PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Properties of Oriented Strand Boards Made from Two
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This study aimed to evaluate the effect of bamboo species, specific
pressure, and strand length on the properties of oriented strand boards
(OSBs). Laboratory scale OSBs were made from two Indonesian bamboo
species [tali (Gigantochloa apus) and andong (Gigantochloa
pseudoarundinacea)] with three different strand lengths (75, 100, and 150
mm). For each bamboo species and strand length, OSBs were fabricated
by bonding bamboo strands with 7% phenol formaldehyde resin and 0.5%
wax emulsion based on their oven-dry weight. The layer structure of the
face, core, and back of the three-layer cross-oriented board were 25%,
50%, and 25%, respectively. A specific pressure of 25 or 30 kg/cm? was
applied for 6 min at 160 °C. The targeted OSB density was 0.75 g/cm?®.
The results showed that OSBs from andong bamboo had better
dimensional stability and bending strength than those from tali bamboo.
The bending strength of bamboo-based OSBs increased with increased
bamboo strand length. A strong interaction was found between bamboo
species, specific pressure, and strand length on the mechanical properties
of OSBs. The properties of all bamboo-based OSBs produced in this study
conform with the requirements of the Japanese Industrial Standard JIS A
5908 (2015) and British Standard BS EN 300 (2006).
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INTRODUCTION

Bamboo is a significant non-timber forest product in Indonesia, acknowledged for
its versatility as a plant. Because of its rapid growth rate in diverse soil types and desirable
properties, bamboo possesses the potential to serve as a substitute for furniture and housing
materials (Dransfield and Widjaja 1995). Tali bamboo (Gigantochloa apus (JA & JH
Schultes) Kurz) and andong bamboo (Gigantochloa pseudoarundinacea (Steud) Widjaja)
are two species grown abundantly in Indonesia (Widjaja 2012). Andong bamboo has
average air-dry density and flexural strength values of 600 kg/m® and 63.98 MPa,
respectively, whilst tali bamboo’s air-dry density and flexural strength values are 670
kg/m3 and 76.9 MPa, respectively (Nugroho et al. 2021). Both bamboo species have drawn
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attention as a potential replacement for conventional wood-based materials due to their
outstanding physical and mechanical performances (Abdullah et al. 2017; Sulastiningsih et
al. 2017; Sulastiningsih et al. 2019). However, bamboo is prone to swelling and shrinkage
and has a high diameter variation along its length (Kelkar et al. 2023), which can hinder its
utilization. Making bamboo into composite panels such as OSB can overcome those
disadvantages, thus increasing the potential of bamboo utilization as a replacement for
wood.

Oriented strand board (OSB) emerges as a viable alternative among the array of
bamboo-based products that can be developed from tali and andong bamboos. The OSB
comprises several layers of strands and adhesive mixture that are further compressed to
generate a compact composite product. The strands are intentionally arranged
perpendicularly between layers, allowing the panel to exhibit excellent screw-holding and
resistance to deflection, delamination, and warping (Rahman et al. 2021).

According to Thoemen et al. (2010), OSB is a multi-layered panel made from wood
strands with predetermined dimension (typically, 15 to 25 mm wide, 75 to 150 mm long,
and 0.3 to 0.7 mm thick), which are bonded together with a binder (often water resistant)
under pressure and heat. The strands in the outer layers are aligned parallel to the long
board edge and the production line. On the other hand, the strands in the core layer are
often smaller and can be randomly oriented, generally at right angles to the strands of the
face layers. The APA (2009) states that OSB is manufactured in a cross-oriented pattern
similar to plywood to create a strong, stiff structural panel. OSB is composed of thin
rectangular-shaped wood strands arranged in layers at right angles to one another, which
are laid up into mats that form a panel. OSB is bonded with fully waterproof adhesives.

General steps in manufacturing bamboo-based OSB are quite similar to those in
wood-based OSB production. The sequential procedures include converting bamboo
materials into strands with random or targeted size, drying the bamboo strands, mixing the
bamboo strands with prepared adhesive mixture, forming layers of strands and adhesive
mixture in the prepared mold, piling up to 3 layers (front face, core, and back face) while
also arranging their strands direction so that they are perpendicular between layers, and
finally, compressing all layers to a full board with specific targeted density (Barbirato et
al. 2022; Maulana et al. 2020, 2023). Therefore, the OSB properties are potentially
governed by the properties of the materials being used, such as the strand length, and
various technical factors applied during its processing, such as the specific pressure applied
during production.

The impact of strand length and the pressure level used on OSB’s quality has been
intensively investigated for OSB production from wood materials (Beck et al. 2009;
Damitrascu et al. 2020; Gindiz et al. 2011; Akrami et al. 2014; Ciobanu et al. 2014;
Hamzagebi 2016; Salem et al. 2018; Lunguleasa et al. 2020, 2021; Furugi and Yapici 2021;
Rahman et al. 2021; Zhuang et al. 2022a). Several studies have also investigated the
separated or simultaneous effect of various bamboo strand lengths and pressure levels
applied on the properties of bamboo-based strand board (Sumardi et al. 2008; Febrianto et
al. 2012; Iswanto et al. 2019; Sulastiningsih et al. 2017, 2019). Utilizing longer strands in
strand board production positively affects the longitudinal properties of the board, resulting
in improved modulus of rupture (MOR) and modulus of elasticity (MOE) values for the
panels (Suzuki and Takeda 2000; Sumardi et al. 2008; Beck et al. 2009; Febrianto et
al. 2012; Sulastiningsih et al. 2017, 2019; Iswanto et al. 2019). These findings emphasize
the importance of strand length as a critical variable that possibly can enhance OSB’s
performance and long-term resilience, including bamboo-based OSB. Incorporating longer
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strands tends to enhance the overall strength and structural performance of OSB panels,
making them more suitable for demanding applications, such as construction/structural
material.

The interaction between the strand lengths and pressure levels significantly
increases the MOE values of bamboo strand boards (Sulastiningsih et al. 2019). Different
compression ratios during bamboo-OSB manufacture also affected the panels’ mechanical
properties (Maulana et al. 2020). Those studies reveal that the pressure conditions applied
affect the compaction and bonding of the bamboo strands, resulting in the final bamboo
strand board panels’ variation of internal structure and mechanical properties. Employing
appropriate pressure is critical, as it assists in achieving rapid curing of the adhesive and
providing mat compaction through lignocellulose plasticization (Ciobanu et al. 2014).

Comprehending the impact of specific pressure and strand length on the
characteristics of bamboo-based OSB is imperative for optimizing the manufacturing
process and customizing the boards for specific applications. Up to now, no studies have
examined the simultaneous effect of applying different specific pressures and strand
lengths on the properties of OSB prepared from tali and andong bamboo. Thus, this study
aimed to explore and quantify the influence of specific pressure and strand length on
several physical and mechanical properties of OSB derived from these two bamboo
species. The outcomes of this research will contribute to the advancement of manufacturing
techniques and sustainable utilization of both bamboo species for construction practices.
By gaining a deeper understanding of how the specific pressure and strand length affect
OSB properties, optimizing the production process and facilitating the design of bamboo-
based OSB for diverse engineering applications will be possible.

EXPERIMENTAL

Materials

The main materials used were 3-year-old tali bamboo (Gigantochloa apus (J.A. &
J.H. Schultes) Kurz) with average diameter, thickness, and length of 8.1 cm, 9.5 mm, and
6 m, respectively, and 4 m-long each of bottom, middle, and top parts of 4-year-old andong
bamboo (Gigantochloa pseudoarundinacea (Steud.) Widjaja). The bottom part of andong
bamboo had an average diameter and thickness of 10.4 cm and 14.2 mm, respectively,
while the middle part had an average diameter and thickness of 9.8 cm and 10.3 mm,
respectively. Its top part had an average diameter of 8.7 cm and a thickness of 7.4 mm.
Only the top parts of andong bamboo were converted into bamboo strands. The bamboo
culms were collected from Sukabumi District, West Java, Indonesia. The adhesive used
was liquid phenol formaldehyde (43% solid content, viscosity of 1.2 poise, pH 11) bought
from PT. Palmolite Adhesive Industry, Probolinggo, Indonesia). Other chemicals used
were wax as the additive and paraformaldehyde as the hardener.

Methods
Strands preparation

Depending on the internode length, the bamboo culms were cross-cut into 30- to
40-cm-long without the nodes and further split into 2.5 cm wide bamboo strips. The outer
skin of bamboo strips was removed. The strips were then manually sliced using a sharp
knife, to prepare strands with 0.6 to 0.8 mm thickness. The long strands were cut into
targeted lengths. The targeted dimensions of the bamboo strands were 75 mm (C1), 100
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mm (C2), and 150 mm (C3) in length, and 25 mm in width. The bamboo strands were air-
dried at room temperature for one week until they reached MC of £15%, followed by oven-
drying at 80 °C for 72 hours or until they reached + 4% moisture content (MC).

Determination of aspect ratio, slenderness ratio and density of bamboo strands

According to Maloney (1993), the strand geometry plays a fundamental role in
determining the properties and characteristics of the board. Similarly, Marra (1992)
asserted that the particle geometry of the particles significantly influences the strength and
performance of wood composites. The strand length is not the sole determining factor; the
interplay between strand length and strand thickness, often known as the slenderness ratio,
is also crucial (Beck et al. 2009; Sackey and Smith 2009).

Thirty strands from each bamboo species and each length were randomly selected
for aspect ratio and slenderness ratio measurements. The aspect ratio was calculated as the
length ratio to the strand width, while the slenderness ratio was calculated as the length
ratio to the strand thickness (Maloney 1993). The strands length, width, and thickness were
measured using a digital caliper with a precision of 0.01 mm. The bamboo strand density
was calculated by dividing its mass by its volume. All these measurements were carried
out at +12% MC. Figure 1 presents the samples of bamboo strands.
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Fig. 1. Samples of bamboo strands

Determination of compression ratio of bamboo OSB

The effect of furnish species on particleboard properties is primarily related to the
wood density (in this case, is bamboo density) and the necessity of compressing the wood
or bamboo to obtain satisfactory particleboard or OSB. Generally, a conventional
particleboard with a density lower than the density of the wood or bamboo furnish will be
unsatisfactory. The compaction of the mat to an average density higher than the density of
the furnish will allow better surface contact between the component particles of the mat.
This results in better adhesive utilization because more adhesive-coated particles will be in
intimate contact with other wood particles instead of voids (Kelly 1977). The compression
ratio is an essential parameter for determining the quality of the particleboard or OSB. The
compression ratio of bamboo OSB is calculated by dividing the OSB density by the density
of the raw material.

OSB manufacturing

According to Maloney (1993), the strand geometry plays a fundamental role in
determining the properties and characteristics of the board. The laboratory scale 3-layer
OSBs, sizing 30 cm x 30 cm x 1.2 cm (length x width x thickness), were prepared from
each bamboo species and each strand length. The layer structure of the face, core, and back
of the 3-layer cross-oriented boards were 25%, 50%, and 25%, respectively. The targeted
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density for fabricated bamboo OSBs was 0.75 g/cm?. The adhesive used was commercial
liquid phenol-formaldehyde (PF) with 7% resin content (resin solid) based on the oven-dry
weight of the strands. Paraformaldehyde with 1% of the PF weight and 0.5% wax emulsion
based on the oven-dry weight of the bamboo strands were added as a hardener and additive,
respectively. All chemicals were homogenously mixed and then applied to a specified
quantity of bamboo strands using a pressurized spray gun in a rotary drum blender.
Afterward, mat formation was manually performed using the resinated bamboo strands and
with the mat’s face and back layers cross-oriented to the core layer. The hand-formed mats
were hot pressed at 160 °C for 6 min at a specific pressure of 25 or 30 kg/cm?. The produced
boards were further conditioned at room temperature (RH +75%, 30 °C) for two weeks
prior to testing. Figure 2 presents the general scheme of OSB manufacture and properties
tests carried out in the study. Approximately three (3) boards were prepared for each
treatment combination. Figure 3 illustrates the samples of bamboo OSBs manufactured in
this study.
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Fig. 2. General scheme of OSB manufacture and properties tests

Fig. 3. Samples of manufactured-bamboo OSB
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Determination of physical and mechanical properties of bamboo OSB

Each board was cut to yield the targeted specimen’s dimension for determining the
board’s properties. The specimens for physical and mechanical property tests were
conditioned at room temperature (RH +75%, 30 °C) for two weeks before testing. All tests
for evaluating the properties of bamboo OSBs were performed in accordance with the
Japanese Industrial Standard JIS A 5908 (2015). The air-dry density and moisture content
tests were performed using specimens of 100 mm (width) x 100 mm (length) x 12 mm
(thickness). The initial weight and dimension of the specimens were recorded. Afterward,
all specimens were oven-dried at 103 + 2 °C until they reached constant weight. To support
the discussion of this particular aspect, the average compression ratio of the produced
boards was also determined and calculated as the ratio of the average board density to the
raw material density.

The dimensional stability parameters investigated were thickness swelling (TS),
width expansion (WE), and water absorption (WA). Each specimen dimension was 50 mm
x 50 mm x 12 mm. The specimens were immersed in cold water for 24 h. The initial weight,
width, and thickness were measured before and after the immersion.

The mechanical properties, comprising bending strength (MOR) and modulus of
elasticity (MOE), internal bond strength (I1B), and screw holding power (SHP), were tested
using a universal testing machine (Model LLOYD EZ 20; AMETEK Lloyd Instruments
Ltd., Fareham Hampshire, UK). The specimen’s dimension of the bending strength test was
230 mm x 50 m x 12 mm. Specimens for MOR and MOE were determined in both parallel
and perpendicular to the surface grain direction. The specimen’s dimension of the IB test
was 50 mm x 50 mm x 12 mm. The specimen’s dimension for the screw-holding power test
was 75 mm x 50 mm x 12 mm. All properties tested were compared to those of JIS A 5908
(2015) and BS EN 300 (2006).

Data analysis

All data obtained from various testing results of bamboo OSB were averaged and
tabulated. The effects of bamboo species, specific pressure, and length of bamboo strands
on OSB’s physical and mechanical properties were investigated using a 3-factorial analysis
of variance (ANOVA) with a completely randomized design (CRD). The main factors were
consecutively: (i) bamboo species (A), tali bamboo (Al), and andong bamboo (A2); (ii)
specific pressure (B), 25 kg/cm? (B1) and 30 kg/cm? (B2); and (iii) strand lengths (C), 75
mm (C1), 100 mm (C2), and 150 mm (C3). Approximately three replications were prepared
for each treatment combination (R). Following a significant ANOVA result, Tukey’s
honestly significant difference (HSD) range test was employed (Ott 1994). The ANOVA
and Tukey tests were conducted using the SAS program (SAS Institute Inc., 6™ Edition,
Cary, NC, USA).

RESULTS AND DISCUSSION

Density of Bamboo Strands

The density of the wood raw material is the most important species variable
governing board properties. The density has been the important factor in determining which
species are used for manufacture of particleboard. Oriented strand board (OSB) is a type
of particleboard with particles in the form of strands. Generally, the lower-density woods
will produce particleboards within the desired density ranges, usually with strength
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properties superior to the higher-density species. The reason for this lies in the fact that the
lower density woods can be compressed into medium density particleboards with the
assurance that sufficient interparticle contact area is developed during the pressing
operation to achieve good bonding (Maloney 1993). This statement also applies to bamboo.
Table 1 shows the average values of bamboo strands density of each bamboo species and
strand length. The average density of tali and andong bamboo strands were 0.62 g/cm?® (620
kg/m®) and 0.56 g/cm? (560 kg/m?), respectively. These values of bamboo strand density
were lower than the bamboo culm density, where the densities of tali and andong bamboo
culms were 670 kg/m® and 600 kg/m?, respectively (Nugroho et al. 2021). This result is
possibly due to the presence of outer and inner skins of bamboo culms during the culm
density measurement.

Table 1. Density of Bamboo Strands

Targeted Length of Description Density of Bamboo Strands (g/cm?®)
Bamboo Strands (mm) Tali bamboo Andong bamboo
Average 0.62 0.56
SD 0.05 0.04
75 :
Min. 0.52 0.50
Max 0.71 0.68
Average 0.62 0.56
SD 0.05 0.06
100 :
Min. 0.52 0.50
Max. 0.70 0.69
Average 0.62 0.56
SD 0.05 0.05
150 :
Min. 0.51 0.50
Max. 0.70 0.70

S.D.- Standard deviation

Bamboo Strand Geometry

Table 2 shows the average values of the lengths, widths, thickness, slenderness
ratios, and aspect ratios of bamboo strands. The slenderness ratio and aspect ratio ranges
of tali bamboo were 96.0 to 182.0 and 3.02 to 5.89, respectively. Those values for andong
bamboo ranged from 92.3 to 192.3 and 3.00 to 6.12, respectively. Bamboo strands at 150
mm length (C3) showed a higher slenderness ratio and aspect ratio than the strands at 100
mm length (C2) and 75 mm length (C1). All bamboo strands fulfilled the aspect ratio
requirement to provide good orientation in OSB fabrication because the values were not
less than three. Based on the result of the slenderness ratio, the OSB prepared from tali and
andong bamboo might have resulted in good MOR values. Kelly (1977), Zhuang et al.
(2022a), and Arabi et al. (2023) mentioned an increase in the slenderness ratio might lead
to a MOR increase in composite panels.
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Table 2. Geometry of Tali and Andong Bamboo Strands

Species | Targeted | Description Parameter

Length Length Width | Thickness | Slenderness | Aspect

(mm) (mm) (mm) (mm) Ratio Ratio

Tali 75 Average 74.2 24.62 0.79 96.05 3.02
SD 0.75 0.64 0.11 12.84 0.09

Min. 72.4 23.13 0.62 73.42 2.84

Max. 75.0 25.53 1.00 120.68 3.24

100 Average 100.0 25.3 0.82 123.29 3.96

SD 2.27 0.68 0.07 13.04 0.16

Min. 92.9 23.9 0.59 105.53 3.65

Max. 104.4 26.1 0.93 171.85 4.26

150 Average 147.1 25.0 0.81 181.98 5.89

SD 0.16 0.67 0.07 15.34 0.19

Min. 145.0 23.7 0.68 158.92 5.65

Max. 150.2 25.9 0.92 215.16 6.23

Andong 75 Average 74.5 25.0 0.81 92.32 3.00
SD 0.76 0.90 0.06 6.24 0.13

Min. 72.3 22.9 0.67 80.04 2.79

Max. 76.0 26.5 0.92 107.85 3.31

100 Average 99.72 25.07 0.81 124.45 3.98

SD 0.48 0.82 0.09 16.01 0.14

Min. 98.85 22.82 0.60 107.16 3.79

Max. 100.67 26.34 0.93 165.98 4.34

150 Average 152.55 25.0 0.81 192.33 6.12

SD 1.04 1.29 0.12 34.24 0.32

Min. 150.0 22.3 0.55 166.66 5.69

Max. 153.80 26.69 0.91 277.13 6.86

S.D.- Standard deviation

Physical Properties
MC analysis

Table 3 shows the average data of several physical properties of the manufactured
OSBs in this study. The average MC of OSB fabricated from andong and tali bamboo
ranged from 9.4% to 10.3% (Table 3). Andong-bamboo-based OSB manufactured with 75
mm strand length and at a specific pressure of 25 kg/cm? had the lowest MC. The overall
MC values of OSB produced were less than the maximum MC allowed for the OSB
products according to JIS A 5908 (2015) (maximum MC of 13%) and BS EN 300 (2006)
(maximum MC of 12%). Therefore, the OSB in this study met the requirements of both
standards. Nevertheless, ANOVA results (Table 4) revealed that all three factors (bamboo
species, strand length, and specific pressure) or their interactions had no significant effect
on the OSB’s MC.

Density

The average density of the manufactured OSBs ranged from 0.74 to 0.77 g/cm’
(Table 3), classifying the boards as medium-density (Maloney 1993). The highest density
occurred for the OSB fabricated from tali bamboo, using a specific pressure of 25 kg/cm?
and 75 mm-long strands. Nevertheless, ANOVA results disclosed that neither bamboo
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species, specific pressure, strand length, nor their interactions significantly affected the
OSB density (Table 4).

Table 3. Physical Properties of the OSB Fabricated from Andong and Tali
Bamboo by Using Different Pressure and Strand Lengths
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Notes: A= bamboo species (Al = tali bamboo, A2 = andong bamboo), B = specific pressure (B1 =
25 kg/cm?, B2 = 30 kg/cm?), C = strand length (C1 = 75 mm, C2 = 100 mm, and C3 = 150 mm);
Values in parentheses are standard deviations; MC = moisture content, TS = thickness swelling,
WE = wide expansion, WA = water absorption; Values in the same column followed with the
same letters are not significantly different (according to Tukey’s test)

Density is indeed an important variable that governs composite board properties.
However, the compression ratio, or the ratio of the board density to the raw material density,
must also be considered. According to Kelly (1977), Maloney (1993), and Maulana ef al.
(2020), a compression ratio in the range of 1.2 to 1.3 resulted in a good-quality composite.
In this study, the average density values of tali and andong bamboo strands and the
produced OSBs were 0.62, 0.56, and 0.75 g/cm?, respectively. Further calculation showed
that the average compression ratio scores of tali and andong-bamboo-based OSBs were
1.21 and 1.34, respectively. Therefore, the manufactured OSBs in this study satisfied the
requirement of high-quality medium-density boards.

Dimensional stability

Dimensional stability is crucial in determining the quality of solid wood, panel, or
composite products. This study used two parameters, thickness swelling (TS) and width
expansion (WE), to understand the dimensional stability phenomenon of the bamboo-based
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OSB. This study showed that bamboo-based OSB's average thickness swelling (TS) ranged
from 2.53% to 4.79% (Table 3). The TS values of bamboo-based OSB in this study conform
with JIS A 5908 (2015) with a maximum TS tolerance of 20% and BS EN 300 (2006) with
a maximum TS tolerance of 25% (Type OSB/1), 20% (Type OSB/2), 15% (Type OSB/3)
and 12% (Type OSB/4).

A low TS value indicates a high dimensional stability of a panel or composite
product. The lowest TS value, 2.53%, was obtained for andong-bamboo-based OSB
fabricated at a specific pressure of 30 kg/cm? and 150 mm long strands. In contrast, tali
bamboo-based OSB manufactured at a particular pressure of 30 kg/cm? and 75-mm-long
strands had the highest TS value (4.79%) after 24-h immersion. Due to their low TS values,
the bamboo-based OSB produced in this study exhibited superior dimensional stability
compared to OSB products reported in several previous studies. Specifically, the bamboo-
OSB bonded with MDI showed a TS value range of 8.65% to 14.94% (Febrianto et al.
2012, 2015; Davinsy et al. 2019). In contrast, the eastern red cedar-based strand board
bonded with 8% liquid phenol-formaldehyde had a TS value range of 15.2% to 18.4%
(Hiziroglu 2009). TS value of Pinus maritinus-based OSB bonded with water solution of a
procyanidin tannin extract was 10% (Pichelin ef al. 2002). The mixture of Calophyllum
inophyllum and Paulownia coreana-based OSB bonded with a mixture of synthesized
phenol-formaldehyde and phenol-urea-formaldehyde exhibited a TS value range of 24.5%
to 31.1% (Oh and Kim 2015). Differences in the strand types, adhesive, and variation in
the manufacturing process applied during each OSB type production potentially contribute
to these comparison results.

Table 4. Summarized Results of Analysis of Variance on Physical Properties of
OSB from Tali and Andong Bamboo

F Calculated

Sources of Variation _
MC (%) Density (g/cm?) TS (%) WE (%) WA (%)
Bamboo species (A) 0.16 ns 0.00 ns 8.21* 27.41 ** 4.80 *
Pressure level (B) 0.21ns 2.66 ns 6.51* 16.58 ** 5.65 *
Strand length (C) 2.22ns 0.29 ns 1.68 ns 542* 0.37 ns
A*B 0.16 ns 0.17 ns 0.29 ns 8.46 * 512*
A*C 1.89ns 0.55 ns 1.73 ns 1.59 ns 0.02 ns
B*C 1.38 ns 0.43 ns 20.78 ** 1.16 ns 7.23*
A*B*C 3.34ns 0.11 ns 0.37 ns 1.27 ns 1.98 ns

Notes: MC = moisture content; TS = thickness swelling; WE = width expansion; WA = water
absorption; ** = highly significant (F-calculated > F-table at 99% confidence level); * = significant
(F-calculated > F-table at 95% confidence level); ns = non-significant (F-calculated < F-table at
95% confidence level)

The manufactured OSB’s average width expansion (WE) ranged from 0.34% to
0.56% (Table 3). The lowest WE value was observed for andong bamboo-based OSB
manufactured at a specific pressure of 30 kg/cm? and strand length of 75 mm.
Contrastingly, andong bamboo-based OSB manufactured at a specific pressure of 25
kg/cm? specific pressure and strand length of 100 mm had the highest WE.
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The ANOVA results revealed that bamboo species, specific pressure, and the
interaction between specific pressure and strand length significantly affected the bamboo-
based OSB's TS value (Table 4). In contrast, the OSB’s WE was influenced considerably
by bamboo species, specific pressure, and their interaction (Table 4). Subsequent Tukey's
tests (Table 3) showed tali bamboo-based OSB had a higher TS and WE than andong
bamboo-based OSB. All OSB manufactured at a specific pressure of 25 kg/cm? also had
higher WE than OSB manufactured at a specific pressure of 30 kg/cm?.

The effect of bamboo’s strand length on the OSB’s TS and WE varied, depending
on the bamboo species and the specific pressure being applied. The TS of tali bamboo-
based OSB manufactured at a specific pressure of 25 kg/cm? tended to increase as the strand
length increased. When a specific pressure of 30 kg/cm? was applied, the TS of both tali
and andong bamboo-OSBs tended to decrease as the strand length increased. Andong
bamboo-based OSB manufactured at a specific pressure of 30 kg/cm? with a strand length
of 75 mm and 150 mm had the lowest WE (0.34%) and the lowest TS (2.53%), respectively
(Table 3). Thus, among other OSBs produced in this study, both andong-bamboo OSBs
allegedly exhibited the most stable dimension. High pressure could cause the adhesive to
spread evenly and cure rapidly within and between layers, thus enhancing the internal
bonding between strands.

Water absorption

The OSB’s average water absorption (WA) ranged from 25.2% to 35.8% (Table 3).
The lowest WA value occurred for andong bamboo-based OSB manufactured at a specific
pressure of 25 kg/cm? with a strand length of 75 mm. The result obtained was very similar
to the WA of andong bamboo-based strand board bonded with phenol-formaldehyde, which
ranged from 22.8% to 29.6% (Sulastiningsih et al. 2019); or the WA of moso bamboo-
based OSB bonded with MDI (which was 23.6%) at the targeted density of 0.73 g/cm?
(Sumardi and Suzuki 2014). The comparable result with the andong-bamboo strand board
reported by Sulastiningsih et. al. (2019) could be due to having the same manufacturing
process and strand length or type used but with different strand orientation arrangement
between OSB produced in this study and strand board in the previous study. The average
density of andong-bamboo OSB in this study (0.75 g/cm?) was closely similar to that of
moso-bamboo OSB (Sumardi and Suzuki 2014). A previous study reported that density did
affect the water absorption of wood-composite products, i.e., particleboard (Esteves et al.
2023).

The WA values of bamboo-OSB manufactured in this study were also lower than
those of OSBs manufactured from the mixture of 60% Calophyllum inophyllum and
40% Paulownia coreana strands (varied from 47.2% to 54.8%) and glued with self-
synthesized phenol-formaldehyde and phenol-urea-formaldehyde (Oh and Kim 2015). The
bamboo OSB in this study had a higher density than the OSB from a previous study (Oh
and Kim 2015). It has been reported that composite boards with higher density absorbed
water less than those with lower density (Esteves et al. 2023).

The ANOVA results showed the bamboo species, specific pressure, and the
interaction between specific pressure and strand length significantly affected the OSB’s
WA (Table 4). Subsequent Tukey’s tests (Table 3) revealed that tali bamboo-based OSB
had a higher WA value than andong bamboo-based OSB. All OSB manufactured at a
specific pressure of 25 kg/cm? had smaller WA values than those manufactured at a specific
pressure of 30 kg/cm?. Increasing the strand length of bamboo also tended to change the
OSB’ WA values with the magnitudes depending on bamboo species and specific pressure.
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Mechanical Properties
The internal bond strength

The internal bond strength (IB) or tensile strength perpendicular to the board
surface is a crucial property determining the bonding quality of the composite board. The
average IB values of the manufactured OSB ranged from 0.53 to 0.79 MPa (Table 5). This
result was similar to those obtained for betung bamboo-based OSB (Febrianto ef al. 2012)
and andong bamboo-based strand board (Sulastiningsih et al. 2019). The comparable
results from this study with andong-bamboo strand board from a previous study
(Sulastiningsih et.al. 2019) are possibly due to differences in the strand orientation
arrangement but with similar other technical parameters for the manufacturing process. The
density of bamboo-OSB from this study was closely similar to betung-bamboo OSB from
the previous study (Febrianto et al. 2012). This fact could be the reason behind their
similarity in IB values. Further, the density of composite boards, such as particle boards,
has been reported to significantly affect the board’s IB (Esteves et al. 2023).

The IB values of all bamboo-based OSB in this study were higher than those of
OSB made from black spruce and trembling aspen (Zhuang et al. 2022a). The highest IB
value occurred for tali bamboo-based OSB manufactured at a specific pressure of 25
kg/cm? and strand length of 100 mm. All IB values of bamboo-based OSB in this study
met the requirements of JIS A 5908 (2015) for type 24-10 (OSB type) particleboard
(minimum IB of 0.3 MPa and BS EN 300 (2006) for Type OSB/1 (minimum IB of 0.28
MPa) Type OSB/4 (minimum IB of 0.45 MPa).

The ANOVA results showed a significant effect of pressure levels (B); interaction
between bamboo species and strand length (A*C), interaction between bamboo species and
specific pressure (A*B), and interaction of all three main factors (A*B*C) on the IB values
of OSBs in this study (Table 6). Subsequent Tukey’s tests (Table 5) indicated that tali
bamboo-based OSB manufactured at a specific pressure of 25 kg/cm? had higher IB values
than OSB manufactured at a specific pressure of 30 kg/cm?. Increasing the strand length of
bamboo also tended to change IB values, with the magnitudes depending on bamboo
species and specific pressure.

The screw-holding power

The average screw-holding power (SHP) values of the manufactured OSB ranged
from 524 to 875 N (Table 5). The highest SHP value (875 N) occurred for tali bamboo-
based OSB manufactured at a specific pressure of 25 kg/cm? and strand length of 150 mm.
The lowest SHP occurred for andong bamboo-based OSB (524 N) manufactured under the
same processing pressure and strand length. These results indicate that tali bamboo-based
OSB had the best ability among other OSB compositions investigated in this study in
maintaining the screw position and resisting it from being pulled out under external force.
All SHP values of the manufactured OSB in this study also met the Japanese Industrial
Standard (JIS A 5908 2015) requirement (500 N) for type 24-10 (OSB type) particleboard.

Nevertheless, the SHP values of bamboo-based OSB in this study were lower than
those reported in a previous study by Hidayat et al. (2013). This situation is possibly due
to the use of low-density wood raw materials, i.e., Paraserianthes falcataria (0.36
g/cm?), Maesopsis eminii (0.41 g/cm?®), and Acacia mangium (0.46 g/cm®) in the OSB
manufacture, which resulted in higher compression ratio to meet the targeted OSB density
(0.70 g/cmq). The higher compression ratio will result in better adhesive utilization because
more adhesive-coated particles will be in intimate contact with other wood particles instead
of voids (Kelly 1977).
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Table 5. The Mechanical Properties of the OSB Fabricated from Andong and Tali
Bamboo at Various Pressure Levels and Strand Lengths

Treatment Mechanical Properties
COT:&%“O” B SHP MOR-PR | MOE-PR | MOR-PP | MOE-PP
(MPa) (N) (MPa) (MPa) (MPa) (MPa)
A1B1C1L 0.76 ab 655.1 bc 43.4 g 5393 fg 29.8 bcd 1963 d
(0,03) (85,5) (0,6) (153) (1.04) (309)
A1B1C2 0.79 a 677.3 bc 49.8 efg 6552 ef 29.9 bed 2298 cd
(0.06) (52.7) (5.1 (839) (3.22) (257)
A1B1C3 0.73 abc 874.8 a 58.2 cde 7858 de 32.4 bc 2860 abc
(0.02) (66) (2.4) (665) (2,55) (143)
A1B2C1 0.66 abcd | 744.0 ab 46.1 fg 7909 cde 30.5 bed 2026 d
(0.06) (52.7) () (149) (2.16) (268)
ALB2C2 0.60 cd 558.3¢c 60.4 bcde | 8798 bcd 29.9 bed 2368 bcd
(0.05) (37.7) (4.5) (537) (5) (337)
A1B2C3 0.53d 557.2¢c 71.0ab 9838 ab 37.9ab 3323 a
(0.02) (65.2) (4.8) (441) (4.11) (310)
A2B1CL 0.62 bcd 570.1c 46.3 fg 5138 g 33.7 abc 3066 ab
(0.05) (36.2) (2.2) (254) (2.49) (151)
A2B1C2 0.60 cd 555.7¢c 61.6 bcd 7819 de 23.4d 2211 cd
(0.06) (37.7) (2.7) (549) (3.13) (174)
A2B1C3 0.62 bcd 524.3c 58.6 cde | 8954 bcd 33.7 abc 2486 bcd
(0.09) (22.3) (5.3) (323) (2.92) (203)
A2B2C1 0.63 bcd 543.9c 54.4 def 8492 bcd 28.7 cd 1968,0 d
(0.06) (35.4) (2.3) (87) (1.98) (128)
A2B2C2 0.71 abc 617.2 bc 66.8 abc | 9308 abc 42.2 a 3358 a
(0.02) (77.1) (3.7) (720) (1.49) (297)
A2B2C3 0.73 abc 647.2 bc 72.6 a 10370 a 34.7 abc 3347 a
(0.06) (19.6) (4.9 (244) (3.96) (212)

Notes: A = bamboo species (Al = tali bamboo, A2 = andong bamboo), B = specific pressure (B1 =
25 kg/cm?, B2 = 30 kg/cm?), C = strand length (C1 = 75 mm, C2 = 100 mm, and C3 = 150 mm);
Values in parentheses are standard deviations; Each value was the average of 3 replications; IB =
internal bond strength; SHP = screw-holding power; MOR-PR = modulus of rupture parallel to the
surface; MOE-PR = modulus of elasticity parallel to the surface; MOR-PP = MOR perpendicular to
the surface; MOE-PP = MOE perpendicular to the surface; Values followed with the same letter
within the same column were not significantly different (according to Tukey’s tests)

The ANOVA results showed that bamboo species (A); interaction between bamboo
species and specific pressure (A*B); interaction between bamboo species and strand length
(A*C); interaction between specific pressure and strand length (B*C); and interaction of
all three factors (A*B*C) significantly affected the SHP values of bamboo-based OSB in
this study (Table 6). Subsequent Tukey’s tests (Table 5) showed that tali bamboo-based
OSB had higher SHP values than andong bamboo-based OSB. Tali bamboo-based OSB
manufactured at a specific pressure of 25 kg/cm? also had higher SHP than those
manufactured at a specific pressure of 30 kg/cm?. However, andong bamboo-based OSB
gave contradicting results. Similar to the IB case above, increasing the bamboo’s strand
length caused varying trend changes in the SHP values, with values depending on bamboo
species and the applied pressure. The results obtained from this study were different from
previous research findings, in which SHP was influenced more by processing parameters
than the types or basic properties of the materials used in OSB or plywood manufacture
(Erdil et al. 2002). Research on the manufacture of corn straw fiber brick has also
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demonstrated that the brick’s surface and side-screw holding were significantly affected by
the corn straw mass and processing parameter, i.e., cold press time (Gao et al. 2018).

The MOE

Table 5 shows that the average values of MOE, parallel and perpendicular to the
OSB surface grain, were 5,140 to 10,400 MPa and 1,970 to 3,360 MPa, respectively. The
highest values of MOE parallel (10,400 MPa) and perpendicular to the surface grain (3,360
MPa) occurred for andong bamboo-based OSB manufactured at a specific pressure of 30
kg/cm? and bamboo’s strand length of 100 to 150 mm. All MOE values of bamboo-based
OSB in this study met JIS A 5908 (2015) requirements for type 24-10 (OSB type)
particleboard (4000 and 1300 MPa) and BS EN 300 (2006) requirements for Type OSB/1
(2500 and 1200 MPa) to Type OSB/4 (4800 MPa and 1900 MPa).

The values of MOE parallel to the surface grain of bamboo OSBs in this study were
comparable to those of OSBs prepared from four different Canadian wood species (balsam
fir, trembling aspen, black spruce, and jack pine) (Zhuang et al. 2022b). However, their
values were higher than those of OSB prepared from the mixture of Calophyllum
inophyllum’s and Paulownia coreana’s strands that were glued with synthesized phenol-
formaldehyde and phenol-urea-formaldehyde (Oh and Kim 2015), OSB prepared from
CCB treated fast-growing tree species strands (Hidayat 2013), OSB prepared from steam-
treated bamboo strands (Febrianto et al. 2015), and OSB prepared from resinous and broad-
leaved fast-growing species (Lunguleasa et al. 2021). These differences may be due to
different processing parameters used during the OSB manufacture from each previous
study mentioned above.

The ANOVA results showed the bamboo species (A), pressure levels (B), strand
length (C), and the interaction between pressure levels and strand length (B*C)
significantly affected both MOE parallel and perpendicular to the surface grain of OSB in
this study (Table 6).

Table 6. Summarized Results of Analysis of Variance on Mechanical Properties
of OSB from Tali and Andong Bamboo

F Calculated
1B SHP MOE-PR MOR-PR MOE-PP MOR-PP

Bamboo species (A) | 2.11 ns | 33.84 ** 15.32 ** 18.39 ** 10.83 ** 1.02 ns

Pressure level (B) | 6.85* | 3.29ns | 185.76% | 53.09* | 9.63* | 12.32*
Strand length (C) | 0.54ns | 2.61ns | 84.14* | 71.76* | 28.84* | 6.02*

Sources of Variation

A*B 48.25** | 23.41 ** 0.26 ns 0.03 ns 0.42 ns 2.04 ns
A*C 516 * 4.07* 2.09 ns 3.76* 7.50 ** 1.19 ns
B*C 00lns | 456* 5.93* 3.70 * 22.60 ** 10.96 **
A*B*C 3.25* | 21.21 % 2.50 ns 1.62 ns 16.76 ** 15.68 **

Notes: IB = internal bond strength; SHP = screw-holding power; MOR-PR = modulus of rupture
parallel to the OSB surface; MOE-PR = modulus of elasticity parallel to the surface; MOR-PP =
MOR perpendicular to the surface; MOE-PP = MOE perpendicular to the surface; **= highly/very
significant (F Calculated > F Table at 99% confidence level); **= significant (F Calculated > F Table
at 95% confidence level); ns = non-significant (F Calculated < F Table at 95% confidence level)

Sulastiningsih et al. (2024). “Bamboo OSB products,” BioResources 19(2), 2863-2882. 2876



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

The MOE perpendicular to the OSB surface grain was also significantly affected
by the interaction between bamboo species and strand length (A*C) and the interaction of
all three main factors (A*B*C). Subsequent Tukey’s tests (Table 5) indicated that the MOE
parallel and perpendicular to the surface grain’ values of tali bamboo-based OSB tended to
be lower than those of andong bamboo-based OSB. All values of MOE parallel and
perpendicular to the surface grain of OSB manufactured at a specific pressure of 25 kg/cm?
were lower than those OSBs manufactured at a specific pressure of 30 kg/cm?. Higher
pressure may compress the fibers better than the low pressure, rendering the fiber bond
more compact and stronger. Increasing the strand length of bamboo also increased the
MOE parallel and perpendicular to surface grain values. These results agreed with previous
studies (Suzuki and Takeda 2000; Sumardi et al. 2008; Beck et al. 2009; Febrianto et
al. 2012).

The MOR

The average values of MOR, parallel and perpendicular to the OSB surface grain
direction, were 43.4 to 72.6 MPa and 23.4 to 42.2 MPa, respectively (Table 5). The highest
MOR parallel to the surface grain,72.6 MPa, was obtained for andong bamboo-based OSB
manufactured at a specific pressure of 30 kg/cm? and strand length of 150 mm. On the other
hand, the highest MOR perpendicular to the surface grain, 42.2 MPa, occurred for andong
bamboo-based OSB manufactured at a specific pressure of 30 kg/cm? and strand length of
100 mm. These results could be due to their strand’s slenderness ratios, which were higher
than others. A study on the production of particleboards from poplar (Populous alba) has
revealed that particles with higher slenderness ratio tended to improve the boards’ MOE
and MOR than those with lower slenderness ratio (Arabi et al. 2011).

The values of MOR parallel to the surface grain of bamboo-based OSB in this study
were higher than those of OSB, as reported in previous studies (Suzuki and Takeda 2000;
Sumardi et al. 2008; Hidayat et al. 2013; Febrianto et al. 2015; Sulastiningsih et al. 2017,
Iswanto et al. 2019; Lunguleasa et al. 2021; Zhuang et al. 2022a). All MOR values of
bamboo-based OSB in this study met the JIS A 5908 (2015) requirements for type 24-10
(OSB type) particleboard (24 and 10 MPa). They also met the BS EN 300 (2006)
requirements for Type OSB/1 (18 MPa and 9 MPa) to Type OSB/4 (28 MPa and 15 MPa).

The ANOVA results (Table 6) showed that the pressure levels (B), strand length
(C), and the interaction between pressure levels and strand length (B*C) significantly
affected both MOR parallel and perpendicular to the surface grain of OSB in this study.
The MOR parallel to the surface grain of OSB was also significantly affected by the
bamboo species (A) and the interactions between bamboo species and strand length (A*C).
On the other hand, the MOR perpendicular to the surface grain of OSB was significantly
affected by the interaction between bamboo species, pressure levels, and strand length
(A*B*C). Tukey’s tests (Table 5) revealed that the MOR parallel and perpendicular to the
surface grain of tali bamboo-based OSB tended to be lower than those of andong bamboo-
based OSB. The possible reason is that tali bamboo-based OSB had a lower compression
ratio (1.21) than andong bamboo-based OSB (1.31). The increasing compression ratio
resulted in a more sufficient interparticle contact area, better adhesive utilization, and good
bonding. The MOR parallel and perpendicular to the surface grain of OSB manufactured
at a specific pressure of 25 kg/cm? were lower than those from OSB manufactured at a
specific pressure of 30 kg/cm?2. Higher pressure may cause more compact fiber bonds,
resulting in stronger OSB, which can withstand heavy loading strain. Similar to the
previous MOE case above, increasing the strand length of bamboo also increased the values
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of MOR parallel and perpendicular to the surface grain of OSB in this study. The results
obtained from this investigation contradict a recent study by Zhuang et al. (2022a). Those
authors found the strand length only positively affected the parallel strength properties of
OSB made from black spruce and trembling aspen, but not the perpendicular version.

CONCLUSIONS

1.

All oriented strand boards (OSBs) prepared from tali and andong bamboos with three
strand length variations (75, 100, and 150 mm) and compressed at two pressure levels
(25 and 30 kg/cm?) met the category of medium-density board.

. The bamboo species, pressure levels, and strand length affected the thickness swelling,

width expansion (WE), and water absorption (WA) of bamboo-based OSB in this study.

. Andong bamboo-based OSB manufactured at a specific pressure of 30 kg/cm? and

strand length of 150 mm had the most stable dimension and the highest of both modulus
of elasticity (MOE) and modulus of rupture (MOR)-parallel-to-surface grain. The OSB
manufactured from the same bamboo species and at the same pressure level but with a
strand length of 100 mm exhibited the highest MOE and MOR-perpendicular to-surface
grain.

. Tali bamboo-based OSB manufactured at a specific pressure of 25 kg/cm? and strand

length of 100 mm had the highest internal bond strength (IB). The OSB manufactured
from the same bamboo species and at the same pressure level but with a strand length
of 150 mm exhibited the highest screw-holding power (SHP).

. Tali bamboo-based OSB tended to have higher water absorption, internal bonding, and

screw-holding power but lower dimensional stability (indicated by thickness swelling
and width expansion values) and bending strengths (indicated by MOE and MOR
values) than that of andong bamboo-based OSB.

. Increasing the bamboo strand length also increased the MOE and MOR parallel and

perpendicular to surface grain OSB values. However, the best OSB was obtained from
andong bamboo with a strand length of 150 mm and a specific pressure of 30 kg/cm?.
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