen in Figure 5c, decreased by 6.5% and 8.2% for glue spread rates of 240 g/m2

(85.10 MPa) and 280 g/m2 (83.60 MPa) specimens, respectively, compared to the lowest
glue consumption specimens of 200 g/m2 (91.05 MPa). Elongation at break, also known as
fracture strain, is the ratio between the changed length and the initial length after breakage
of the test specimen. It expresses the capability of the composite panel to resist changes
of shape without crack formation. Higher glue consumption results in a slight increase in
elongation at break but a decrease in the modulus of elasticity.

Based on the statistical analysis shown in Table 4, the application of a 200 g/m2 glue
spread rate resulted in a significantly higher (p ≤ 0.01) MOR in the flatwise direction
compared to 240 and 280 g/m2 glue spread rates. Excessive glue spread rates caused a
reduction in the MOR of rubberwood LVL samples in the flatwise direction. In a study
conducted by Khalid et al. [35], the MOR of oil palm frond composite panels was decreased
due to excessive glue spread rates. The application of phenol formaldehyde resin is usually
limited due to brittleness and the relatively high friction coefficient [42]. As a higher glue
spread rate was applied, an excessive glueline was formed as a thick and brittle layer
which resulted in a reduction in the MOR of the composite panel. On the other hand, a
further increase in resin consumption led to a slight decrease in the MOE in the flatwise
direction, but according to statistical analysis and homogeneous groups, these changes
were not statistically significant (p > 0.05). Thus, the results presented a similar tendency
as those of MOE in the flatwise direction, and were not affected by the glue spread rate.
LVL manufactured with glue spread rates of 200 g/m2 had equally good MOE values as
panels with an adhesive application of 240 and 280 g/m2. This may be related to their
close densities and the fiber length of the small-diameter rubberwood used in this study.
According to De Boever et al. [43], the correlation between MOE and density is strongly
positive (p = 0.01). Hence, the density of wood can be used to predict the stiffness or
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MOE of LVL samples. Based on the result from Khoo et al. [1], the density distribution of
small-diameter rubber trees was uniform. As the density was distributed uniformly within
the rubber tree, and the fiber length of a small-diameter rubber tree does not seem to vary
significantly, the effect of the glue spread rate on the MOE of rubberwood LVL samples in
the flatwise direction was insignificant.
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According to PRL-501 [26], the performance standard for laminated veneer lumber
(LVL), the minimum MOR and MOE for LVL to be used in structural applications are
32.58 and 10,342.14 MPa, respectively. Based on this study, the MOR in the flatwise
direction for rubberwood LVL produced using a 200 g/m2 glue spread rate is 91.05 MPa.
This shows that the MOR in the flatwise directions has reached the minimum criterion
(44.88 MPa) for the 2.1E-3100F stress class according to the performance standard for LVL
(PRL-501) [26]. Additionally, the MOE in the flatwise direction for the rubberwood LVL
produced using a 200 g/m2 glue spread rate was 11,189.55 MPa, which also reached the
minimum requirement for the 1.5E-2250F stress class according to PRL-501 [26].

3.3.2. Compressive Strength Parallel to the Longitudinal Axis

According to Table 4, the glue spread rate has highly significant effects (p ≤ 0.01) on
the compressive strength parallel to the longitudinal axis of the rubberwood LVL. The
compressive strength parallel to the longitudinal axis is 50.23, 48.04 and 46.93 MPa for the
rubberwood LVL produced with 200, 240 and 280 g/m2 glue spread rates. The compressive
strength parallel to the longitudinal axis of rubberwood LVL from this study met the
minimum requirement for the 2.1E-3100F stress class according to PRL-501 [26]. The
rubberwood LVL bonded using the lowest glue spread rate, which was 200 g/m2, had a
significantly higher compression strength compared to those using higher glue spread rates.
An increase in the glue spread rate to 240 g/m2 and 280 g/m2 reduced the compression
strength by 4.4% and 6.6%, respectively.

Table 5 shows the failure modes from compression parallel to the longitudinal axis
tested for rubberwood LVL bonded using 200, 240 and 280 g/m2 glue spread rates. Crush-
ing failure occurs due to the weakness in compression and failure along the maximum
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compression line, whereas shear failure occurs on the maximum shear plane along 45◦.
Only two failure modes were observed in the samples—shear failure and crushing failure.
The percentage of specimens with shear failure were 50%, 67% and 75% for rubberwood
LVL bonded with 200, 240 and 280 g/m2 glue spread rates, respectively. The percentage of
specimens with crushing failure were 50%, 33% and 25% for rubberwood LVL bonded with
200, 240 and 280 g/m2 glue spread rates, respectively. Compression specimens that failed
with crushing showed no apparent delamination. Crushing failure was always associated
with higher compressive properties due to the densification of the cell wall that collapsed in
the crushing region, whereas shearing failure was due to the shearing between two fibers.

Table 5. Compression failure of rubberwood LVL bonded with different glue spread rates.

Glue
Spread

Rate (g/m2)
Compression Failure Characteristics

Percentage of
Specimens with

Failure Modes (%)

Percentage of
Specimens with

Total
Delamination (%)Crushing Shearing

200
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Total delamination was higher in specimens with higher glue spread rates, which
greatly reduced the compression strength of the LVL. This also shows that higher glue
spread rates contributed to higher failure at the gluebond layer. Glue spread rates of 240
and 280 g/m2 for young rubberwood veneers are excessive; the adhesive is squeezed
out of the panel, the glueline thickness increases and, as a consequence, the adhesive
strength decreases. It was stated by Bekhta et al. [44] that with the increasing of the glueline
thickness, the bonding strength decreases and with a thicker glueline, higher internal stress
is generated during glue shrinkage, which can lead to a lower shear strength. Moreover,
at the high glue spread level, gas pressure increased significantly due to the high MC in
the glueline, which generally led to blisters or blows, which could largely deteriorate the
bonding quality of the laminated panel [45].

3.3.3. Tensile Strength Parallel to the Longitudinal Axis

Based on Table 4, the effect of the glue spread rate on the tensile strength parallel to the
longitudinal axis was not significant (p > 0.05). The average tensile strength parallel to the
longitudinal axis was 50.38, 51.15 and 50.39 MPa for the rubberwood LVL produced with
200, 240 and 280 g/m2 glue spread rates. The tensile strength parallel to the longitudinal
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axis of rubberwood LVL from this study met the minimum requirements for the 2.1E-3100F
stress class according to PRL-501 [26].

3.3.4. Gluebond Shear Strength and Percentage of Wood Failure

The shear strength test is a common indicator of adhesive behavior in laminated
panels. Gluebond shear strength was not significantly (p > 0.05) affected by the glue spread
rate (Table 4); hence, the shear strength of specimens with thicker gluelines was equal to
the shear strength of specimens with thin gluelines. However, percentages of wood failure
were generally somewhat lower for the thicker gluelines than for thin gluelines. The mean
percentages of wood failure of rubberwood LVL bonded with 200, 240 and 280 g/m2 glue
spread rates were 83%, 70% and 38%, respectively. Rubberwood LVL produced using a
200 g/m2 glue spread rate showed the highest percentage of wood failure of 83.33% with
the lowest coefficient of variance of 18.33%. When higher glue spread rates were used, the
bonding strength between veneers increased until, at one point, additional adhesive does
not contribute to the strength anymore [46]. The high failure in the glueline during the
delamination test occurs because the value of the shear strength provided by the adhesive
is lower than the value of the shear strength of the rubberwood veneer parallel to the grain
in this study. Figure 6 shows the veneer surfaces from the delamination test due to glueline
and wood failure. A major factor contributing to the higher rate of glueline failure from
the use of higher glue spread rates was due to the formation of thick porous gluelines
full of cavities and cracks, as shown in Figure 6a. The cavities and cracks were mainly
generated during hot pressing in an effort to cure and impregnate the thick glueline into
the voids in the veneer, which led to blisters or blows from the pressure generated. The
higher the amount of glue applied, the higher the pressure generated, which led to the
higher tendency of the panels to blister or blow in the hot press, which was observed in
this study.
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Figure 6. Veneer surface from delamination test observed using SEM with 500× magnification; (a) glueline failure and
(b) wood failure.

The large amount of starch granules in young rubberwood can limit the migration
of the glueline, which resulted in a major reduction of the mechanical properties of the
glue joint with the increase in the glue spread rate. The failure of wood in the delamination
test exposed the ray cells of the rubberwood which were embedded with strach granules
(Figure 6b). These results indicate that a glue spread rate of 200 g/m2 was the maximum
amount of adhesive to be used in order to avoid failure along the glueline, while allowing
bonding strength to be left unchecked in the structural design process. As reported by
Kawalerczyk et al. [47], limiting the occurrence of microcracks in the bondlines is one of
the key factors determining the strength properties of glue joints.
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The bonding performance of ruberwood LVL produced using 200 g/m2 passed the
minimum requirement for Voluntary Product Standard PS 2-04 for Structural Plywood [48].
According to Voluntary Product Standard PS 2-04, the average wood failure of specimens
shall be not less than 80% [48]. Additionally, the highest gluebond shear strength of
rubberwood LVL from this study—6.46 MPa—fulfilled the minimum shear test values of
the 2.1E-3100F stress class for the PRL-50 performance standard for LVL [26].

4. Conclusions

The glue spread rate of 200 g/m2 was found to be adequate for the production of LVL
produced with spindleless rotary veneers recovered from short-rotation Hevea plantation
logs. The presence of starch granules in ray cells of young rubberwood trees limits the
migration of the glueline, which leads to the creation of a thick porous glueline with an in-
crease in the glue spread rate. Using the highest glue spread rate of 280 g/m2, we improved
the physical properties of rubberwood LVL, which particularly contributed to higher board
density and better dimensional stability. By contrast, rubberwood LVLs produced using a
200 g/m2 glue spread rate showed better mechanical properties, especially in the MOR
in the flatwise direction and compressive strength parallel to the longitudinal axis. The
mechanical properties of rubberwood LVL produced in this study met the minimum re-
quirement for the 2.1E-3100F stress class, except for MOE in the flatwise direction. The
MOE in the flatwise direction reached the minimum requirement for the 1.5E-2250F stress
class. The application of phenol formaldehyde resin at more than 200 g/m2 was considered
excessive, as a higher glue spread rate does not contribute to better mechanical properties
in LVL.
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