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ABSTRACT

Teak tree breeding programs have been conducted over the last several decades in various locations throughout Indonesia.
These programs have produced superior teak clones with growth increments > 3 c¢cm diameter at breast height. The wood quality
of this clonal teak must be evaluated to determine the final use of these trees and the success rate of the teak breeding programs.
In this study we investigated the physical condition (reflected in wood color and heartwood percentage), physical properties
(moisture content, basic density, shrinkage, and tangential/radial shrinkage ratio), and mechanical properties (modulus of
elasticity, modulus of rupture, compressive strength parallel and perpendicular to grain, hardness, and cleavage strength) in
20-year-old clonal teak planted in Ngawi, East Java. The parameters were measured in the axial (bottom, middle, and top)
and radial (near pith, middle, and near bark) directions and according to the British Standard 373:1957. The results showed
that axial variation significantly affected the wood color (L*, a*, and b*), basic density, radial shrinkage, modulus of elasticity,
and compressive strength parallel to the grain. Besides, the radial variation had a significant effect on wood color (L*), basic
density, modulus of elasticity, modulus of rupture, compressive strength parallel and perpendicular to the grain, hardness, and
cleavage strength. Based on these results, it can be concluded that the teak breeding program has been highly successful.
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1. INTRODUCTION

Wood from mature trees is considered one of the
most valuable forest products and is widely used as a
raw material for the highest-quality wooden furniture be-
cause of its decorative quality and the strength, durabi-
lity, and stability of the wood material. However, the
market availability of high-quality wood from mature

stands is limited; such wood has become more expen-

sive over the last 10-15 years (Ozdemir et al., 2023;
Savero et al., 2020; Song and Kim, 2023). High demand
from the wood-processing industry is compounded by
the shortage of raw materials from natural and commu-
nity forests due to deforestation and slow wood growth.
Consequently, there have been growing efforts to identify
and produce fast-growing varieties of trees as substitutes
to meet these needs (Hwang and Oh, 2023; Lee et al.,
2024; Sumardi et al., 2022). Currently, nearly 90% of
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the wood utilized in the wood-processing industry comes
from plantations of fast-growing tree species (KLHK,
2021; as cited in Basri et al., 2023). Teak (Tectona
grandhis L.f) as one species that has been developed as
a fast-growing species, holds great significance in Indo-
nesia due to its superior quality, ornate decoration, and
exceptional durability (Sutapa et al., 2024).

The national teak breeding program in Indonesia,
initiated in the period 1983-1997, was a collaboration
between the Indonesian State Forest Enterprise (Perum
Perhutani) and the Faculty of Forestry, Gadjah Mada
University (Na'iem, 2000). The ultimate goal was to
increase teak plant productivity. This program included
the collection of up to 600 teak trees from various loca-
tions in Indonesia. These collections were distributed
across several places in Java, namely Ciamis, Cepu,
Bojonegoro, and Ngawi, to carry out tests of the progeny
of these specimens. Of the collection of 600 specimen
plants, only 150 parent trees (ortets) showed good rooting
and sprouting abilities. These were developed using a
novel shoot-cutting method. Eventually, 20 superior
clones were identified, of which the two best performing
clones, named Jati Plus Perhutani, were selected and
widely planted in numerous clonal forests in Indonesia
until recently. The clones show good growth perfor-
mance wherever they are cultivated and have a high
growth rate, measured as the increment in stem diameter
at breast height, which exceeds 3 cm (Budiadi et al.,
2017; Na'iem, 2000, 2012).

Genetic traits and physiological conditions of trees
are two of the many factors that significantly influence
their growth rates and physical properties (Latutrie et
al., 2015). Even within the same species, wood proper-
ties can vary based on the growth area or tree age.
Therefore, to use wood materials efficiently, it is impor-
tant to have a proper understanding of the characteristics
of specific wood species and how they are used (Park
et al., 2024). Wood from young plantations of fast-
growing species is typically low-quality wood (Hadiyane

et al., 2018). Thus, the acceleration in the growth rate
of the clonal teak trees may be detrimental to wood
quality. Zahabu et al. (2015) also stated that the growth
rate increment of teak is often followed by changes in
wood properties. Therefore, it is very important to
evaluate wood quality to determine its utilization as a
benchmark for the success rate of teak breeding pro-
grams.

Hidayati et al. (2015) stated that wood quality is
determined by wood properties, both physical and me-
chanical. According to Martawijaya et al. (2005), the
basic density (BD) of Indonesian teak ranges from 620
to 750 kg/m’, and the radial and tangential shrinkage
values are 2.8% and 5.2%, respectively. In terms of
mechanical properties, the modulus of rupture (MOR)
value of typical teak wood in Indonesia is 101.11 MPa
and the modulus of elasticity (MOE) is 12.52 GPa. The
average value of compressive strength (CS) parallel to
the grain is 53.94 MPa, and the average value for hard-
ness is 41.97 MPa. Furthermore, physical conditions,
such as heartwood percentage, are also important factors
because of their relationship with the natural durability
of wood. In contrast, color is one of the quality attri-
butes that influence perceptions by customers of wood
products (Sandoval-Torres et al., 2010). Various studies
have been conducted on the physical and mechanical
properties of teak (Basri ef al., 2015; Darmawan et al.,
2015; Hidayati et al., 2015; Zulkahfi et al., 2020) and
its physical conditions (Basri and Wahyudi, 2013;
Hidayati et al., 2015, 2022; Lukmandaru et al., 2018).
Several specific studies of the wood properties of clonal
teak trees less than 15 years old have also been con-
ducted by many researchers (Basri and Wahyudi, 2013;
Hidayati et al., 2015; Seta et al., 2023) with various
results. Researchers have generally reported that some of
the properties of clonal teak were similar to those of
conventional teak properties, whereas the values of other
properties were either higher or lower.

The oldest existing clonal teak plantation in Indonesia
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is 20 years old, and the physical and mechanical pro-
perties of its wood have not yet been investigated. It is
important to evaluate the improvement in wood quality
from the older clonal teak to determine its proper utili-
zation. The specific aim of this study was to investigate
the physical conditions and physical and mechanical
properties of 20-year-old clonal teak planted in Ngawi,
East Java, Indonesia. The properties were measured
based on the axial and radial variations. Given the shor-
ter rotation and greater growth rate of clonal teak, it is
expected to have properties similar to or higher than
those of conventional teak. If the values of any of the
key properties are lower in clonal teak than in conven-
tional teak, further work is necessary to improve the
teak being grown in plantations. Thus our results pro-
vide important information for future silviculture and

plantation management.

2. MATERIALS and METHODS

2.1. Sample preparation

Three clonal teak trees were harvested from the
Perum Perhutani clonal teak plantation, at compartment
7H, located in Gendingan, Ngawi, East Java, Indonesia
(7°2226.7"S 111°12'29.0" E, 108 masl) in October 2022.
The clonal plantation covers an area of 27 ha and con-
sists of clonal teak plants from a teak breeding program
established in 1997. The average temperature of the
location is 25.35°C, and relative humidity is 80%-90%.
Annual precipitation is 1,500 mm/year. The topography
of the location is flat and the soil is Grumusol. The
average diameter of the trees was 24.83 cm and the
average height 23.07 m. Wood disks 5-6 c¢cm in thick-
ness and short logs 50 cm in length were cut from the
bottom, middle, and top parts of the tree stems (18 disks
and 9 logs in total). The bottom, middle, and top parts
were assessed in the axial direction, whereas those near

the pith, middle, and near the bark were assessed in the

radial direction. The disks were then used to investigate
their physical condition (wood color and heartwood
percentage), physical properties [moisture content (MC),
BD, shrinkage, and tangential/radial shrinkage (T/R)
ratio], and mechanical properties: MOE, MOR, and CS
parallel and perpendicular to the grain, hardness, and

cleavage strength.

2.2. Physical condition

The wood color and heartwood percentage were
measured from a 5 cm thick disk. Among all the para-
meters, in wood color, we only used radial variation,
outer heartwood, and sapwood. The percentage of heart-
wood can only be performed in terms of axial variation.

The wood color was measured in the transverse
section of a 5 cm air-dried disk using a colorimeter
(NF333, Nippon Denshoku, Tokyo, Japan). The CIELAB
(L*, a*, b*) system was employed to investigate the
wood color, with L* indicating psychometric lightness
with a maximum scale of 100 that shows white or
brightness, and a minimum scale of 0 that shows black
or darkness, a* denotes a color parameter on the red (+)
or green (-) axis, and b* denotes a color parameter on
the yellow (+) or blue (-) axis. To determine the percen-
tage heartwood, the total area of heartwood was meas-
ured in the transverse section using the image analysis
software Fiji Image] with a polygonal line feature. The
heartwood percentage (%) was calculated as follows:

Heartwood percentage = % < 100% e))
Where Hw is the heartwood area and W7 is the total

wood area (including heartwood and sapwood).

2.3. Physical properties

The physical properties were tested according to
British Standard 373:1957, “Methods for Testing Small
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Clear Specimens of Timber”. A total of 27 specimens
were prepared for the BD, MC, and shrinkage measure-
ments. Samples 2 cm x 2 cm x 2 cm (radial X tangen-
tial x longitudinal) were cut from a 5 cm thick disk for
BD and MC measurements, and samples 2 cm X 2 cm
x 4 cm (radial x tangential X longitudinal) were cut from
a 6 cm thick disk for shrinkage measurements. BD and

MC were calculated as follows:

Waa

BD = 2% > 100% 0)
g
Wld B W;d

MC = —*—= 3)

od

Where BD is the basic wood density (g/cm® conver-
ted to kg/m’), W,y is the oven-dried weight (g), V, is the
green volume (cm’), MC is the moisture content (%),

and W, is the air-dried weight (g).

Shrinkage measurements were carried out by measur-
ing the volumetric changes daily from green to air-dried
conditions. The radial, tangential, and longitudinal sec-
tions were marked for length measurements using a pair
of digital calipers. The final shrinkage (%) and T/R ratio

were determined as follows:

. Ll Lad
Shrinkage = JT X 100% 4)
‘9

TR = % )

Where L, is the wood-green length (mm), L, is the
wood-air-dried length (mm), and T/R is the wood
tangential and radial shrinkage ratio. 7S is the wood
tangential shrinkage (%) and RS is the wood radial
shrinkage (%).

2.4. Mechanical properties

The mechanical properties were tested using the
British Standard 373:1957. Seven tests were conducted
to determine the static bending strengths of the MOR
and MOE, as well as CS parallel and perpendicular to
the grain, hardness, and cleavage strength. For each type
of test, 27 specimens were prepared from 50-cm short
logs, of standard dimensions (radial x tangential X long-
itudinal, respectively): 2 cm X 2 cm x 30 cm for static
bending tests, 2 cm X 2 cm x 6 cm for CS parallel and
perpendicular to grain, 2 cm x 2 cm x 4 c¢cm for hard-
ness, and 2 cm x 2 cm X 4.5 cm for cleavage strength.
The MOE, MOR, and CS values parallel and perpendi-
cular to the grain, hardness, and cleavage were calcula-

ted from the following equations:

3
MOE = 2L - (©6)
4 AY b I
3 PHIZX L
MOR = =0 @
. Pma‘<
CS Parallel to grain = ——— )
parallel
. Pma‘<
CS Perpendicular = A— 9
perpendicular
Pm'nx
Hardness = A (10)
Pmax
Cleavage = 0 €8]

Where MOE is the wood modulus of elasticity
(kg/ecm® converted to GPa), 4P is the load changes in
proportion limit area (kg), L is the span length of the
wood sample (cm), 47V is the deflection at mid-length

at the limit of area (cm), b is the wood sample width
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(cm), 4 is the wood sample thickness (cm), MOR is the
wood modulus of rupture (kg/cm’ converted to MPa),
CS is the wood compressive strength (kg/cm® converted
MPa), P, is the maximum load (kg), Apaaner is the
wood sample surface parallel to the grain (cm?),
Aperpendicular 18 the wood sample surface perpendicular to
the grain (cm?), and 4 is the wood sample pressed
surface area (cm?). The hardness and cleavage units are
MPa (converted from kg/em®) and kg/m (converted from

kg/cm), respectively.

The tests were performed using a Universal Testing
Machine (3369, Instron, Norwood, MA, USA) with a
load speed of 0.25 cmy/min for static bending strength
and hardness, 0.06 cm/min for CS parallel and perpen-
dicular to grain, 0.64 cm/min for hardness, and 0.1
cm/min for cleavage strength. The results were then

calculated using the software Bluehill 3 (Instron).

2.5. Data analysis

Data from each parameter obtained were then analy-
zed with statistical analysis software SPSS 25 (IBM,
Armonk, NY, USA) with a 95% confidence level. The
results were analyzed using two-way analysis of variance
(ANOVA), and the significance of differences between

axial and radial variation of physical condition, physical

properties, and mechanical properties were calculated at
o = 0.05.

3. RESULTS and DISCUSSION

3.1. Physical conditions

The results of the statistical analysis of the physical
conditions are listed in Table 1. The mean values of the
wood color for L* a*, and b* were 39.82, 11.43, and
22.14, respectively, and the mean heartwood percentage
was 64.54%. The statistical analyses of wood color and
heartwood percentage is summarized in Table 1.

The L* parameter showed significant differences in
both the axial and radial variations. The a* and b*
parameters showed different results, with significant
differences found only in the axial direction. The color
measurement results are shown in Fig. 1. The highest
L* value in the axial direction was 42.94 in the bottom
part of the stem and the lowest was 34.60 in the top part
of the stem. In contrast, the highest L* value in the
radial direction was 47.66 in the sapwood and the
lowest was 33.20 in the outer heartwood. Furthermore,
the highest a* and b* values in the axial direction were
13.24 and 25.88, respectively, in the same position on
the bottom part of the stem, and the lowest value were

8.90 and 15.90, respectively, in the same position on the

Table 1. Statistical analysis results of the physical conditions of clonal teak

Parameters Value max Value min Mean Sie
Paxial Pragial Paxial * Radial
Wood color
L* 51.00 22.32 39.82 0.01" 0.00" 0.43™
a* 14.73 4.65 11.43 0.00" 0.20™ 0.62™
b* 31.91 5.00 22.14 0.00° 0.06™ 0.60™
Heartwood percentage (%) 72.56 45.04 64.54 0.08™ - -

"™ No significant difference.
* Significantly different at @ = 0.5.
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Fig. 1. The tabulation of axial and radial variation of wood colors. (a) Radial variation of wood color L*; (b)
axial variation of wood color L*; (¢) axial variation of wood color a*; (d) axial variation of wood color b*.

The error bars represent the SE.

top part of the stem. The axial variations in L*, a*, and
b* showed the same decreasing trend from the bottom
to the top of the stems, whereas the radial variation in
L* did not exhibit any particular trend.

The results of the wood color measurement L*, a*,
and b* of the sampled clonal teak were compared with
different reference groups of teak trees: 10-yr-old clonal
teak (Hidayati et al., 2015), 15-yr-old clonal teak
(Hidayati et al., 2022), and 32-yr-old conventional teak
(Lukmandaru et al., 2009). The results indicate that the
teak in this study appeared darker, less red, and less
yellow. The teaks was greener and bluer in color than
teaks from other studies. However, these differences
must be interpreted with caution because many factors
influence color, such as age, soil fertility, and climatic

conditions prevailing in the area where the trees were

obtained (Moya and Marin, 2011). The lower value of
wood color in the present study may have been caused
by many factors. Furthermore, as stated before, the L*,
a*, and b* parameters showed a lightness axis, red-green
axis, and yellow-blue axis, respectively; a significant
difference in the axial or radial direction will result in
significant contrast in appearance. These results have a
positive value for the final use of wood and potentially
influence customer perceptions.

In comparing the different groups of teak, there was
no significant difference in heartwood percentage in the
axial variation, as shown in Table 1. The heartwood
percentage of the wood analyzed in the present study
was higher than that of 10-yr-old clonal teak (Hidayati
et al., 2015) and 9-yr-old clonal teak (Basri and Wahyudi,

2013); however, the heartwood percentage we report
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here was lower than that of a more recent sampling of
10-yr-old clonal teak as well as 10-yr-old conventional
teak (Hidayati et al., 2022). The heartwood percentage
in the present study was lower than that of 35-yr-old
conventional teak (Sumarni and Muslich, 2008). None-
theless, the mean diameter of clonal teaks in this study
was higher than that reported in other studies. Although
the heartwood percentage tended to be lower, a greater
diameter will provide more stock of heartwood to cus-
tomers. When the results of the heartwood percentage
are considered together with the greater diameter, the

overall result is beneficial from a commercial standpoint.

3.2. Physical properties

The statistical analysis results of the physical proper-
ty parameters showed that most were not significantly
different based on the axial and radial variation. The
results of the physical property analysis are listed in
Table 2.

The mean value of MC was 15.45%; this value is
within the range according to Prawirohatmodjo (2012)
that the MC varies between 15%-20% because the rela-

tive humidity value in tropical countries like Indonesia

is generally high, between 80% and 90%. There were no
significant differences in MC in the axial and radial
variations; in other words, MC was balanced across all
parts of the stem. Tiemann (1906) stated that water
displacement is followed by an increase in strength. As
can be seen, the MC spreads equally among the axial
and radial variations, which also means that the strength
increment is balanced through the axial and radial varia-
tions.

Mean BD was 525.67 kg/m’® and showed a significant
difference only in the radial direction. The lowest value
of radial direction was 480.00 kg/m’ in the near pith,
and the highest value was 556.67 kg/m® in the near
bark. The BD measurements are plotted in Fig. 2.

The BD in the present study was higher compared to
that of 10-yr-old clonal teak (Hidayati et al., 2015),
15-yr-old clonal teak (Hidayati et al., 2022), and
15-yr-old clonal teak (Seta et al., 2023), but was lower
compared to the corresponding values in 40-yr-old con-
ventional teak (Darmawan ef al., 2015), indicating that
the clonal teak in the present study was probably still in
the juvenile phase. Bhat et al. (2001) stated that teak
trees begin to mature at approximately 15-25 years.
Therefore, the BD of teak in the present study still has

Table 2. Statistical analysis of additional physical properties of clonal teak

Parameters Value max Value min Mean Sie
Paxial Pradial Paxial x Radial

MC (%) 16.63 13.99 15.45 0.26"™ 0.31™ 0.74"
BD (kg/m®) 619.48 462.56 525.67 0.17™ 0.01° 0.02"
Shrinkage (%)

Radial 2.59 0.05 0.65 0.02° 0.99" 0.38"

Tangential 5.23 0.00 1.25 0.67™ 0.63™ 0.95™

Longitudinal 2.11 0.00 0.31 0.41™ 0.69™ 0.17™
Radial/tangential ratio 11.24 0.69 2.32 0.23" 0.83™ 0.58"

™ No significant difference.
* Significantly different at ¢ = 0.5.
MC: moisture content, BD: basic density.
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Fig. 2. Radial variation of basic density. The error
bars represent the SE.

the potential to increase. In the National Standard of
Indonesia (SNI) 01-0608-1989, wood intended for furni-
ture making should have a BD above 400.00 kg/m®, and
the BD values of the clonal teak in the present study
met this requirement.

Furthermore, the mean values of radial, tangential,
and longitudinal shrinkage were 0.65%, 1.25%, and
0.31%, respectively. These values were lower than those
of conventional teak from several places in Gunungkidul,
Indonesia (Marsoem et al., 2014) and mature to aged
(50- to 70-yr-old) conventional teak from East Timor
(Miranda ef al., 2011). Among the shrinkage rates recor-
ded in the present study, the only significant difference
among the samples was radial shrinkage in the axial
direction. The highest value of radial shrinkage was
1.57% at the top part of the stem, and the lowest was
0.46% at the bottom part of the tree. A plot of the radial
shrinkage measurements in the axial direction is shown
in Fig. 3.

The shrinkages in the present study were also lower
compared of 15-yr-old clonal teak (Hidayati et al.,
2022), 15-yr-old clonal teak (Seta et al., 2023), 11-yr-old
clonal teak and 14-yr-old seed source teak (Hidayati et
al., 2015). The shrinkage in the present study showed
promising results in general, even when compared to

results from several other studies. The clonal teak we

Fig. 3. Axial variation of radial shrinkage. The error
bars represent the SE.

analyzed had greater dimensional stability and was more
suitable for commercial purposes. However, the T/R
ratio was lower than the corresponding value of other
teak samples in previous studies, as mentioned earlier.
This also supports the finding that the clonal teak in this
study had more dimensional stability. The shrinkage in
general and T/R ratio did not show any significant
difference, which means that most of the parts of the
stems have good dimensional stability, which provides
added value as it indicates that most parts of the stem
have high potential for use in any products that require

high dimensional stability.

3.3. Mechanical properties

The statistical results of the mechanical property
analyses are presented in Table 3. The average value of
MOE was 9.35 GPa, which is lower compared to
mature-aged teak from East Timor (Miranda et al.,
2011), 65-yr-old mature-aged teak from India (Bhat and
Priya, 2004), and 15-yr-old clonal teak (Hidayati et al.,
2022). In contrast, the results we report here were
similar to those of 10- 34-yr-old teak planted in Panama
(Posch et al., 2004), and 21-yr-old teak from India (Bhat
and Priya, 2004). The MOE exhibited a significant di-

fference in both the axial and radial directions. The
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Table 3. Statistical analysis of the mechanical properties of clonal teak

Parameters Value max  Value min Mean Sie
Paxial Pragial Paxial x Radial

Static bending strength

MOE (GPa) 11.50 6.94 9.35 0.01" 0.00" 0.43™

MOR (MPa) 9291 46.09 72.00 0.29™ 0.03" 0.99™
CS parallel to grain (MPa) 45.05 30.33 37.93 0.01° 0.00" 0.02"
CS perpendicular to grain (MPa) 24.23 10.29 13.45 0.06" 0.00" 0.020"
Hardness (MPa) 25.98 12.01 19.29 0.063™ 0.036" 0.193"
Cleavage strength (kg/m) 763.94 360.89 554.50 0.06™ 0.00" 0.05™

"™ No significant difference.
* Siginificantly different at ¢ = 0.5.

MOE: modulus of elasticity, MOR: modulus of rupture, CS: compressive strength.

highest axial and radial direction values were 10.10 GPa
in the middle part of the stem and 10.21 GPa in the near
bark, as shown in Fig. 4.

The mean MOR was 72.00 MPa. This value is lower
than that of mature teak from East Timor (Miranda et
al., 2011), variously aged teak from Panama (Posch et
al., 2004), 21-yr-old teak from India (Bhat and Priya,
2004), and 40-yr-old conventional teak (Darmawan et
al., 2015). MOR showed a significant difference only in
the radial direction. The value increased from near the
pith to near the bark, with the highest value of 80.25

@ Axial Variation of MOE
12
10.10
9.24
10 T 8_770
= 8
A
g
o 6
=}
= 4
2
0
Bottom Middle Top
Axial Variation

MPa, as shown in Fig. 5.

The mean values of CS parallel and perpendicular to
grain were 37.93 and 13.45 MPa, respectively. These
values were lower than those reported in several other
studies, such as mature teaks from East Timor (Miranda
et al., 2011), variously aged teaks from Panama (Posch
et al., 2004), and 15-yr-old clonal teak (Hidayati et al.,
2022). The CS parallel to grain showed a significant
difference in the axial and radial directions, with the
highest values of 39.40 and 41.07 MPa, respectively, as
illustrated in Fig. 6. Furthermore, the CS perpendicular

Radial Variation of MOE
12 1021
9.49

10 835
= 8
-
S
= 6
=
=

2

0

Near Pith Middle Near Bark
Radial Variation

Fig. 4. The tabulation of axial and radial variation of MOE. (a) Axial variation of MOE; (b) radial variation
of MOE. The error bars represent the SE. MOE: modulus of elasticity.
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Fig. 5. Radial variation of MOR. The error bars
represent the SE. MOR: modulus of rupture.

to the grain showed a significant difference in both the
axial and radial directions, with maximum values of
15.11 and 14.96 MPa, respectively, as shown in Fig. 7.
Based on the MOE, MOR, and CS values, the clonal
teak in the present study was within strength classes
[I-IMI-according to Seng (1990).

The mean values of hardness and cleavage strength
were 19.29 MPa and 554.50 kg/m, respectively; these
values were lower than the corresponding values repor-
ted for 15-yr-old teak planted in Ghana (Amoah and
Inyong, 2019), and 5-yr-old fast-growing teak (Wahyudi
et al., 2014). Both hardness and cleavage strength
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Fig. 6. The tabulation of axial and radial variation of CS parallel to grain. (a) Axial variation of CS parallel
to grain; (b) radial variation of CS parallel to grain. The error bars represent the SE. CS: compressive strength.
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Fig. 7. The tabulation of axial and radial variation of CS perpendicular to grain. (a) Axial variation of CS
perpendicular to grain; (b) radial variation of CS perpendicular to grain. The error bars represent the SE. CS:

compressive strength.
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showed significant differences in the radial direction.
The highest value was 20.59 MPa in the middle and
638.28 kg/m in the near bark, respectively, as presented
in Fig. 8.

There is limited information available on the hardness
and cleavage strength of teak. In line with other mecha-
nical characteristics, the hardness and cleavage strength
also tended to be lower than those of teak reported in
other studies. Compared with several other studies, the
mechanical properties were mostly lower but still within
the range of teak mechanical properties in general. This
indicated that the clonal teak in the present study was
of sufficient quality. Accompanied by other properties,
clonal teak is profitable and promising, allowing it to
open the gates for future silvicultural treatment and land

management.

4. CONCLUSIONS

The clonal teaks in this study generally showed good
characteristics. The clonal teak was within strength
classes II-III. According to this class, this clonal teak
has considerable potential for use, although it still cannot
be concluded that it reaches the quality of general teak
at its prime age level. However, it should be noted as
the important point that the clonal teak trees in this
study were relatively young and had a high potential for

®

Radial Variation of Cleavage Strength

enhancement. Clonal teak wood is suitable for light
construction, carpentry, packaging, crafts, household fur-
niture, decorative veneers, musical instruments, and other
uses.

Moreover, the physical conditions show good poten-
tial for future use. The wood color was slightly different
to that of younger clonal and mature conventional teak.
The wood color looks a bit darker, greener, and bluer.
The heartwood percentage in the present study was lower
than that of mature conventional teak. Furthermore, the
heartwood percentage is higher than some younger clonal
and seed source teaks, on the other side, the value is
lower than some younger clonal and conventional teaks
from previous research. However, it should be noted that
the diameters of the clonal teaks in this study were
extraordinarily large. A high heartwood percentage
accompanied by a high diameter will provide an enor-
mous amount of teak wood stocks of good quality, and
those supported by aesthetic wood color will improve
the value.

Furthermore, the physical properties were similar to
those of teak reported previously. The BD of the clonal
teak was higher than that of some younger clonal and
seed source teaks from previous studies, but the value
was slightly lower than that of mature conventional teak.
The shrinkage and T/R ratio of this clonal teak were

lower than those of younger and mature-aged teaks from
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Fig. 8. Radial variation of (a) cleavage strength (b) hardness. The error bars represent the SE.
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previous research, which means that this teak has better
dimensional stability. Furthermore, the mechanical pro-
perties of this clonal teak tended to be similar to those
of younger clonal and seed source teaks; however, the
values were lower than those of mature teaks from
previous research. Improvements are needed to increase
the value, because the results were in the lower range
of teak mechanical scores. However, it can be concluded
that the breeding program with these clonal teaks suc-
ceeded in producing teak plantations with shorter cycles
and a higher quantity of timber and improved some

indicators of wood quality.

CONFLICT of INTEREST

No potential conflict of interest relevant to this article

was reported.

ACKNOWLEDGMENT

The authors thank the Indonesia State Forest Enter-
prise (Perhutani) for providing the materials and funding
for this research. The authors also thank Alif Brilianto,
Syifa Salsabila, M. Sugiarto, and Fajar Setiaji for their
kind assistance during this study.

REFERENCES

Amoah, M., Inyong, S. 2019. Comparison of some
physical, mechanical and anatomical properties of
smallholder plantation teak (7ecfona grandis Linn.
f.) from dry and wet localities of Ghana. Journal of
the Indian Academy of Wood Science 16: 125-138.

Basri, E., Saefudin, Mubarok, M., Darmawan, W.,
Balfas, J., Adalina, Y., Hadi, Y.S. 2023. Physico-
mechanical properties enhancement of fast-growing
wood impregnated with wood vinegar animal adhe-
sive. Journal of the Korean Wood Science and
Technology 51(6): 542-554.

- 470

Basri, E., Wahyudi, 1. 2013. Sifat dasar kayu Jati Plus
Perhutani dari berbagai umur dan kaitannya dengan
sifat dan kualitas pengeringan. Jurnal Penelitian
Hasil Hutan 31(2): 93-102.

Basri, E., Yuniarti, K., Wahyudi, 1., Saefudin, Damayanti,
R. 2015. Effects of girdling on wood properties and
drying characteristics of Acacia mangium. Journal
of Tropical Forest Science 27(4): 498-505.

Bhat, K.M., Priya, P.B. 2004. Influence of provenance
variation on wood properties of teak from the
Western Ghat region in India. IAWA Journal 25:
273-282.

Bhat, K.M., Priya, P.B., Rugmini, P. 2001. Characteri-
sation of juvenile wood in teak. Wood Science and
Technology 34(6): 517-532.

Budiadi, Widiyatno, Ishii, H. 2017. Response of a clonal
teak plantation to thinning and pruning in Java,
Indonesia. Journal of Tropical Forest Science 29(1):
44-53.

Darmawan, W., Nandika, D., Kartika Sari, R., Sitompul,
A., Rahayu, 1., Gardner, D. 2015. Juvenile and ma-
ture wood characteristics of short and long rotation
teak in Java. JAWA Journal 36(4): 428-442.

Hadiyane, A., Dungani, R., Dewi, S.P., Rumidatul, A.
2018. Effect of chemical modification of jabon
wood (Anthocephalus cadamba Miq.) on morpho-
logical structure and dimensional stability. Journal
of Biological Science 18(4): 201-207.

Hidayati, F., Lukmandaru, G., Listyanto, T., Irawati, D.,
Pujiarti, R., Purwanta, S. 2022. Effect of different
seed sources on the physical and mechanical pro-
perties of 15-year-old teak trees planted in West
Java, Indonesia. Journal of the Indian Academy of
Wood Science 19(2): 87-93.

Hidayati, F., Sulistyo, J., Lukmandaru, G., Listyanto, T.,
Praptoyo, H., Pujiarti, R. 2015. Physical and
mechanical properties of 10-year old superior and
conventional teak planted in Randublatung Central
Java Indonesia. Jurnal Ilmu dan Teknologi Kayu



J. Korean Wood Sci. Technol. 2024, 52(5): 459-472

Tropis 13(1): 11-21.

Hwang, J.W., Oh, S.W. 2023. Mechanical properties and
density profile of ceramics manufactured from a
board mixed with sawdust and mandarin peels.
Journal of the Korean Wood Science and Techno-
logy 51(2): 98-108.

Latutrie, M., Mérian, P., Picq, S. 2015. The effects of
genetic diversity, climate and defoliation events on
trembling aspen growth performance across. Tree
Genetics & Genomes 11(5): 1-14.

Lee, M.D., Tang, RW.C., Michael, Z., Khairulmaini, M.,
Roslan, A., Khodori, A.F., Sharudin, H., Lee, P.S.
2024. Physical and mechanical properties of light
red meranti treated with boron preservatives. Journal
of the Korean Wood Science and Technology 52(2):
157-174.

Lukmandaru, G., Ashitani, T., Takahashi, K. 2009. Color
and chemical characterization of partially black-
streaked heart-wood in teak (7ectona grandis).
Journal of Forestry Research 20(4): 377-380.

Lukmandaru, G., Wargono, P., Mohammad, AR,
Prasetyo, V.E. 2018. Studi mutu kayu jati di hutan
rakyat Gunungkidul. VII. Ketahanan terhadap rayap
tanah. Jurnal Ilmu Kehutanan 12: 22-39.

Marsoem, S.N., Prasetyo, V.E., Sulistyo, J., Sudaryono,
S., Lukmandaru, G. 2014. Studi mutu kayu jati di
hutan rakyat Gunungkidul III. Sifat fisika kayu.
Jurnal Ilmu Kehutanan 8(2): 75-88.

Martawijaya, A., Kartasujana, 1., Kadir, K., Prawira,
S.A. 2005. Indonesian Wood Atlas. Part 1. Departe-
men Kehutanan, Bogor, Indonesia.

Miranda, 1., Sousa, V., Pereira, H. 2011. Wood properties
of teak (Tectona grandis) from a mature unmanaged
stand in East Timor. Journal of Wood Science 57:
171-178.

Moya, R., Marin, J.D. 2011. Grouping of Tectona grandis
(L.f) clones using wood color and stiffness. New
Forests 42: 329-345.

Na'iem, M. 2000. Prospek perhutanan klon jati di

Indonesia. In: Hardiyanto, E.B. (ed), Yogyakarta,
Indonesia, Prosiding Seminar Nasional Status
Silvikultur 1999.

Na'iem, M. 2012. Peningkatan Produktivitas Hutan
Berbasis  Silvikultur Intensif (SILIN): Strategi
Efisiensi Penggunaan Kawasan Hutan. In: Darurat
Hutan Indonesia: Mewujudkan Arsitektur Baru
Kehutanan Indonesia, Ed. by Wana Aksara. Wana
Aksara, Banten, Indonesia.

Ozdemir, M.F., Maras, M.M., Yurtseven, H.B. 2023.
Flexural behavior of laminated wood beams streng-
thened with novel hybrid composite systems: An
experimental study. Journal of the Korean Wood
Science and Technology 51(6): 526-541.

Park, Y., Kim, C., Jeong, H., Lee, HM., Kim, KM.,
Lee, LH., Kim, M.J., Kwon, G.B., Yoon, N., Lee,
N. 2024. Evaluation of the basic properties for the
Korean major domestic wood species: 1. Korean
red pine (Pinus densiflora) in Pyeongchang-gun,
Gangwon-do. Journal of the Korean Wood Science
and Technology 52(1): 87-100.

Posch, B., Wegener, G., Grosser, D., Wagner, L. 2004.
Physikalische und mechanische Untersuchungen an
teakholz (Tectona grandis L.f.) aus plantagen in
Panamé. Holz als Roh- und Werkstoff 62: 31-35.

Prawirohatmodjo, S. 2012. Sifat-Sifat Fisika Kayu.
Pelajaran Yang Berharga Untuk Perbaikan Kualitas
Produk. Penerbit Cakrawala Media, Yogyakarta,
Indonesia.

Sandoval-Torres, S., Jomaa, W., Marc, F., Puiggali, J.R.
2010. Causes of color changes in wood during
drying. Forestry Studies in China 12(4): 167-175.

Savero, A.M., Wahyudi, 1., Rahayu, LS., Yunianti, A.D.,
Ishiguri, F. 2020. Investigating the anatomical and
physical-mechanical properties of the 8-year-old su-
perior teakwood planted in Muna Island, Indonesia.
Journal of the Korean Wood Science and Techno-
logy 48(5): 618-630.

Seng, O.D. 1990. Specific Gravity of Indonesian Woods

- 471 -



Widyanto Dwi NUGROHO et al.

and its Significance for Practical Use. Pusat Peneli-
tian dan Pengembangan Hasil Hutan, Bogor, Indo-
nesia.

Seta, G.W., Hidayati, F., Widiyatno, Na’iem, M. 2023.
Wood physical and mechanical properties of clonal
teak (Tectona grandis) stands under different thin-
ning and pruning intensity levels planted in Java,
Indonesia. Journal of the Korean Wood Science and
Technology 51(2): 109-132.

Song, D.B., Kim, K.H. 2023. Influence of composition
of layer layout on bending and compression strength
performance of larix cross-laminated timber (CLT).
Journal of the Korean Wood Science and Techno-
logy 51(4): 239-252.

Sumardi, I., Alamsyah, E.M., Suhaya, Y., Dungani, R.,
Sulastiningsih, I.M. 2022. Development of bamboo
zephyr composite and the physical and mechanical
properties. Journal of the Korean Wood Science and
Technology 50(2): 134-147.

Sumarni, G., Muslich, M. 2008. Kelas awet jati cepat
tumbuh dan jati konvensional pada berbagai umur
pohon. Jurnal Penelitian Hasil Hutan 26(4): 342-
351.

Sutapa, J.P.G., Lukmandaru, G., Sunarta, S., Pyjiarti, R.,
Irawati, D., Arisandi, R., Dwiyanna, R., Priyambodo,
R.D. 2024. Utilization of sapwood waste of fast-
growing teak in activated carbon production and its
adsorption properties. Journal of the Korean Wood
Science and Technology 52(2): 118-133.

Tiemann, H.D. 1906. Effect of Moisture on the Strength
and Stiffness of Wood. USDA Forest Service,
Washington, DC, USA.

Wahyudi, L., Priadi, T., Rahayu, LS. 2014. Karakteristik
dan sifat-sifat dasar kayu jati unggul umur 4 dan 5
tahun asal Jawa Barat. Jurnal Ilmu Pertanian Indo-
nesia 19(1): 50-56.

Zahabu, E., Raphael, T., Chamshama, S.A.O., Iddi, S.,
Malimbwi, R.E. 2015. Effect of spacing regimes on
growth, yield, and wood properties of Tectona
grandis at Longuza forest plantation, Tanzania.
International Journal of Forestry Research 2015:
469760.

Zulkahfi, Z., Irawati, D., Listyanto, T., Rodiana, D.,
Lukmandaru, G. 2020. Kadar ekstraktif dan sifat
warna kayu Jati Plus Perhutani umur 11 tahun dari
KPH Ngawi. Jurnal Ilmu Kehutanan 14(2): 213-227.

- 472 -



