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Stress wave velocity, basic density, and compressive strength in 34-year-old 
Pinus merkusii planted in Indonesia

Abstract The relationship between the growth speed and 
wood properties of Pinus merkusii was investigated using 
34-year-old trees planted in Indonesia in an attempt to 
promote the establishment of plantation of this species. The 
trees in the test plot were categorized as fast, middle, or slow 
growing according to the mean stem diameter and standard 
deviation in the plot. Five trees were selected from each 
category to investigate the effects of the growth rate on the 
wood properties [basic density (BD) and compressive 
strength parallel to the grain in a 5-mm-diameter core sample 
(CS)]. No signifi cant correlation was recognized between the 
stem diameter and the stress wave velocity of trees. Clearly 
lower values of BD and CS were found in slow-growing trees 
than in fast- and middle-growing trees. The BD of xylem near 
the pith was reduced by extraction with organic solvent. BD 
after extraction and CS gradually increased from pith to bark. 
The results obtained in this study clarifi ed that an early selec-
tion of trees with high BD is possible by using the BD after 
extraction at 4 cm from the pith.

Key words Pinus merkusii · Basic density · Compressive 
strength · Stress wave velocity · Early tree selection

Introduction

Pinus merkusii Junghuhn and de Vriese is widely distrib-
uted from Myanmar to Indochina, the northern half of 
Sumatra, and northern Luzon.1 The tree is commonly 
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planted in Southeast Asia.2 The wood is used for construc-
tion, fl ooring, and boat building because it is fairly durable 
and heavy.2

Pinus merkusii is considered a fast-growing plantation 
species in Southeast Asia. A large tree grows from 50 to 
70 m tall with a straight and cylindrical bole free of branches 
up to 15–25 m and an average diameter of 55 cm.2 However, 
the rotation age on a P. merkusii plantation is not as early 
as that of fast-growing hardwood species, such as Paraseri-
anthes falcataria and Acacia mangium, in tropical regions. A 
longer rotation period in plantation results in the conserva-
tion of forest and land. In addition, resin, a chemical raw 
material, is harvested from the xylem of this species. Resin 
tapping provides income before harvesting the wood for 
local people who live near the plantation area and prevents 
illegal logging. Thus, this tree is an important plantation 
species in Southeast Asia. However, limited information is 
available about the relationship between the growth and 
wood properties in P. merkusii.

The fi nal objective of this study was to promote the 
establishment of plantation of this species. To achieve this 
fi nal objective, in the present study, the relationship between 
growth and wood properties was examined for 34-year-old 
P. merkusii trees planted in Indonesia. Diameter, height, and 
stress wave velocity (SWV) in the longitudinal direction of 
stem, which is good predictor of the Young’s modulus 
of logs, were measured. In addition, the radial variation of 
basic density (BD) and compressive strength (CS) parallel 
to grain were also determined by using core samples (5 mm 
in diameter) collected from 15 trees selected from an exper-
imental stand. Based on the results obtained, the relation-
ship between the growth and wood properties in P. merkusii 
is discussed.

Materials and methods

The experimental stand is located in an educational forest 
of Bogor Agricultural University, Gunung Walat, Skabumi, 
Indonesia (6°54′S, 106°49′E). Although the stand was estab-
lished by planting seedlings in 1975, the seed source is 
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unknown. A part of the xylem and bark of all stems in the 
stand had been partially removed by local people to collect 
resin. All wood properties were determined at the sound 
portion (Fig. 1).

A plot of 45 × 15 m was set in a stand. The diameter at 
1.3 m above the ground, the height, and the stress wave 
velocity of standing trees were measured for all 33 trees in 
the plot. The stress wave velocity of trees was measured 
according to a method previously described.3 The start and 
stop sensors were set at 1.0 and 2.0 m above ground level, 
respectively (Fig. 1). The stress wave propagation time in 
the longitudinal direction was measured six times and the 
mean value was used for calculating the SWV.

For determination of the BD and CS, trees in a stand 
were classifi ed into three categories according to their 
growth rate: fast (larger than the average diameter plus one 
standard deviation), middle (with the average diameter), 
and slow (smaller than the average diameter minus one 
standard deviation).3 Five randomly selected trees in each 
category were used for measuring the BD and CS. Core 
samples (5 mm in diameter) were collected from 1.3 m 
above ground level for the 15 selected trees. Two core 
samples were obtained from each selected tree. One core 
sample was used for measuring BD and the other 
core sample was used for measuring CS. The BD was mea-
sured every 1 cm from pith to bark. The BD was determined 
by dividing the oven-dried weight by the green volume 

measured by water displacement. To evaluate the effect of 
resin on BD, blocks were extracted with organic solvent (an 
ethanol–toluene solution). For determining the CS of core 
samples, the core samples were cut into pieces 5 mm wide 
in sequence from pith to bark, and CS was determined for 
the pieces using strength-testing equipment (Fractometer 
II, IML) as described in a previous study.4

The mean values of BD and CS were also calculated 
every 2 cm from pith to bark to clarify their radial variation. 
In addition, the radial variation in relation to relative dis-
tance from the pith was also determined according to a 
method described by Chowdhury et al.5

Results and discussion

Relationships between growth characteristics and SWV

The mean diameter, height, and SWV in the plot were 
35.5 cm, 29.7 m, and 4.39 km/s, respectively (Table 1). Gra-
bianowski et al.6 reported that the mean SWV in 27-year-
old trees of P. radiata was 3.13 km/s. Thus, SWV in 
34-year-old P. merkusii showed larger values than those 
obtained from other Pinus species. Chauhan and Walker7 
also reported that the SWVs of 8-, 16-, and 25-year-old trees 
of P. radiata were 1.88, 2.38, and 2.88 km/s, respectively, sug-
gesting that SWV tends to increase with increasing tree age. 
Thus, the tree age might be related to the higher SWV 
values obtained in 34-year-old P. merkusii compared to 
SWV obtained in other Pinus spp.6,7

Signifi cant but weak negative correlation coeffi cients 
have been observed between stem diameter and SWV in 
softwood species.7,8 In the present study, there was no sig-
nifi cant correlation (r = 0.114, 5% level) between the stem 
diameter and SWV (Fig. 2). In contrast, a signifi cant correla-
tion was found between the stem diameter and tree height 
(Fig. 2). Thus, growth characteristics are closely related to 
each other.

Basic density

The mean BD was 0.53, 0.55, and 0.44 g/cm3 for fast-, 
middle-, and slow-growing trees, respectively (Table 2). 
Ogata et al.1 reported that the air-dry density for timber 
from Southeast Asia and the Western Pacifi c ranged from 
0.50 to 0.85 g/cm3. Our results obtained in fast- and middle-
growing trees are similar to those reported by Ogata et al.1

Figure 3 shows the radial variation of BD in each growth 
category. In slow-growing trees, BD gradually increased 

Fig. 1. Measurement of stress wave velocity and sampling of core 
sample. Bark and xylem (approx. 10 by 50 cm) had been removed for 
tapping (gray color). There were four tapping portions at the same 
height in a tree. Previous tapping portions (dashed line) were already 
covered with newly formed bark. All wood properties were measured 
at a sound part of the stem

Table 1. Mean values (n = 33) of diameter, height, and stress-wave 
velocity of trees in a plot

Property Mean SD Min Max

Diameter (cm) 35.5 8.5 20.6 55.5 
Height (m) 29.7 4.6 16.3 35.2 
SWV (km/s) 4.39 0.32 3.76 5.12

SD, standard deviation; SWV, stress-wave velocity
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from pith to bark. This was also true for some trees in the 
fast- and middle-growing categories. However, the BD of 
other trees in the fast and middle categories showed the 
highest value in xylem near the pith. Zobel and van Buijte-
nen9 reported that many resinous and phenolic deposits in 
wood greatly infl uence its density. The density of ponderosa 
pine (Pinus ponderosa) was reduced by 12% by removing 
extractives with an alcohol–benzene solvent.9 Figure 3 also 
shows the radial variation of BD after extraction with an 
ethanol–toluene solvent. After extraction, BD showed a 
gradual increase from pith to bark in all categories. Some 
BD values of xylem near the pith in the fast and middle 
categories were considerably decreased by extraction with 
organic solvent. However, a reduction in BD by extraction 
was not observed in slow-growing trees. As a result, the 
mean values of BD after extraction also decreased: 0.50, 
0.52, and 0.43 g/cm3 for fast-, middle-, and slow-growing 
trees, respectively (Table 2). In addition, a signifi cant differ-
ence in BD after extraction was recognized among the 
growth categories at the 1% level: slow-growing trees 
showed apparently lower values compared to the fast- and 
middle-growing trees.

In the present study, the correlation coeffi cients of BD 
after extraction were determined for 2, 3, 4, and 5 cm from 
the pith and 2, 3, 4, and 5 cm from the bark side, respectively. 
The highest correlation coeffi cient (r = 0.672, 1% level) was 
obtained between the position of 4 cm from pith and 4 cm 
from the bark (Table 3), suggesting that the early selection 
of trees with a high BD by using the BD at 4 cm from the 
pith is possible for P. merkusii.

Compressive strength

The mean values of CS were 29.4, 26.9, and 23.0 MPa for 
fast-, middle-, and slow-growing trees, respectively (Table 
2). The CS in the green condition of P. merkusii has been 
reported to be 26 MPa in trees from Indonesia, 15 MPa in 
those from Malaysia, and 27 MPa in those from the Philip-
pines.2,10 The values were similar to those in this study. On 
the other hand, the mean value of CS in slow-growing trees 
was lower than that in fast- and middle-growing trees. As a 
result, a signifi cant difference (analysis of variance, 5% 

Fig. 2. Relationships between the stem diameter and tree height and 
stress wave velocity (SWV) of trees in a plot. Number of trees = 33. r, 
correlation coeffi cient; **, signifi cant at the 1% level; ns, not 
signifi cant

Table 2. Mean values of wood properties in 15 selected trees

Property Fast growing 
(n = 5)

Middle growing 
(n = 5)

Slow growing 
(n = 5)

Signifi cance 
among the 
category

Mean SD Mean SD Mean SD

Diameter (cm) 45.4 0.9 35.4 1.3 23.7 2.5 **
Tree height (m) 32.5 2.3 33.6 0.7 21.5 3.1 **
SWV (km/s) 4.51 0.22 4.78 0.26 4.20 0.27 *
BD before extraction (g/cm3) 0.53 0.07 0.55 0.06 0.44 0.02 **
BD after extraction (g/cm3) 0.50 0.06 0.52 0.02 0.43 0.03 **
CS (MPa) 29.4 5.0 26.9 1.3 23.0 2.9 *

BD, basic density; CS, compressive strength parallel to grain
* Signifi cant at 5% level; ** signifi cant at 1% level



529

Table 3. Correlation coeffi cient in basic density after extraction 
between inner and outer woods

Inner side 
(position from pith)

Outer side 
(position from bark side)

Correlation 
coeffi cient (n = 15)

2 cm 2 cm 0.461 ns
3 cm 3 cm 0.588*
4 cm 4 cm 0.672**
5 cm 5 cm 0.598*

* Signifi cant at 5% level; ** signifi cant at 1% level; ns, not signifi cant

Fig. 3. Radial variation of the 
basic density before and after 
extraction with organic solvent

level) was recognized among categories: slow-growing trees 
showed lower values compared to the fast- and middle-
growing trees. These results indicate that the nature of slow 
growth results in a reduction of CS compared to that of the 
fast- and middle-growth categories.

The CS gradually increased from pith to bark in all cat-
egories (Fig. 4). In a previous report,4 the CS in P. densifl ora 
was found to gradually increase from pith to bark. Machado 
and Cruz11 examined the within-tree variation of CS in P. 

pinaster. They reported that the CS increased from a 10% 
relative distance from pith to bark (RD) to a 50% RD, and 
a comparable mean CS was obtained for 50% RD and 90% 
RD. The results obtained in this study were similar to those 
obtained by other researchers.4,11

It is well known that CS is highly correlated with density.12 
Figure 5 shows the relationship between BD and CS in all 
specimens from the three growth categories. In the present 
study, a signifi cant, positive correlation coeffi cient (r = 0.443, 
1% level) was obtained between BD and CS. The correla-
tion coeffi cient between BD after extraction and CS 
increased (r = 0.787, 1% level, Fig. 5), indicating that the CS 
is largely affected by the BD after extraction.

Wood properties with respect to the relative distance from 
pith to bark

The maturation process of wood properties in softwood 
species growing in the temperate zone depends on the 
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Fig. 4. Radial variation of the compressive strength parallel to the 
grain

Fig. 5. Relationship between basic density (BD) before and after 
extraction and the compressive strength. r, correlation coeffi cient; **, 
signifi cant at the 1% level

cambial age.9 Recently, on the other hand, several research-
ers have reported that the maturation process of the xylem 
depends on the diameter growth in some tropical hardwood 
species, such as Acacia mangium and Paraserianthes falca-
taria.13–15 Figure 6 shows variation of the mean values of BD 
after extraction and CS for each category with respect to 
the relative distance from pith to bark. In both BD after 
extraction and CS, the radial profi les in each category 

Fig. 6. Radial variation of the basic density (BD) after extraction and 
compressive strength in regard to the relative distance from the pith. 
Circles, fast-growing trees; triangles, middle-growing trees; squares, 
slow-growing trees. Data are the mean values of fi ve trees in each 
category. Values in regard to the relative distance from pith were deter-
mined by the method described in Chowdhury et al.5

showed almost the same pattern. These results suggest that 
the BD and CS in P. merkusii depend on the cambial age. 
In other words, the boundary between juvenile wood and 
mature wood may be determined by the cambial age. 
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However, the maturation process of the xylem is usually 
determined by the radial profi le of cell length, such as in 
tracheid and wood fi ber.13–15 Thus, further research is needed 
to clarify the maturation process in P. merkusii.

Conclusions

The following results were obtained in the present study:

1. No signifi cant correlation coeffi cient was found between 
the stem diameter and SWV of standing trees.

2. BD in slow-growing trees was apparently lower than BD 
in fast- and middle-growing trees. BD of xylem near the 
pith in fast- and middle-growing trees was reduced by 
extraction with organic solvent. As a result, BD after 
extraction gradually increased from the pith to bark in 
all growth categories.

3. A signifi cant correlation in BD was recognized between 
the positions of 4 cm from the pith and 4 cm from the 
bark side, indicating that early selection of trees with 
high BD is possible for this species.

4. CS increased from pith to bark in the three growth cat-
egories. In addition, a signifi cant difference was found 
among the three categories. Moreover, CS was signifi -
cantly correlated with BD after extraction.

5. The results of the radial variation of BD and CS with 
regard to the relative distance from pith to bark suggest 
that they depend on the cambial age.
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