
Vol:.(1234567890)

Journal of Wood Science (2018) 64:186–192

https://doi.org/10.1007/s10086-017-1687-3

1 3

ORIGINAL ARTICLE

Comparison of the anatomical characteristics and physical 
and mechanical properties of oil palm and bamboo trunks

Suthon Srivaro1 · Jantira Rattanarat2 · Peerada Noothong2

Received: 19 June 2017 / Accepted: 11 December 2017 / Published online: 17 January 2018 

© The Japan Wood Research Society 2018

Abstract

The aim of this work was to investigate the structure–property relationships of two different monocotyledon trunks: bamboo 

(Bambusa blumeana Schultes) and oil palm (Elaeis guineensis Jacq). Anatomical characteristics (fraction of fibers) and 

physical (density, water uptake, and swelling in the radial direction) and mechanical (modulus of rupture and modulus of 

elasticity) properties of bamboo and oil palm trunks were examined. The results showed that the examined properties of 

both species were mainly governed by fibers. Those of bamboo were mostly greater. Functions relating most of the examined 

properties to the density of both species were finally achieved. Based on the results obtained, it is suggested that bamboo has 

a higher potential for structural application, while oil palm wood is more likely to be utilized for non-structural purposes.
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Introduction

In Thailand, agricultural waste from rubber tree has been 

used as the main raw material in wood industries since 

1997. However, oil palm and bamboo trees are currently 

of interest to be utilized as alternative raw materials for 

wood production [1–3]. The oil palm tree is one of the most 

important economic crops in Thailand next to the rubber 

tree. In the year 2015, the plantation area of oil palm trees 

was approximately 8000 million  m2 which is about one-third 

of the rubber tree plantation area [4]. Agricultural wastes 

from oil palm trees, which have not been effectively uti-

lized, still need to have value added. Bamboo is focused on, 

because it is a fast-growing tree that can be harvested at an 

early age of approximately 3–5 years [5]. In addition, it has 

a higher strength compared to softwoods and hardwoods [6]. 

The plantation area of bamboo in the country is currently 

approximately 66 million  m2 [7]. With a large amount of 

plantation area combinations of oil palm and bamboo trees, 

the trees could be a potential raw material for wood produc-

tion in Thailand.

The trunk is the main part that would be utilized for wood 

production. Thus, understanding its structure–property rela-

tionship is essential. Physically, the trunks of oil palm and 

bamboo are rather different. The oil palm trunk is straight 

and tapers from the bottom to the top [8], while the bam-

boo culm is tubular in shape and separated by nodes [9]. 

However, from a microscopic point of view, their anatomi-

cal characteristics are similar consisting of vascular bundles 

surrounded by parenchyma cells [5, 8–10]. Arrangements of 

vascular bundles and parenchyma cells within trunk tissue 

are similar to that of fiber-reinforced composite materials, 

in which parenchyma cells act like a matrix and vascular 

bundles act like reinforcements [11]. Distribution of vascular 

bundles within the trunk of both species is not uniform but 

show similar trends. They congest in the periphery zone and 
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gradually decrease to the inner region of cross section [5, 8, 

9, 12]. However, the properties of fiber and parenchyma cells 

are generally different for different wood species [10–13]. 

Thus, wood properties as a result of varying cell properties 

within the trunks of these two-wood species were of interest 

to be studied here.

Many attempts have been made to investigate the trunk 

properties of bamboo and oil palm. For example, Erwinsyah 

[8] reported that the density and mechanical properties of an 

oil palm trunk in the periphery zone were greater than those 

of the central zones. A similar trend of the results was also 

reported by Fathi [12] and Lim and Khoo [14]. The variation 

of properties along the radial direction of the trunk was also 

found in bamboos. Dixon et al. [15] reported that most of 

the mechanical properties of bamboos gradually decreased 

from the outer to the inner culm wall. In addition, it was 

also found that the top part of the bamboo culm showed 

greater mechanical properties [1, 16]. However, among stud-

ies in the literature, no comparison of trunk structures and 

properties between bamboo and oil palm has been made. 

Since their anatomical structures are similar, the underlying 

relationship between the structure and properties of these 

two-wood species was of interest to be explored in this study. 

This information would be useful for the further utilization 

of bamboo and oil palm for wood production.

In this work, anatomical characteristics (fraction of fib-

ers), and physical (density, water uptake, and swelling in 

radial direction) and mechanical (modulus of rupture and 

modulus of elasticity) properties of oil palm trunk (Elaeis 

guineensis Jacq) and bamboo culm (Bambusa blumeana 

Schultes) were examined. The obtained results were then 

compared.

Materials and methods

Materials

Two-meter-long oil palm (Elaeis guineensis Jacq) (trunk 

diameter ~ 42  cm) and bamboo (Bambusa blumeana 

Schultes) (outer diameter ~ 6.5 cm, and culm wall thick-

ness ~ 13 mm) trunks from ground level, with one trunk for 

each species, were selected for this study. The ages of oil 

palm and bamboo trees were approximately 25 and 4 years, 

respectively. Oil palm and bamboo trunks were dried to a 

final moisture content of 12% using a laboratory kiln (dry-

bulb temperature = 60 °C, wet-bulb temperature = 50 °C) and 

then converted into the specimens for the measurement of 

the volume fraction of fibers, density, water uptake, swelling 

in radial direction, modulus of rupture (MOR), and modulus 

of elasticity (MOE) with some modification to ASTM D143 

[17]. To obtain specimens having different densities for the 

experiment, all test specimens were randomly collected 

along the cross section of the selected trunk for both oil 

palm and bamboo. The dimensions of the test specimens 

for the measurement of water uptake and swelling in the 

radial direction of oil palm and bamboo were approximately 

4–5 mm (radial) × 10 mm (tangential) × 20 mm (longitudi-

nal). The dimensions of specimens for flexural test (MOR 

and MOE) for oil palm and bamboo were approximately 

5 mm (radial) × 10 mm (tangential) × 120 mm (longitudinal) 

and 3 mm (radial) × 10 mm (tangential) × 80 mm (longitu-

dinal), respectively. The fraction of fibers was determined 

using the same specimens used for the flexural test. Prior 

to the test, all specimens were kept in a conditioning room 

at a temperature of 20 °C and relative humidity of 65% for 

1 month. The final moisture content of the specimens was 

approximately 12%.

Methods

Measurement of the volume fraction of fibers and density

The volume fraction of fibers was determined using an 

image processing technique. The images of entire cross sec-

tion of the oil palm and bamboo specimens used for the flex-

ural test were taken using an optical microscope (ME600, 

Nikon, Japan) with a magnification of 50×. Thus, for each 

specimen, there would be more than one digital micrograph 

depending on the actual size of the cross section of each 

specimen. To distinguish fibers from the matrix (paren-

chyma and vessel cells), the optical image was painted with 

black for fibers. The painted image was then imported into 

image processing software, namely, MultiSpec Application 

version 3.4 software (free ware) which was developed by 

Purdue University, USA to quantify the fraction of fibers (a 

ratio of the number of the black pixels to the total number 

of pixels) (see Fig. 1). The average fraction of fibers from all 

digital images of each cross section for each specimen was 

then determined. The weight and volume of the correspond-

ing specimen were also measured for the determination of 

density. The number of test specimens of bamboo and oil 

palm was 34 and 50, respectively.

Measurement of water uptake and swelling in the radial 

direction

The weight and thickness in the radial direction of speci-

mens at a 12% moisture content were measured. Then, each 

specimen was soaked in 20 °C distilled water for 24 h. The 

weight and thickness in the radial direction of the specimens 

were again measured after water immersion. Water uptake 

and swelling were then determined using the equation pro-

vided in ASTM D143 [17]. The number of test specimens of 

bamboo and oil palm was 96 and 43, respectively.
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Measurement of MOR and MOE

The three-point bending test was conducted to determine 

the MOR and MOE of oil palm and bamboo specimens. 

The experimental set-up is shown in Fig. 2. The span-to-

thickness ratio was kept constant at 20:1. Each specimen was 

loaded with a 150 kN universal testing machine (Lloyd, UK) 

until fracture. The MOR and MOE were then determined 

using the equation provided in ASTM D143 [17]. The num-

ber of test specimens of bamboo and oil palm was 34 and 

50, respectively.

Results and discussion

Anatomical characteristics

The relationships between the fraction of fibers and density 

of bamboo and oil palm are shown in Fig. 3. It revealed 

that the densities of both species increased with the frac-

tion of fibers as linear relationships, but their slopes were 

slightly different. In general, the density of fibers is much 

higher than that of parenchyma cells [9, 15, 18]. Therefore, 

densities of bamboo and oil palm should be mostly shared 

by fibers. Assuming that, densities of fiber and parenchyma 

cells within the trunks of both species were consistent. By 

means of the rule of mixtures, the densities of the fiber and 

matrix of bamboo and oil palm should be described by the 

following equation:

  

Fig. 1  a Optical image of a 

bamboo cross section; b pro-

cessed image of a bamboo cross 

section from MultiSpec Soft-

ware showing the bamboo fibers 

and matrix with black and white 

colors, respectively; c optical 

image of an oil palm wood 

cross section; and d processed 

image of an oil palm cross sec-

tion from MultiSpec Software 

showing oil palm wood fibers 

and matrix with black and white 

colors, respectively

Fig. 2  Experimental set-up for the three-point bending test

Fig. 3  Densities of oil palm and bamboo plotted against a fraction of 

fibers
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where ρw is the density of wood, Vf is the fraction of fiber, ρf 

is the density of fiber, and ρm is the density of matrix.

Equation 1 indicates that the densities of the fiber and 

matrix could be determined by extrapolating the obtained 

linear equations in Fig. 3 to the vertical axis where the 

volume fraction of fiber is equal to one and zero, respec-

tively. In doing so, the density of the matrix (obtained 

from the intersection point on the left vertical axis) could 

be determined by substituting the Vf value of zero into the 

obtained linear equations in Fig. 3. The calculated values 

were approximately 93 and 180 kg/m3 for bamboo and oil 

palm, respectively. Likewise, the density of fiber (obtained 

from the intersection point on the right vertical axis) could 

be determined by substituting the Vf value of 1 into the 

obtained linear equations in Fig. 3. The calculated values 

were approximately 1513 and 1158 kg/m3 for bamboo and 

oil palm, respectively. It was found that using the rule of 

mixtures from this study, the calculated fiber density of oil 

palm wood was highly corresponding to the measured ones 

(average density ~ 1125 kg/m3) reported in the literature 

[19]. It should also be noted that the obtained density of 

bamboo fiber was slightly higher than that of oil palm wood 

fiber (see Fig. 3).

Physical properties

Figure 4 shows the water uptake of bamboo and oil palm 

trunks plotted against the reciprocal of density. It showed 

that the water uptakes of oil palm trunks were mostly greater 

than those of bamboo. They ranged from 73 to 415 and 51 

to 144% for oil palm and bamboo, respectively. In addition, 

it was found that water uptake decreased with increasing 

(1)�w =

(

�f − �m

)

Vf + �m, density for both species. In general, free water in the wood 

tissues of oil palm and bamboo is mostly contained in paren-

chyma cells, because these cells are thin-walled cells that 

provide many more cavities for containing water than thick-

walled fiber cells [5, 12]. This leads to a lower water uptake 

at a higher density being obtained due to having a lower 

fraction of parenchyma cells for both species. It is interest-

ing to note that the water uptake of oil palm and bamboo 

seems to fall into a single master curve as a linear relation-

ship with the reciprocal of density regardless of wood spe-

cies types, as shown in Fig. 4. Basically, a wood specimen 

consists of two components: solid wood content and void. 

At a given density, the fraction of voids of these two-wood 

species at a particular moisture content should be similar, 

because their cell wall densities are roughly the same at 

approximately 1500 kg/m3 [20]. Thus, at a given apparent 

density, the water uptake of these two-wood species should 

also be identical due to having the same fraction of voids for 

containing water.

Swelling in the radial direction of oil palm and bamboo 

is shown in Fig. 5. They ranged from 3.6 to 25.9 and 1.3 

to 36.4%, respectively. Swelling in the radial direction of 

bamboo appeared to increase with density as a linear rela-

tionship, as shown in Fig. 5. It has also been reported that 

swelling of Dendrocalamus strictus bamboo was higher for 

higher density bamboo [21]. In general, this value in soft-

woods and hardwoods is greater for a higher density wood or 

thicker cell wall wood [22]. Thus, this value of the examined 

bamboo might be governed by fiber cells due to them having 

a thicker cell wall than parenchyma cells. Therefore, swell-

ing in the radial direction of bamboo should be higher at a 

higher density due to having a higher fraction of fibers [5]. 

However, it was found that the swelling of oil palm wood 

appeared to be scattered with density (Fig. 5). This might 

Fig. 4  Water uptake of oil palm and bamboo plotted against the recip-

rocal of density
Fig. 5  Swelling in the radial direction of oil palm and bamboo at var-

ious densities



190 Journal of Wood Science (2018) 64:186–192

1 3

be due to large variations in the anatomical characteristics 

of oil palm wood cells along the cross section [8], which 

could lead to variation in the swelling of each wood cell 

and caused the swelling of all the wood tissues to fluctuate. 

However, a greater understanding of the swelling mechanism 

of all the wood tissues as a result of the different swelling of 

fiber and parenchyma cells is still required. This is beyond 

the scope of this research work and should be investigated in 

the future. In addition, surface examination of the test speci-

mens revealed that some of the test specimens of oil palm 

wood contained cracks, which might be affected by cutting 

during the preparation of the test specimens (see Fig. 6). The 

presence of cracks might also have caused the swelling in the 

radial direction of oil palm wood to fluctuate with density.

Mechanical properties

The MOR and MOE of bamboo and oil palm wood in rela-

tion to the fraction of fibers are shown in Fig. 7. They ranged 

from 53 to 275 and 7 to 58 MPa for MOR, and 5–22 and 

0.5–7.0 GPa for MOE, for bamboo and oil palm, respec-

tively. All test specimens failed by bottom face fracture due 

to the tensile stress in the bottom face exceeding the ten-

sile strength in the fiber direction of both species. It was 

observed that an increasing of fraction of fibers significantly 

increased both values of both species. This result indicates 

that fibers play an important role in both values of both 

species.

Moreover, it was found that at a given fraction of fibers, 

the MOR and MOE of bamboo were greater. This outcome 

implies that the stiffness and strength of bamboo fibers 

should also be greater and cause a higher MOR and MOE 

of bamboo to be obtained. In addition, it was also noticed 

that some vascular bundles in oil palm wood tissues deviated 

from the longitudinal direction, whereas they were strongly 

oriented in the axial direction in bamboo tissues (Fig. 8). 

This orientation might also contribute to the lower MOR 

and MOE of oil palm wood.

Fig. 6  Cracks observed in oil palm wood tissues

Fig. 7  a Modulus of rupture and b modulus of elasticity of bamboo 

and oil palm wood plotted against the fraction of fibers

Fig. 8  Fiber orientations in bamboo and oil palm wood tissues
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Figure 9 shows the plots of the MOR and MOE of bam-

boo and oil palm wood in relation to density. Those of hard-

woods reported in the literature [23] were also plotted into 

the same graph for comparison. It was found that the MOR 

and MOE of bamboo were the highest, followed by those 

of hardwoods and oil palm wood, respectively. In addition, 

it was also found that both values for bamboo and oil palm 

wood increased with increasing density as power law rela-

tionships with similar exponents for corresponding proper-

ties (Fig. 9). As mentioned above, the MOR and MOE of oil 

palm and bamboo were mainly contributed to by fibers, and 

both values increased with the fraction of fiber as a power 

law relationship. Therefore, an increasing MOR and MOE 

of these two-wood species as a result of increased density 

should also be a power law relationship, because density 

is strongly dependent on the fraction of fiber, as shown in 

Fig. 3.

It should also be noticed that the exponents for the MOR 

and MOE of bamboo and oil palm wood were highly corre-

sponding to those of other palm species which was reported 

to be approximately 2.05 for MOR and 2.46 for MOE, 

respectively [18, 24]. However, these values were different 

from those of various softwood and hardwood species. The 

exponents for hardwoods and softwoods were reported to be 

approximately 1.13 and 0.7, and 1.01 and 0.84 for MOR and 

MOE, respectively [23]. These different exponents might be 

due to different anatomical structures between the two-wood 

species (softwood/hardwood and bamboo/oil palm). Softwood 

and hardwood consist of a honeycomb-like structure of tra-

cheid or fiber cells. While oil palm and bamboo tissues are 

made up of two different types of cells that are the honeycomb-

like structures of fiber cells surrounded by a closed cell foam-

like structure of parenchyma cells [25]. It is clearly seen that 

oil palm and bamboo have a more heterogeneous structure in 

comparison to softwoods and hardwoods. This structure might 

have caused the different obtained exponents for MOR and 

MOE between the two-wood species.

In terms of structural performance, the specific MOR and 

MOE should be considered. Figure 10 shows both values for 

bamboo and oil palm wood. Those of hardwoods reported 

in the literature [23] were also plotted into the same graph 

for comparison. The result showed that bamboo showed 

the highest specific MOR and MOE followed by those of 

hardwoods and oil palm wood, respectively. However, it was 

noticed that the failure strain (strength to the Young’s modu-

lus ratio [26]) of bamboo and oil palm wood seemed to be 

roughly similar and slightly higher than those of hardwoods.

Conclusions

1. The density, water uptake, swelling in radial direction, 

and MOR and MOE of bamboo and oil palm wood 

were mainly contributed to by fibers. Most of the val-

Fig. 9  Modulus of rupture and modulus of elasticity of oil palm and 

bamboo plotted against densities

Fig. 10  Specific modulus of elasticity plotted against the specific 

modulus of rupture for oil palm, bamboo, and hardwood
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ues increased with the increasing fraction of fibers, 

except for those of water uptake for both species which 

decreased with fraction of fibers.

2. Swelling in the radial direction of bamboo linearly 

increased with density, whereas that of oil palm wood 

appeared to fluctuate with density.

3. Water uptake linearly increased with the reciprocal of 

density for both species.

4. MOR and MOE were related to density as power law 

relationships for both species.

5. At a given density, the MOR and MOE of bamboo were 

greater, whereas water uptakes between the two-wood 

species were similar.

6. Based on the obtained flexural properties, bamboo has a 

higher performance for structural applications, while oil 

palm wood is more likely to be utilized for non- struc-

tural purposes.
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