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forests. The average annual total volume of trunks from oil 
palm plantation clearings amounts to more than 100 million 
cubic meters (Fruehwald and Koelli 2019). Recent research 
has explored the potential commercial uses for oil palm 
wood. In many cases, the wood can be used as a substi-
tute for tropical hardwoods, e.g., in panels (block-boards, 
flash doors, multi-layer solid wood panels) and construction 
timber. Appropriate use of the wood requires knowledge of 
elastomechanical properties and appropriate grading of the 
lumber.

1.2  Microstructure of oil palm wood

The macromechanical properties of oil palm wood depend 
on both the properties of its structural components and the 
features of its microstructure. Regarding the systematics of 
plants, palms belong to monocotyledons unlike common 
tree species, which belong to dicotyledons. For the latter, 
the stems grow in a radial direction and increase in diameter 
(and height) over time. The cambium (as growing tissue) 
makes up the stem area between wood and bark. Monocoty-
ledons (such as bamboo) grow only on the top of the plant/
tree trunk where the apical meristem is located; no radial 

1  Introduction

1.1  Availability of oil palm wood

Oil palms (Elaeis guineensis  Jacq.) are mainly cultivated 
in large plantations for palm oil production to be used for 
food, chemicals, pharmaceuticals and energy. Worldwide, 
oil palms cover an area of nearly 30  million hectares of 
which 71% is located in Asia (FAO 2024). Due to declin-
ing oil production, the palms are felled after an age of 25+ 
years and the area is replanted. Like all other biomass, the 
palm trunks remain on the plantation site for nutrient recy-
cling. This leads to increased insect and fungi populations 
causing problems for the new palm generation. For various 
reasons, many regions where oil palms grow currently suf-
fer from a decline in timber harvested from their tropical 
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Abstract
This study investigates the macromechanical and micromechanical behavior of oil palm wood by testing the elastomechan-
ical properties in bending, compression parallel and perpendicular and tension parallel and perpendicular to the vascular 
bundles of small-size test specimen depending on the position within the trunk, the density and the number of vascular 
bundles per unit area as well as the plantation site. All properties tested show a much higher exponential increase with the 
density, following power law relationships with exponents > 1, than common wood species and a significant gradient over 
both trunk height and cross section. Oil palm wood can be seen as a unidirectional long-fiber-reinforced bio-composite, if 
vascular bundles are considered as reinforcements (fibers) and parenchymatous ground tissue as matrix. The adapted rule-
of-mixture based on the number of vascular bundles per unit area can be confirmed for the density, but not for the tensile 
properties, because the number of vascular bundles per unit area and share of fibers within the bundles is greater in the 
periphery than in the trunk central tissue. Furthermore, cell wall thickening over time is more pronounced in the peripheral 
than in the central tissue and more at the bottom than near the top. Different from small test specimens from common 
wood species, the compression strength exceeds the tensile strength: fc,0 : fm : ft,0 is 1.4 : 2.2–1.2 : 1. The performance 
indices for minimum weight design by Ashby and coworkers are comparable to that for coconut and date palm wood.
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cambial growth occurs (apart from some limited increase in 
diameter achieved through dilatation phenomena). This is 
important for the structure of the wood tissue. In contrast to 
common wood species, which have various axial oriented 
cell types (tracheids, fibers, vessels, parenchyma) and radial 
oriented wood rays, palms have no radial oriented ray cells, 
but only lengthwise oriented vascular bundles embedded 
in parenchymatous ground tissue. Typically, the vascular 
bundles are composed of fiber, vessel or metaxylem, pro-
toxylem, protophloem or sieve tubes, axial parenchyma, 
stegmata and companion cells (Lim and Fujii 1997; Tomlin-
son 1990). The vessels transport water lengthwise from the 
ground to the apical meristem at the palm top through scler-
enchymatous fiber cells forming thick-walled fiber bundles 
arranged around the vessels serving as main longitudinal 
load-carrying component determining the mechanical prop-
erties. The parenchymatous ground tissue cells contain a 
high amount of water, sugars and nutrients and have thin 
walls which easily buckle under load, while, as liquid and 
solid coupled cell body material, the performance of the liv-
ing ground tissue can be strengthened by the internal hydro-
static pressure. The parenchyma tissue provides stability 
to the fibers and transmits loads between them. Figure  1 
shows the composition of palm wood. Details on the ana-
tomical characteristics of oil palm wood are given in Lim 
and Khoo (1986), Tomlinson (1990), Lim and Fujii (1997) 
and Bakar et al. (2008). Thus, from the structural mechan-
ics point of view, if vascular bundles are considered as the 
reinforcements (fibers) and ground tissue as the matrix, oil 
palm wood can be seen as being a unidirectional long-fiber-
reinforced biocomposite. Its mechanical properties depend 
on the mechanical properties of its components and on its 
microstructural characteristics such as volume fraction and 
distribution of the sclerenchymatous fibers and the inter-
face properties of the components. However, for numer-
ous palm species (e.g. Tomlinson 1990; Rueggeberg et al. 
2008; Rueggeberg et al. 2009; González and Nguyen 2016), 
the course of the fibrovascular bundles was found to fol-
low a helical path as they ascend the stem before bending 

rapidly outwards toward a leaf trace at the periphery of the 
stem. Therefore the composite is not perfectly unidirectional 
and not fully isotropic in radial and tangential direction.

The number of vascular bundles per area (grade of rein-
forcement) is high in the outer (peripheral) part of the trunk 
and decreases gradually towards the inner (central) part and 
with the height of the trunk (Fathi 2014; Lim and Khoo 
1986). Lim and Khoo (1986) showed, that the fiber cells 
in vascular bundles are shorter in the outer zone than in the 
center, but in the outer zone they have a greater diameter 
and thicker cell walls containing higher cellulose content. 
Also the number of cell wall layers increases from the cen-
ter to the outer zone because the fibers keep developing their 
secondary cell wall during their lifetime (cell wall thicken-
ing) and followed by a “secondary trunk diameter increase”.

1.3  Macromechanical properties of oil palm wood

In the past 35 years, the macromechanical properties of oil 
palm wood have been widely studied. Because of the prop-
erty gradient within the cross section and the height of the 
trunk, all investigations on elastomechanical properties of 
oil palm wood were performed on small, clear test speci-
mens; only one – Jumaat et al. (2006), who tested trussed 
rafters from oil palm wood – was performed on bigger 
test specimens, e.g. construction-size oil palm timber ele-
ments. Most literature deals with bending strength (fm) and 
stiffness (Em) (Bakar et al. 1999; Balfas 2006; Darwis et 
al. 2013; Erwinsyah 2008; Iswanto et al. 2010; Karlinasari 
et al. 2019; Killmann and Lim 1985; Lim and Gan 2005; 
Ratanawilai et al. 2006; Srivaro et al. 2018a, b, 2019) and 
compression strength parallel to the vascular bundles (fc,0) 
(Balfas 2006; Darwis et al. 2013; Erwinsyah 2008; Fathi 
2014; Iswanto et al. 2010; Killmann and Lim 1985; Lim 
and Gan 2005; Ratanawilai et al. 2006; Srivaro et al. 2018a, 
2019; Sulaiman et al. 2012), mainly because of the easy 
preparation of test specimens and test procedures. Young´s 
modulus in compression parallel to the vascular bundles 
(Ec,0) was only determined by Fathi (2014) and Srivaro et al. 

Fig. 1  Cross section of an oil 
palm board with bulk density dif-
ferences (left) and illustration of 
the anatomic structure (right)
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(2018a, 2019). Compression strength perpendicular to the 
vascular bundles (fc,90) was only determined by Killmann 
and Lim (1985) and Srivaro et al. (2018a). Perhaps because 
of the difficulties involved in preparing the test specimens 
and test procedure, only two investigations were found on 
the tension strength parallel to the vascular bundles (ft,0) 
(Erwinsyah 2008; Iswanto et al. 2010) and perpendicular to 
the vascular bundles (ft,90) (Erwinsyah 2008; Ratanawilai et 
al. 2006), but no property values were found on the Young´s 
modulus in tension (Et,0 and Et,90). The literature is limited 
on the systematic and comprehensive determination of the 
mechanical properties of oil palm wood (Erwinsyah 2008; 
Iswanto et al. 2010; Ratanawilai et al. 2006; Srivaro et al. 
2018a), most investigations concentrate on one or only a 
few properties. Many previous results were determined on a 
small quantity of specimen, which is problematic especially 
considering the wide range in density (and therefore also 
widely varying properties). Also, the studies often exam-
ined very different trunk areas (regarding cross-section and 
height in the palm) and thus studied very different density 
ranges (e.g., Ratanawilai et al. 2006, Erwinsyah 2008, and 
Tufashi 2013) used mostly test material from the periph-
eral of the trunk with higher density; Srivaro et al. (2018a) 
used test specimens from sections with comparable lower 
density), therefore the results of the various investigations 
are hardly comparable with each other. Even at the same 
density, the origin of the height and the age of the trunk 
have a considerable influence on the macromechanical 
properties of the oil palm wood (Killmann and Lim 1985). 
Therefore, most authors (e.g. Erwinsyah 2008) modeled 
the mechanical properties depending on the location within 
the trunk in regard to the cross section and the trunk height 
(mechanical properties = f(cross section, height)), and some 
(e.g. Darwis et al. 2013, Fathi 2014) modeled depending on 
the number of vascular bundles per unit area (mechanical 
properties = f(# VB per area)) or area proportion of vascular 
bundles (mechanical properties = f(VB area fraction)). The 
position within the cross section at a certain trunk height 
influences the mechanical properties because of the rising 
number of vascular bundles per unit area (and area propor-
tion of vascular bundles) from the center to the periphery, 
therefore the density and the mechanical properties increase 
from the center to the periphery of the cross section (e.g. 
Darwis et al. 2013; Erwinsyah 2008; Fathi 2014; Killmann 
and Lim 1985; Srivaro et al. 2018b). The position over the 
trunk height influences the mechanical properties because 
of the cell wall thickening during the cell wall lifetime (Lim 
and Khoo 1986). With rising height from the bottom to the 
top of the trunk, the number of vascular bundles per unit 
area increases while the density and mechanical properties 
decrease. This is because younger cells have different prop-
erties than mature cells due to their incomplete lignification 

and the cell wall thickening process (the number of cell 
wall layers and therefore the density of the vascular bundles 
decrease from the bottom to the top) (Darwis et al. 2013; 
Fathi 2014; Killmann and Lim 1985; Lim and Khoo 1986). 
According to Gibson et al. (2010) and González and Nguyen 
(2016), the anatomical structure reflects an optimized palm 
fibrovascular development resulting from the natural adap-
tion of the material to resist varying conditions of external 
forces, e.g. gravity (biomass), wind, rain, water, and the leaf 
formation pattern to obtain maximum sunlight; furthermore 
the age of the oil palm influences the anatomical structure. A 
serious drawback of the existing studies is that the work on 
elastomechanical properties has not taken into account the 
differences between different trunks and between different 
plantation sites or regions of origin.

1.4  Research question and assumptions

Precise studies on the micromechanical properties of oil 
palm vascular bundles and parenchymatous ground tissue 
with respect to its fiber-reinforced composite structure, 
however, have not been sufficiently reported. Therefore, 
this study aims to investigate the macromechanical and 
micromechanical behavior of oil palm wood by testing the 
“apparent” macromechanical properties, namely strength 
and stiffness. The investigation involves the extensive test-
ing of numerous specimens extracted from various trunks 
originating from two distinct plantation sites. Additionally, 
specimens are collected from various positions along cross 
sections and at different heights within the trunk. The corre-
sponding number of vascular bundles per unit area and bulk 
density are determined and correlated to the macromechani-
cal properties. The various material properties are compared 
in between and with common wood species depending on 
the density and number of vascular bundles per unit area 
separately for the two plantation sites. The following con-
siderations are based on the hypothesis that oil palm wood 
(1) is a unidirectional, long-fiber-reinforced composite (the 
helically wound fiber-reinforced circular oil palm trunk 
cylinder is neglected), (2) is orthotropic and (3) has differ-
ent “apparent” properties in tension and compression as do 
most composite materials. The basic restrictions for com-
posite materials shown in Table 1 are assumed valid for oil 
palm wood. Therefore, the elastic properties of orthotropic 
materials (3 elastic moduli (E), 3 shear moduli (G) and 6 
Poisson´s ratio (ν)) and the six strength properties in ten-
sion (ft,0, ft,90), compression (fc,0, fc,90) and shear (fv,0 and 
fv,90) should be determined. In this paper, the properties in 
compression and tension parallel and transverse to the vas-
cular bundles and the bending properties parallel to the vas-
cular bundles are characterized. The shear properties are not 
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2  Material

Material from two locations was used. Material origin 1: For 
compression II and ⊥, tension II and bending tests, 14 palms 
were felled at an age of 33 years on a plantation located 
in South Peninsular Malaysia near the city of Kluang in 
Johor (altitude of 40 m, tropical climate throughout the year 
with an annual mean temperature of 26  °C and an aver-
age of 2438 mm precipitation per year) (Koelli 2016). The 
subspecies of the palms could not be identified precisely, 
but according to Koelli (2016) it can be assumed that the 
palms were from picifera species or a subspecies between 
picifera and tenera due to the appearance of their fruit. 
The trunks were cut to four sections along the trunk height 
(0.5–3.25 m, 3.25–6.0 m, 6.0–8.75 m and 8.75–11.5 m) and 
imported in frozen state at -10 °C to Germany and sawn in 
two sawmills (bandsaw with log carriage and circular saw) 
into un-edged and square-edged boards (dimensions in mm: 
1950 × 130…300 × 23…60). The boards were kiln dried in 
a laboratory kiln at the University of Hamburg (tempera-
ture < 85 °C) (Harnisch 2016).

Material origin 2: For compression II and ⊥, locally 
compression ⊥ (flc,90) and tension II and ⊥, 150 oil palms 
(Elaeis guineensis Jacq.var. pisifera) were felled at an age 
of 30 years on a plantation located in Johor, South Peninsu-
lar Malaysia. From 100 palms, the lower section of 2.8 m 
(1–4 m trunk height) and from 50 palms, the first two sec-
tions of 2.8 m (1–4 m and 4–7 m height) were sawn at the 
Forest Research Institute Malaysia (FRIM) on a bandsaw 
with log carriage into partly square-edged boards (27 and 
50 mm thickness). To prevent mold growth during storage 
and transport of the wet wood as well as the kiln drying, the 
boards were dipped in acetic acid (10% concentration) for 
2–5 min. The material was kiln dried at very low tempera-
ture below 70 °C in an industrial kiln and imported in dry 
state to Germany (Koelli 2018).

From the material, the test specimens compiled in Table 2 
were produced in accordance with the specifications in the 
corresponding standards. An attempt was made to obtain the 
most uniform possible distribution of the specimens over 
the entire density spectrum, but due to the available mate-
rial it was not possible to guarantee a uniform distribution 
of the specimens over the trunk height and cross section. 
In order to investigate the influence of the specimen height 
on the compressive strength parallel to the vascular bundles 
(fc,0), three different specimen heights were investigated for 
material origin 2. For testing fc,90 no distinction was made 
between the radial and tangential direction due to Killmann 
and Lim (1985). In order to obtain a uniform density over the 
entire test specimen, the specimens for flc,90 and ft,90 accord-
ing to ASTM D143 (2014) were built up of three 17 mm 
layers (glued with 1 K-PUR, gluing line orthogonal to the 

covered in this investigation but will be addressed, along 
with an examination of the elastic constants, in a second 
paper.

When the radial thickness of a specimen is a few milli-
meters only, the vascular bundles can be considered as being 
uniformly distributed (regularly spaced) within the test 
specimen. Normally, fibers, and therefore vascular bundles, 
have high strength and stiffness while ground tissue has low 
strength and stiffness and high capability of deformation. 
This study found (cf. Chapter 4.2) that in the tensile stress 
(σ) - strain (ε) curve of oil palm wood (tested parallel to the 
vascular bundles), the part from the beginning of loading to 
the breaking point was almost linear. Therefore, in view of 
mechanical behavior, the oil palm wood can be simplified as 
a composite of parallel connection models composed of two 
elements, i.e., vascular bundles and parenchymatous ground 
tissue. It is assumed that under load, vascular bundles and 
ground tissue have the same deformation.

In materials science, the general rule of mixtures is a 
weighted mean used to predict various properties (elastic 
modulus, mass density, ultimate tensile strength, thermal 
conductivity, electrical conductivity) of a composite mate-
rial made up of continuous and unidirectional fibers. The 
Voigt model is used for axial loading and the Reuss model 
for transverse loading. According to the Voigt model, the 
density, tensile strength and the elastic modulus parallel 
to the vascular bundles should be a linear function of the 
volume fraction of the fibers (Vfiber). Therefore, a linear 
function between the tensile strength parallel (ft,0 ) and the 
density (ρ) respectively the Young´s modulus parallel (Et,0) 
and the density (ρ) should exist.

Table 1  Basic restrictions for composite materials according to Jones 
(1999) adapted for oil palm wood
The composite is initially stress 

free
linearly elastic
macroscopically 
homogeneous
macroscopically 
orthotropic

The fibers (fiber caps / vascular bundles) are homogeneous
linear elastic
isotropic
regularly spaced
perfectly aligned
perfectly bonded

The matrix (parenchymatous ground tissue) is homogeneous
linear elastic
isotropic
void-free
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(among others oil palm wood) and specimen geometries that 
distance measurement through the movement of the vertical 
crosshead leads to an overestimation of the strain and there-
fore incorrect determination of Young´s modulus, that´s 
why the results for Ec,0, Ec,90, Elc,90 and Et,90 are not included 
in Chap. 4. The compression test II was carried out accord-
ing to DIN 52185 (1976). The compression test ⊥ was car-
ried out according to DIN 52192 (1979) with loading over 
the entire specimen surface, which differs from ISO 3132 
(1975) used by Killmann and Lim (1985) in the specimen 
geometry, and the proportional limit (fc,90) was determined 
according to ISO 3132 (1975). The local compression test ⊥ 
with loading over the 1/3 specimen surface was carried out 
according to ASTM D143 (2014) and the proportional limit 
(flc,90) determined at 2.5 mm displacement according to ISO 
3132 (1975). The tensile test ⊥ was carried out according to 
ASTM D143 (2014) respectively EN 319 (1993 (D)). The 
tensile test II was carried out according to DIN 52188 (1979); 
the measurement of the elongation was done by means of a 
manually mounted incremental piecing receiver (digiClip) 
from Zwick. The three-point bending test was performed 
according to DIN 52186 (1978), the test direction (radial, 
tangential or a mixture thereof) was chosen randomly. For 
each test specimen, the density was determined according to 
DIN 52182 (1976). The density of the tensile specimen was 
determined on the rectangular bars prior to the curve mill-
ing of the specimens, since the determination of the density 
on a contour-milled, two-dimensional specimen would have 
led to inaccuracies. Due to the storage in the standard cli-
mate up to constant mass of the test specimen, the moisture 
content was determined only at random after the destructive 
test using oven dry test. For each bending test specimen, the 
number of vascular bundles per unit area was determined 
after the destructive test close to the fracture area. The cross 

testing force). The specimens for tensile test II had a thick-
ness of 12 mm instead of 15 mm due to the limited spacing 
between the clamping jaws of the wedge specimen holders. 
Due to the expected low compression strength perpendicu-
lar to the vascular bundles, beech veneer plywood was used 
to increase the clamping area in order to avoid compression 
failure of the tensile test specimen between the clamping 
jaws. Notwithstanding all other tests, the investigation of 
the bending properties depending on the location within 
the trunk (Chap. 4) was performed only on one palm stem. 
Due to drying defects, no test specimen could be processed 
from the third trunk section (6.0–8.75 m). The dimensions 
of the bending test specimens deviate minimally from DIN 
52186 (1978): 90% of the specimens had a dimension of 
22 × 22 × 380 mm³ and 10% of 18 × 18 × 320 mm³. Before 
testing, all test specimens were stored to constant weight in 
standard climate 20 °C, 65% relative humidity (DIN 50014-
20/65 − 1 according to DIN 50014 (2018)).

3  Methods

Testing of the various strength and elasticity values was car-
ried out using the universal testing machine Zwick Z020 
with a 2.5 kN respectively 20.0 kN load cell in accordance 
with the standardized test methods for testing the mechani-
cal properties of wood (Table  2), because no special test 
methods and standards are currently available for oil palm 
wood. The strain measurements in testing compression II 
and ⊥, local compression ⊥ and tension ⊥ were not carried 
out by means of an attached length-measuring device but 
through the movable vertical crosshead, which measures the 
distance between the upper and lower compression plate. 
However, Kipp (2022) showed on different wood species 

Table 2  Overview of test specimens
Test Standard Dimension Number of specimens tested Material origin
Compression II (fc,0) DIN 52185 (1976) 20 × 20 × 30 mm³ 75 1

17 × 17 × 26 mm³
17 × 17 × 39 mm³
17 × 17 × 51 mm³

82
76
74

2

Compression ⊥ (fc,90) DIN 52192 (1979) 20 × 20 × 60 mm³ 79 1
17 × 17 × 26 mm³
17 × 17 × 39 mm³
17 × 17 × 51 mm³

52
42
35

2

Local compression ⊥ (flc,90) ASTM D143 (2014) 50 × 1502) x 50 mm³ 73 2
Tension II (ft,0, Et,0) DIN 52188 (1979) 61) x 20 × 470 mm³ 109 1

92 2
Tension ⊥ (ft,90) ASTM D143 (2014) 251) x 50 × 60 mm³ 102 2

EN 319 (1993 (D)) 50 × 50 × 14…20 mm³ 40 2
Bending (fm, Em) DIN 52186 (1978) 22 × 22 × 380 mm³

18 × 18 × 320 mm³
647
28

1

1) tested cross section
2) 50 × 50 mm² tested cross section
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(ρ12 = 222…404  kg/m³) tested material of lower and 
Ratanawilai et al. (2006) (ρ12 = 380…510  kg/m³), Tufashi 
(2013) (ρ12 = 330…620  kg/m³) and Bakar et al. (2013) 
(290…610 kg/m³) material of higher density.

The plot of the density of the bending specimens (ρ) 
related to their number of vascular bundles per area is 
shown in Fig.  2. The density is increasing with the num-
ber of vascular bundles per area in cm² by linear regression 
independent of the trunk height (R² = 0.76), because in the 
multiple linear regression model the inclusion of the trunk 
height did not significantly enhance the explanatory power 
of the regression equation (ΔR²adj. = 0.004). The linear 
relationship between the density and the number of vascu-
lar bundles per area confirms the adapted rule-of-mixture, 
which is based on the assumption of a constant vascular 
bundle diameter over the entire trunk. However, according 
to Fathi (2014) and Lim and Khoo (1986), the vascular bun-
dle diameter is constant over the cross section, but decreases 
with increasing height within the trunk. Therefore, the usual 
rule-of-mixture based on the volume fraction of the vascu-
lar bundles is confirmed for the individual heights within 
the trunk, but a small influence of the height can not be 
excluded. The intercept of the relationship gives an estimate 
of the parenchyma density with ρparenchyma ≈ 117 kg/m³.

4.2  Tensile tests parallel to the vascular bundles

The plot of the tensile strength parallel to the vascular bun-
dles (ft,0) and the Young´s modulus in tension (Et,0) related 
to density is shown in Fig. 3. The values of ft,0 are depen-
dent on the height within the trunk and range from 1.9 to 
47.0 MPa, do not differ for the two material origins and are 
comparable to those of Erwinsyah (2008) (6.2…39.3 MPa 
for test specimen only from peripheral zone) and Iswanto 

section was captured by means of HD photography, using 
Photoshop Image Program, and contrast filters were used to 
illustrate shades, colour differences in the parenchyma and 
detached vascular bundles. All countable vascular bundles 
were visually recorded.

4  Results and discussion

For the various properties, various regression models 
(strength and stiffness as a function of the density, strength 
as a function of the stiffness), including linear and nonlin-
ear relationships, with their associated R-squared (R2) were 
determined. The power law relationship gave a better fit for 
strength and stiffness with the density, showing similar or 
higher R2 compared with those obtained from linear rela-
tionship. Similar findings are reported by Rich (1987b) and 
Srivaro et al. (2018a, b). Therefore, in this study, the power 
law relationship is used to plot all experimental results of 
elastomechanical properties. The non-uniform distribu-
tion of the specimens over trunk height and cross section 
and from various trunks (cf. Chapter 2) are influencing the 
results.

4.1  Density and number of vascular bundles per 
area

The values of the density (ρ) of all test specimens range 
from 140 to 660  kg/m³, in regard to the density the 
material is comparable to that used by Killmann and 
Lim (1985) (ρ0 = 220…550  kg/m³), Gan et al. (2001) 
(basic density = 150…635  kg/m³) and Balfas (2006) 
(ρair−dry = 210…670  kg/m³). In comparison, Erwinsyah 
(2008) (ρ12 = 160…430  kg/m³) and Srivaro et al. (2018a) 

Fig. 2  Density (ρ) (measured on bending 
test specimens) plotted against the number 
of vascular bundles per area; the intercept 
of the relationship gives an estimate of the 
parenchyma density
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respectively 1.9932 and therefore, based on the linear rela-
tionship between density and number of vascular bundles 
per area (Chap. 4.1), the adapted rule of mixture cannot be 
confirmed (because then a linear relationship or an expo-
nent close to 1 would have had to be observed). As for 
many fiber-reinforced composite materials, the stress-strain 
behavior of the tensile test parallel is linear from zero load 
to the ultimate or fracture load and showing brittle rupture, 
this is typical for most wood species in tension as well. Ten-
sile failure of a fibrous composite loaded in a direction par-
allel to the set of uniaxial reinforcing fibers would be fiber 
fracture, described in detail in Dow and Rosen (1965). With 
an angle between the fiber direction and the direction of the 
applied tensile stress, according to Kelly and Davies (1965) 
failure can occur in general (in the order of rising angle) by 
(a) flow of the matrix parallel to the fibers until the fibers 
fail, (b) failure of the matrix in shear on a plane parallel to 
the fibers and (c) failure of the matrix by flow transverse to 
the fibers. Figure 4 shows the observed three tension fracture 
patterns with all failures due to an angle between the vas-
cular bundles and the direction of the applied tensile stress. 
No difference is observed between the two material origins: 
57% of the specimens broke over the thickness (fracture 
no. 3), 23% over the width (single fracture) (fracture no. 2) 
and 19% over the width (double fracture) (fracture no. 1). 
The macroscopic fracture patterns differ significantly from 
those for softwoods and hardwoods according to Bodig and 
Jayne (1982) (splintering tension, combined tension and 
shear, shear, brittle tension) or bamboo according to Shao 
and Wang (2018) (brittle tension, uneven tension, splinter-
ing tension). The angle between direction of the vascular 
bundles and direction of the applied tensile stress results in 
strength values measured too low. Because of the helical 
orientation of the bundles with deviations in radial direction 
(Tomlinson 1990; Rueggeberg et al. 2008, 2009; González 

et al. (2010) (10.3…33.8 MPa). The values for the Young´s 
modulus in tension (Et,0) are dependent on the height within 
the trunk and range from 488 to 13,102  MPa, but do not 
differ for the two material origins. Tensile strength and 
Young´s modulus are increasing with increasing density 
by power law equation (R2 = 0.73 respectively R2 = 0.67). 
The exponents for ft,0 and Et,0 are approximately 2.2766, 

Fig. 4  Fracture patterns after the tensile test parallel to the vascular 
bundles (1) double failure over the width, (2) single failure over the 
width, (3) single failure over the thickness

 

Fig. 3  Tensile properties parallel to the vascular bundles plotted against the density (ρ); a tensile strength (ft,0) and b Young´s modulus in tension 
(Et,0); for 8 test specimens, the height within the trunk could not be determined (marked with x)
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performance indices M4 – M6 (M4 tie under uniaxial load, 
M5 beam in flexure, M6 plate in flexure) are much lower 
than that of small, clear wood test specimens, high-density 
oil palm wood is in the range of low-grade softwood lamel-
las of structural size (Table 3). M1 = Et,0/ρ = 5.2…15.3 GPa 
(Mg m− 3)−1 (tie in tension). The performance index for 
elastic design M8 = ft,0/Et,0 to allow large, recoverable defor-
mation is almost constant for all densities of oil palm wood 
with M8 = 0.0017…0.0024 and lower than that for small, 
clear wood test specimens, but in the range of structural size 
softwood lamellas (Table 3)

Assuming that vascular bundles all have the same 
strength (which is proved wrong by Fathi (2014) ft,0,fiber = 
58…225 MPa and Et,0,fiber = 2,385…16,973 MPa, depend-
ing on the cross section and height of the trunk) and are 
relative brittle in comparison to the parenchymatous ground 
tissue (note that no stress-strain curves for vascular bundles 

and Nguyen 2016), it is not possible to process small (that 
regular spaced vascular bundles) test specimens with per-
fectly aligned vascular bundles along the axis of the test 
specimens.

 Fig 5a shows that the ft,0 is quite strongly related to Et,0, 
showing R2 = 0.71, which indicates that ft,0 can be predicted 
from the known Et,0 value. In terms of structural performance, 
the specific tensile strength (M4 = ft,0/ρ) and specific Young´s 
modulus (M1 = Et,0/ρ) parallel to the vascular bundles shall 
be considered, shown in Fig. 5b. Because of the power law 
relationship between tensile strength, respectively Young´s 
modulus and density, the performance indices for minimum 
weight design by Ashby et al. (1995) calculated for oil 
palm wood rise with the density (Table 3). Assumed densi-
ties between 200…600 kg/m³ for oil palm wood result for 
tensile members in calculated M4 = ft,0/ρ = 8.8…36.0 MPa 
(Mg m− 3)−1 (a tie under uniaxial load), the strength-density 

Fig. 6  Tensile strength perpendicular to the 
vascular bundles (ft,90) plotted against the 
density (ρ)

 

Fig. 5  Relationship between tensile strength (ft,0) and stiffness (Et,0) parallel to the vascular bundles; a absolute values and b specific values resp. 
performance indices; for 8 test specimens, the height within the trunk could not be determined (marked with x)

 

1 3

1886



European Journal of Wood and Wood Products (2024) 82:1879–1899

Ta
bl

e 
3 

Pe
rf

or
m

an
ce

 in
di

ce
s f

or
 m

in
im

um
 w

ei
gh

t d
es

ig
n 

ac
co

rd
in

g 
to

 A
sh

by
 e

t a
l. 

(1
99

5)
M

at
er

ia
l

M
od

ul
us

-d
en

si
ty

 p
er

fo
rm

an
ce

 in
di

ce
s 

St
re

ng
th

-d
en

si
ty

 p
er

fo
rm

an
ce

 in
di

ce
s 

M
od

ul
us

-s
tre

ng
th

 
pe

rf
or

m
an

ce
 in

de
x

So
ur

ce
 o

f o
rig

in
al

 
/ b

as
ic

 d
at

a
M

1 =
 E

/ρ
 

[G
Pa

 (M
g 

m
−

 3 )−
1 ]

M
2 =

 E
1/

2 /ρ
 

[G
Pa

1/
2  (M

g 
m

−
 3 )−

1 ]

M
3 =

 E
1/

3 /ρ
 

[G
Pa

1/
3  (M

g 
m

−
 3 )−

1 ]*

M
4 =

 σ
f/ρ

 [M
Pa

 (M
g 

m
−

 3 )−
1 ]

M
5 =

 σ
f2/

3 /ρ
 

[M
Pa

2/
3  (M

g 
m

−
 3 )−

1 ]

M
6 =

 σ
f1/

2 /ρ
 

[M
Pa

1/
2  (M

g 
m

−
 3 )−

1 ]*

M
8 =

 σ
f/E

 [-
]

tie
 u

nd
er

 
un

ia
xi

al
 lo

ad
be

am
 in

 
fle

xu
re

; 
co

lu
m

n 
bu

ck
lin

g

pl
at

e 
in

 
fle

xu
re

tie
 u

nd
er

 u
ni

ax
ia

l l
oa

d
be

am
 in

 fl
ex

ur
e

pl
at

e 
in

 fl
ex

ur
e

al
lo

w
 la

rg
e,

 re
co

ve
r-

ab
le

 d
ef

or
m

at
io

ns

O
il 

pa
lm

 w
oo

d
5.

2…
15

.3
a

5.
1…

15
.2

a
5.

1…
3.

5a
8.

8…
36

.0
a

20
.3

…
78

.4
b

7.
3…

12
.9

a

12
.7

…
21

.7
b

6.
6…

7.
7a

10
.1

…
11

.4
b

0.
00

17
…

0.
00

24
a

ow
n 

re
su

lts

C
oc

on
ut

 p
al

m
 w

oo
d

9.
4…

14
.5

b
4.

6…
5.

6b
3.

1…
4.

5b
61

…
86

b
23

.0
…

22
.1

b
14

.1
…

11
.3

b
0.

00
58

…
0.

00
72

b
Su

lc
 (1

98
5)

D
at

e 
pa

lm
 w

oo
d

33
.5

…
47

.2
b

15
.5

…
13

.5
b

10
.5

…
8.

2b
El

kh
al

 e
t a

l. 
(2

02
2)

A
ca

ci
a 

m
an

gi
um

69
b

19
.6

b
10

.5
b

Ta
n 

(1
97

9)
, c

it.
 

in
 P

eh
 a

nd
 K

ho
o 

(1
98

4)
Pa

ra
se

ri
an

th
es

 [A
lb

iz
ia

] f
al

ca
ta

ri
a

79
.5

b
26

.7
b

15
.4

b
B

ol
za

 a
nd

 K
lo

ot
 

(1
96

6)
H

ev
ea

 b
ra

si
lie

ns
is

13
6…

14
0a

57
…

71
b

32
.0

…
29

.9
a

18
.0

…
19

.1
b

15
.6

…
13

.8
a

10
.1

…
9.

9b
0.

00
83

…
0,

01
11

ac

0.
00

35
…

0.
00

57
bc

W
ag

en
fu

eh
r 

(2
00

0)
Te

ct
on

a 
gr

an
di

s
16

9a

85
b

34
.8

a

22
.0

b
15

.8
a

11
.2

b
0.

00
88

ac
  0.

00
45

bc
D

IN
 6

83
64

 (2
00

3)

So
ftw

oo
d 

la
m

el
la

s T
8…

T3
0 

(s
tru

c-
tu

ra
l s

iz
e)

20
.0

…
30

.6
a

7.
5…

7.
9a

5.
5…

4.
8a

27
.6

…
69

.8
ad

55
.2

…
70

.7
bd

13
.8

…
22

.5
ad

21
.9

…
23

.0
bd

9.
8…

12
.7

ad

13
.8

…
13

.1
bd

0.
00

17
…

0.
00

28
ac

d  
0.

00
34

…
0.

00
28

 bc
d

EN
 3

38
 (2

01
6 

(D
))

a  b
as

ed
 o

n 
te

ns
ile

 te
st

s
b  b

as
ed

 o
n 

co
m

pr
es

si
on

 te
st

s
c  E

 b
as

ed
 o

n 
be

nd
in

g 
te

st
s

d  c
al

cu
la

tio
n 

ba
se

d 
on

 th
e 

5t
h 

qu
an

til
e

* 
va

lu
es

 a
re

 c
al

cu
la

te
d 

ba
se

d 
on

 th
e 

lo
ng

itu
di

na
l s

tre
ng

th
, t

he
re

fo
re

 th
ey

 a
re

 n
ot

 re
pr

es
en

ta
tiv

e 
of

 th
e 

effi
ci

en
cy

 o
f a

 st
ro

ng
 p

la
te

 in
 b

en
di

ng
 w

hi
ch

 re
qu

ire
s i

so
tro

pi
c 

st
re

ng
th

1 3

1887



European Journal of Wood and Wood Products (2024) 82:1879–1899

strength according to ASTM D143 (2014) shows a moder-
ate correlation to the density of the whole test specimen 
(R2 = 0.50), whereas the tensile strength according to EN 319 
(1993 (D)) shows no correlation to the density (R2 = 0.01). 
This is induced by the density gradient within the single test 
specimen, the failure took place in the zone with the lowest 
density (Fig. 7), whereas only the density of the whole test 
specimen was determined. Therefore, the diagramed density 
in Fig. 6 is higher than the density in the failure zone (at 
least in the failure starting zone), according to the density-
gradient over the cross section in Koelli (2016) this differ-
ence increases with the density. Many specimens in the test 
according to ASTM D143 (2014) showed a failure outside 
the minimum cross section of 25 × 50 mm (Fig. 7, middle). 
Therefore, ft,90,ASTM D143 was calculated two times: based 
on the dimension at the minimal cross section (25 × 50 mm) 
(ft,90,• and ft,90,■ in Fig. 6) and at the failure´s cross section 
(ft,90,○ and ft,90,□), which leads to a slightly lower tensile 
strength ⊥. If the failure is outside the minimum cross sec-
tion, the “real” tensile strength at minimal cross section is 
higher than the determined value based on the dimension 
at the minimal cross section  (25 × 50  mm). In contrast to 
Ratanawilai et al. (2006) and Erwinsyah (2008), the tensile 
strength perpendicular to the vascular bundles seems only 
slightly influenced by the height because only the lower 
1…7 m within the trunks were investigated.

4.4  Compression tests parallel to the vascular 
bundles

The plot of the compression strength parallel to the vascular 
bundles (fc,0) related to density is shown in Fig. 8. The val-
ues of the compression strength (fc,0) are dependent on the 
height within the trunk and range from 3.1 to 64.4 MPa, do 
not differ for the two material origins and are comparable 
to those of Lim and Gan (2005) (13.0…31.4…38.1  MPa 
for ρ ≤ 350 … 350–500 … > 500  kg/m³), Balfas (2006) 
(16.9…53.4 MPa for ρair−dry = 330…670 kg/m³), Killmann 
and Lim (1985) (5…25 MPa) and Ratanawilai et al. (2006) 
(20.7…30.2 MPa for ρ12 = 380…510 kg/m³) and above those 
of Erwinsyah (2008) (16.7…23.2 MPa for test specimens 

and parenchymatous ground tissue are available in the lit-
erature yet), according to Kelly and Davies (1965), if Vf is 
less than Vfminimum, the composite material strength is con-
trolled by the matrix deformation and is actually less than 
the matrix strength. When Vf is greater than Vfminimum, but 
less than Vfcritical, the composite material strength is con-
trolled by the fiber deformation, but the composite mate-
rial strength is still less than the inherent matrix strength. 
Only when Vf exceeds Vfcritical, the composite material gains 
strength from having fiber reinforcement (based on the rule 
of mixtures with linear correlation between ft,0 and Vf). To 
calculate Vfcritical, Vfminimum and the strength of the compos-
ite material, beside the fiber volume fraction (Vf), the maxi-
mum fiber tensile stress (ft,0,fiber = 58…225 MPa, depending 
on the cross section and height of the trunk in Fathi (2014)), 
the maximum matrix tensile stress (not known for parench-
matous ground tissue yet), the matrix stress at a matrix 
strain equal to the maximum tensile strain of the fibers (not 
known for parenchmatous ground tissue yet) are necessary. 
A calculation method for fibers with statistical strength dis-
tribution is described by Rosen (1964). Rosen´s results lead 
to non-linear results, but are usually, according to Dow and 
Rosen (1965), close to the rule-of-mixture expressions.

The apparent Young´s modulus of the composite material 
in the direction of the fibers can be calculated according to 
the rule-of-mixtures as lower bound (if the Young´s modu-
lus of the parenchymatous ground tissue would be known) 
(Jones 1999). If the fiber modulus is assumed many times 
higher the matrix modulus, the fiber modulus dominates the 
composite modulus.

4.3  Tensile tests perpendicular to the vascular 
bundles

The plot of the tensile strength perpendicular to the vas-
cular bundles (ft,90) related to density is shown in Fig.  6. 
The values range from 0.4 to 2.3 MPa and are in the same 
range for ASTM D143 (2014) and EN 319 (1993  (D)). 
They are comparable to those of Ratanawilai et al. (2006) 
(0.6…1.0  MPa) and are much above those of Erwinsyah 
(2008) (0.3…0.4 MPa at 3 to 7 m trunk height). The tensile 

Fig. 7  Fracture patterns after the 
tensile test perpendicular to the 
vascular bundles, left and middle: 
specimen according to ASTM 
D143 (2014), right: specimen 
according to EN 319 (1993 (D))
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hardwoods with ductile behavior and no fracture. Figure 10 
exemplifies the failure mode on two samples of oil palm 
wood during the compression test parallel to the vascular 
bundles. The vascular bundles are buckling; the buckling 
failure of the individual vascular bundles could be heard 
and is shown afterwards microscopically (Fig.  11a) and 
in a 3D-reconstruction (Fig. 11b) because the parenchyma 
next to the fibers is too weak (extremely thin cell walls) to 
stabilize the fibers / vascular bundles. This is in line with 
the literature for composite materials with low modulus 
matrix, Dow and Gruntfest (1960), cit. in Dow and Rosen 
(1965) describe that the mode of failure appears to be fiber 
buckling within the restraint of the matrix material, called 
“microbuckling” by Greszczuk (1975). Greszczuk (1975) 
distinguishes two possible buckling patterns: (1) “trans-
verse” or “extensional” buckling mode (if the composite 

only from peripheral zone), Fathi (2014) (4.4…27.6 MPa), 
Iswanto et al. (2010) (3.8…13.9  MPa) and Srivaro et 
al. (2018a) (1.3…10.2  MPa). The compression strength 
increases with increasing density by the power law equa-
tion (R2 = 0.78). The exponent for fc,0 is 2.2273 and only 
slightly below that of Srivaro et al. (2018a) (2.77) for oil 
palm wood, but much higher than that of Fathi (2014) (1.0) 
and that for common wood species (modelled exponent 1.0 
according to Easterling et al. (1982) and Gibson and Ashby 
(1999); experimentally derived exponent 1.0 according 
to Markwardt and Wilson (1935) and for softwoods 0.97, 
respectively hardwoods 0.89, according to Kretschmann 
(2010)). The stress-strain behavior of the compression test 
parallel is linear from zero load to the ultimate or fracture 
load with brittle rupture (Fig. 9), this is typical for fiber-rein-
forced composites and very different from softwoods and 

Fig. 9  Force-displacement curves of 
specimens from the same board with various 
lengths loaded in compression parallel to the 
vascular bundles

 

Fig. 8  Compression strength parallel to the vascular bundles (fc,0) plotted against the density (ρ); a for material origin 2 differentiated according to 
the specimen height and b for both material origins, not differentiated according to the specimen height
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foundation model would appear to be reasonable (Dow and 
Rosen 1965) and the buckle wavelength is directly propor-
tional to the fiber diameter. Therefore, only a small influ-
ence of the specimen height on the compression strength II 
was found (Fig. 8a). It is assumed, that the exponent > > 1 of 
the power law relationship of the compression strength can 
be explained with the cell wall thickening within the vascu-
lar bundles and its rising fiber cap diameter. The analysis to 

contains a low volume fraction of the reinforcement): the 
fibers can buckle out of phase relative to one another (sym-
metric about a line halfway between the fibers), (2) “shear 
mode” (if the volume fraction of the reinforcement is 
higher): the fibers buckle in phase with one another (anti-
symmetrically with respect to the line halfway between the 
fibers) and the matrix is subjected to shearing deformation. 
If fiber buckling occurs in the matrix, a column on an elastic 

Fig. 11  a Micrograph of a compression test specimen after failure in 
30-fold and 100-fold magnification over different views, failure of the 
vascular bundles marked with arrows; b 3D-reconstruction in ultra-
high resolution (by Microtec´s Cube Eye Micro Computed Tomogra-

phy Scanner) of the middle part of a tested longitudinal compression 
specimen (20  mm x 20  mm x 30  mm) with buckling failure of the 
vascular bundles

 

Fig. 10  Two test specimens dur-
ing the compression test parallel 
to the vascular bundles: vascular 
bundles are buckling
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calculated for oil palm wood rises with the density. Assumed 
densities between 200…600 kg/m³ for oil palm wood result 
in M4 = fc,0/ρ = 20.3…78.4 MPa (Mg m− 3)−1. The strength-
density performance indices (M4 – M6) of oil palm wood 
are comparable to that for coconut and date palm wood. For 
oil palm wood with higher densities they are in the range of 
small, clear plantation wood test specimens and structural 
size softwood (Table 3).

4.5  Compression tests perpendicular to the 
vascular bundles

The plot of the proportional limit for compression perpen-
dicular to the vascular bundles (fc,90) related to density is 
shown in Fig. 12. The values of the compression strength 
perpendicular to the vascular bundles (fc,90, loaded over the 
entire specimen surface according to ISO 3132 (1975)) are 
dependent on the height within the trunk, range from 0.1 to 
12.2 MPa and are comparable to those of Killmann and Lim 

find the fiber buckling load in each mode can be based on 
the energy method described by Greszczuk (1975). In addi-
tion to fiber buckling being caused by mechanical compres-
sive loads, fiber buckling might also be caused by shrinkage 
stresses developed during drying the oil palm wood, which 
result from the matrix having a higher thermal coefficient 
of expansion than the fibers. Like for the tensile loading, 
the apparent Young´s modulus of the composite material 
in the direction of the fibers can be calculated according to 
the rule-of-mixtures (if the Young´s modulus of the paren-
chymatous ground tissue would be known) (Jones 1999). If 
the fiber modulus is assumed many times higher than the 
matrix modulus, the fiber modulus dominates the composite 
modulus.

In terms of structural performance, the specific compres-
sion strength (M4 = fc,0/ρ) parallel to the vascular bundles 
is shown in Table 3. Because of the power law relationship 
between compression strength and density, the performance 
index for minimum weight design by Ashby et al. (1995) 

Fig. 13  Bending properties plotted against the density (ρ); a bending strength (fm) and b bending modulus of elasticity (Em)

 

Fig. 12  Compression properties perpendicular to the vascular bundles 
plotted against the density (ρ); a proportional limit (fc,90) according to 
ISO 3132 (1975) for material origin 2 differentiated according to the 

specimen height and b proportional limit (fc,90) and locally compres-
sion strength (flc,90) for both material origins
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for ρ = <350…350–500…>500 kg/m³), Erwinsyah (2008) 
(7.5…53.7 MPa) and Srivaro et al. (2018b) (7…58 MPa), 
in the range but with a much higher variance than those 
of Killmann and Lim (1985) (8…45 MPa) and Iswanto et 
al. (2010) (15.7…39.4  MPa), higher than those of Bakar 
et al. (1999), cit. in Fathi (2014) (6.6…28.9  MPa) and 
lower than those of Balfas (2006) (28.3…74.9  MPa for 
ρair−dry = 330…670  kg/m³) and Ratanawilai et al. (2006) 
(37.7…46.6 MPa for ρ12 = 380…510 kg/m³). The values of 
Em range from 223 to 7,320  MPa and are comparable to 
those of Killmann and Lim (1985) (740…7,960 MPa), Bal-
fas (2006) (3,219…8,596 MPa for ρair−dry = 330…670 kg/
m³), Ratanawilai et al. (2006) (5,268…2,845  MPa for 
ρ12 = 380…510 kg/m³), Erwinsyah (2008) (928…6,869 MPa) 
and Srivaro et al. (2018b) (500…7,000  MPa), in the 
range but with a much higher variance than those of Lim 
and Gan (2005) (1,712…5,094…6,744  MPa for ρ = 
<350…350–500…>500  kg/m³) and Iswanto et al. (2010) 
(1,891…4,508 MPa) and higher than those of Bakar et al. 
(1999), cit. in Fathi (2014) (285…3,168  MPa). Bending 
strength and MOE increase with increasing density by the 
power law equation (R2 = 0.73 respectively R2 = 0.82). The 
exponent for fm is 1.732 and comparable to those of Srivaro 
et al. (2018b) for oil palm wood (1.92) and Rich (1987b) as 
a pooled value for six species of arborescent palms in the 
lowland rain forest of Costa Rica (2.05), lower than that of 
Srivaro et al. (2018a) for oil palm wood (2.82) and higher 
than that for common wood species (experimental derived 
exponent 1.25 (Markwardt and Wilson 1935) and for soft-
woods 1.01 respective for hardwoods 1.13 (Kretschmann 
2010). The exponent for Em is 1.9826 and comparable to 
those of oil palm wood by Srivaro et al. (2018b) (1.88) and 
Srivaro et al. (2018a) (2.32) and the pooled value for six 
species of arborescent palms in the lowland rain forest of 
Costa Rica (2.46) by Rich (1987b), but much higher than 
that for common wood species (experimentally derived 

(1985) (2…3 MPa). At the same density, the compression 
strength perpendicular to the vascular bundles of material 
origin 1 are slightly lower than those of material origin 2 
(Fig.  12b), but this effect may be due to the significantly 
higher proportion of test specimens from the upper trunk 
sections for material 1. The local compression strength per-
pendicular to the vascular bundles (flc,90, loaded over 1/3 
of the specimen surface according to ASTM D143 (2014)) 
ranges from 0.01…2.2  MPa and is comparable to that of 
Srivaro et al. (2018a) (0.4…1.2 MPa) (both determined at 
2.5 mm deformation). Bigger test specimens show slightly 
lower compression strength ⊥ compared to smaller ones 
(Fig. 12a). Proportional limit ⊥ (fc,90) increases with increas-
ing density by the power law equation (R2 = 0.73), the expo-
nent is 3.0767. In contrast, the local compression strength 
⊥ (flc,90) does not depend on the density (R2 = 0.13) with a 
much lower exponent (1.595) of the power law equation, but 
is above that of Srivaro et al. (2018a) (0.9, because of their 
low density range, cf. Figure 12b). In comparison, common 
wood species show a modelled exponent of 2.0 (Easterling 
et al. 1982; Gibson and Ashby 1999), an experimentally 
derived exponent of 2.25 (Markwardt and Wilson 1935) 
and for softwoods 1.57 respectively for hardwoods 2.09 
(Kretschmann 2010). The stress-strain curve of the com-
pression test perpendicular to the vascular bundles shows 
the ductile behavior typical for wood and fiber-reinforced 
composites. A buckling failure of all the test specimens was 
observed macroscopically, microscopically the hard vascu-
lar bundles are released from the soft parenchyma.

4.6  Bending tests parallel to the vascular bundles

The plot of the bending strength (fm) and the modulus of elas-
ticity in bending (Em) related to density is shown in Fig. 13. 
The values for fm range from 2.0 to 59.5 MPa and are compara-
ble to those of Lim and Gan (2005) (18.1…52.5…68.7 MPa 

Fig. 14  Bending properties plotted against the number of vascular bundles per unit area (#VB); a bending strength (fm) and b bending modulus 
of elasticity (Em)
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strongly related to Em, showing relatively high R2 = 0.97 
(without influence of the trunk height), which indicates that 
fm can be predicted from the known Em value independent 
of the trunk height. In terms of structural performance, the 
specific bending strength (fm/ρ) and modulus of elasticity 
(Em/ρ) parallel to the vascular bundles should be consid-
ered, shown in Fig. 15b.

exponent 1.0 (Markwardt and Wilson 1935) and for soft-
woods 0.84, respectively for hardwoods 0.7 (Kretschmann 
2010). Deviant from Srivaro et al. (2018a) an influence of 
the trunk height can be observed (Figs.  13 and 14). The 
number of vascular bundles per area shows much lower 
correlation to the bending MOR and MOE (Fig.  14) than 
the density (Fig. 13). Figure 15a shows that fm seems to be 

Fig. 16  Various properties plotted against the density (ρ); a various strength parallel to the vascular bundles (f0), b various strength perpendicular 
to the vascular bundles (f90) and c various modulus of elasticity (E)

 

Fig. 15  Relationship between bending strength (fm) and stiffness (Em) parallel to the vascular bundles; a absolute values and b performance indices
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(2003)). The low tensile strength of oil palm wood in this 
study might be due to the angle between the direction of 
the vascular bundles and the direction of the applied ten-
sile stress in the tensile test specimens, which results in 
tensile strength values that are measured too low. However, 
because of the helical orientation of the bundles with devia-
tions in radial direction (Tomlinson 1990; Rueggeberg et al. 
2008, 2009; González and Nguyen 2016), it is not possible 
to process small (that regular spaced vascular bundles) test 
specimens with perfectly aligned vascular bundles along the 
axis of the test specimen. The ratio of compression strength 
parallel (Fig. 16a) and perpendicular to the vascular bundles 
(Fig.  16b) is 37.1–11.8 : 1 within the density range rele-
vant for oil palm wood (ρ = 200…650 kg/m³) and therefore 
much higher than for clear wood in compression with 10:1 
according to Bodig and Jayne (1982). Figure 16c shows the 
Young´s modulus in tension and the MOE in bending. It can 
be observed that for oil palm wood Et,0 : Em = 1.5 : 1. This is 
in accordance with Egner (1957) for common wood species, 
who stated that Et,0 > Em, and slightly above Kretschmann 

The stress-strain curve of the bending test parallel to the 
vascular bundles with higher density especially in the lower 
trunk heights shows brittle rupture with only little prior 
change in the rate of deformation (low nonlinear), which is 
typical for softwoods and hardwoods. However – different 
from common wood species – the test specimens with lower 
density especially in the upper trunk show ductile behav-
ior and no fracture, which is not typical for bending test of 
wood (Bodig and Jayne 1982).

4.7  Relationship between macro- and 
micromechanical behavior

Figure  16a shows the tensile, compressive and bending 
strength of oil palm wood as a function of density. The 
compressive strength parallel to the vascular bundles (fc,0) 
is around 1.4 times the tensile strength parallel (ft,0). In con-
trast, softwoods and hardwoods show a reversed ratio for 
small, clear test specimens (ratio between compressive and 
tensile strength parallel to the grain of 1:2 according to Boss-
hard (1984) and 1:1.9 according to Niemz and Sonderegger 

Fig. 17  Various properties plotted against the distance from the periph-
ery (d); a various strength parallel to the vascular bundles (f0), b vari-
ous strength perpendicular to the vascular bundles (f90) and c various 

modulus of elasticity (E). Distance from periphery excludes the “bark” 
of the oil palm trunk
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stresses on the arborescent palm stem are greatest on the 
bottom at the periphery. Furthermore, the cell wall proper-
ties themselves are not constant, but differ in cells of differ-
ent densities. Cell wall thickening means that as the palm 
tissue (vascular bundles and parenchymatous ground tissue) 
ages more cell wall layers are added on the cell wall towards 
the lumen of the cells resulting in smaller lumina diameters 
and thicker cell walls containing a higher cellulose content 
(Lim and Khoo 1986). The density in the peripheral zones 
at the bottom of the trunk rises over time because the trunk 
volume increase is lower than the mass increase by added 
volume of additional cell wall layers. However, the den-
sity increase due to cell wall thickening is lower than the 
increase of the elastomechanical properties, which leads to 
exponents > 1 of the power law relationship and therefore 
leads to the rejection of the adapted rule of mixture for the 
tensile Young´s modulus and tensile strength parallel to the 
vascular bundles in this study. When analyzing or calculat-
ing the rule of mixture, it is essential to take into account 
that the elastic modulus and ultimate tensile strength of 
the vascular bundles and the parenchymatous ground tis-
sue depend on the age of the palm and the position within 
the trunk. Because of a percentage related higher increase 
of density and elastomechanical properties due to cell wall 
thickening in the parenchymatous ground tissue compared 
to the vascular bundles, the exponent of the compression 
strength perpendicular (mainly matrix dominated) is higher 
than that parallel to the vascular bundles (mainly vascular 
bundle dominated).

The power law relationships of the strength respectively 
modulus properties and the density in Fig. 16 in combina-
tion with the power function of density and distance (d) from 
the periphery of the trunks ρmean = 462.41 d− 0.353 by Frue-
hwald-Koenig et al. (n.d., in submission) leads to the appar-
ent properties depending on the position in the cross section 
shown in Fig. 17. It shows a dramatic drop in strength and 
stiffness within the first 2.5 cm from the periphery, which 
requires an adapted primary processing of the trunks and 
secondary processing of the lumber.

In contrast to the results of Srivaro et al. (2018a), who 
only investigated the lower 5 m of the trunk with mainly 
low density specimens, and according to the results of Fathi 
(2014), all mechanical properties depend on the height 
within the trunk; “useful and competitive” mechanical 
properties for common type products can only be found 
in the lower approximately 6  m trunk section. Note, that 
the results may be influenced by the non-uniform distribu-
tion of the specimens tested over the stem height and stem 
cross section. The elastomechanical properties are not only 
influenced by the density and the location within the trunk 
(height and cross section) as shown in this study, but prob-
ably also by the age of the palm, the oil palm subspecies 

(2010), who stated that Em includes an effect of shear deflec-
tion and therefore can be increased by 10%.

Compared to dicotyledons, all strength values show a 
high correlation with the stiffnesses (absolute and specific). 
This is caused by the very large density range of the oil 
palm wood test specimens and the therefore large range of 
property values compared to those of dicotyledons. Strength 
can be predicted from stiffness. All strength and stiffness 
values increase with the density as power law relationships 
with similar exponents; this corresponds to the results for 
oil palm wood according to Srivaro et al. (2018a, b) and 
for other palm species according to Rich (1987b), but the 
determined exponents are very different from those of soft-
wood and hardwood species from modelling (Easterling et 
al. 1982; Gibson and Ashby 1999; Price 1929) or experi-
mental results (Bodig and Goodman 1973; Kretschmann 
2010; Markwardt and Wilson 1935). This might be due to 
the different anatomical structures: dicotyledons consist of 
a honeycomb-like structure of tracheid (softwoods) or fiber 
cells (hardwoods), while monocotyledonous palms tissues 
are made up of vascular bundles (having honeycomb-like 
prismatic cells and dense fibers aligned along the stem) 
surrounded by parenchymatous ground tissue (made up of 
thin-walled polyhedral parenchyma like closed cell foam-
like structure) (Gibson 2012). Palms have a more heteroge-
neous structure in comparison to dicotyledons. The adapted 
rule of mixture based on the number of vascular bundles 
per unit area is confirmed for the density (Fig. 2). But ten-
sile Young´s modulus and strength parallel increase with 
the density as a power law relationship with exponents > 1 
(Fig. 16a + c); therefore, the adapted rule of mixture directly 
based on the density and indirectly via the relationship 
between density and number of vascular bundles per unit 
area also for the number of vascular bundles per unit area 
cannot be confirmed by the results. Some of the assumed 
basic restrictions for composite materials in Chap. 1 can be 
confirmed (composite is initially stress free, linearly elas-
tic, macroscopically homogeneous and orthotropic; vascu-
lar bundles are linear elastic (Fathi 2014), parenchymatous 
ground tissue is homogeneous and isotropic (Gibson 2012), 
some are still unclear (is the parenchymatous ground tissue 
linear elastic and void free? And are the vascular bundles 
perfectly bonded?); some have to be denied (vascular bun-
dles are not homogeneous (Fathi 2014), not isotropic (Gib-
son 2012), not regularly spaced, not perfectly aligned (cf. 
helical course in Chap. 1)). The concentration of vascular 
bundles, as well as the concentration of fibers within the 
bundles, is greater in the periphery of the trunk than in the 
central tissue (Fathi 2014; Lim and Khoo 1986). Cell wall 
thickening is more pronounced in the peripheral tissue than 
in the central tissue and more at the bottom of the trunk than 
at the top of the trunk (Rich 1987a), because the bending 
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of microcracks arising from freezing and/or kiln drying on 
compressive properties perpendicular to vascular bundles.

Because of the power law relationship between strength, 
respectively stiffness and density, the performance indices 
for minimum weight design by Ashby et al. (1995) calcu-
lated for oil palm wood rise with the density and are shown 
for assumed densities between 200…600 kg/m³ in Table 3. 
They are comparable to that for coconut and date palm 
wood. The modulus-density performance index M1 (tie 
under uniaxial load) is lower, whereas M2 (beam in flexure) 
and M3 (plate in flexure) are comparable to that of structural 
size softwood lamellas. The strength-density performance 
indices (M4 – M6) of oil palm wood with higher densities 
determined by compression tests are in the range of small, 
clear plantation wood test specimens and structural size 
softwood. In contrast, M4 – M6 of oil palm wood based on 
tensile tests is much lower than that of small, clear planta-
tion wood test specimens, high-density oil palm wood is in 
the range of low grade softwood lamellas of structural size. 
The performance index for elastic design M8 to allow large, 
recoverable deformation based on tensile tests is lower than 
that from small, clear plantation wood test specimens, but in 
the range of structural size softwood lamellas.

5  Conclusion

The study reveals crucial insights into the elastomechanical 
properties of oil palm wood, highlighting both similarities 
and differences with common wood species. The tensile and 
compression properties parallel and perpendicular to the 
vascular bundles, and bending properties are described as a 
function of density and position within the trunk, showing 
significant relationships between these properties. Because 
the adapted rule-of-mixture based on the number of vascu-
lar bundles per unit area is confirmed for the density, the 
density is sufficient for grading elastomechanical properties, 
making it unnecessary to determine the number of vascu-
lar bundles for strength grading. The compression strength 
parallel to the vascular bundles (fc,0) is approximately 1.4 
times the tensile strength parallel (ft,0), a reversal from 
typical softwood and hardwood ratios on small, clear test 
specimens. This discrepancy is likely due to the helical ori-
entation of the vascular bundles, which complicates speci-
men alignment and may underestimate tensile strength. The 
compression strength ratio parallel and perpendicular to vas-
cular bundles is much higher for oil palm wood compared 
to common wood species, as the perpendicular compression 
strength is very low. The Young´s modulus in tension (Et,0) 
is approximately 1.5 times the MOE in bending (Em), simi-
lar to common wood species.

and differences between individual palms (not inverstigated 
in this study) and the plantation sites. In the context of this 
investigation, no clear difference is determined in the com-
pressive strength II and ⊥ (fc,0, fc,90) as well as the tensile 
properties II (ft,0, Et,0) for the two material origins (both 
from Johor, South Peninsular Malaysia). Therefore, a mul-
tivariate regression model with all potential influencing fac-
tors should be calculated. This, however, is difficult due to 
the very large number of specimens necessary and the lim-
ited amount of oil palm material available in laboratories.

Rittiphet et al. (2021) demonstrated that pre-treating 
oil palm wood through water impregnation, followed by 
subsequent freezing below − 10  °C, induces microcracks 
between parenchyma cells. This pre-treatment allows for 
defect-free drying, even under severe conditions with tem-
peratures reaching 200  °C, in contrast to untreated refer-
ence specimens, which exhibit substantial cell collapse 
with internal voids and irregular shrinkage. In this study, 
material from origin 1 underwent freezing at -10 °C for sev-
eral weeks before kiln drying, while material from origin 
2 did not undergo freezing. Both sets of lumber were kiln-
dried at temperatures significantly below 100 °C. However, 
some individual boards from both origins exhibited signs of 
defects after kiln drying, preventing the production of test 
specimens from these boards. Potential microcracks on test 
specimens cannot be dismissed, attributed to freezing and/
or kiln drying for origin 1 and solely kiln drying for origin 
2. Microcracks between parenchyma cells and at the inter-
face of parenchyma cells and vascular bundles might impact 
shear properties (beyond the scope of this paper) and com-
pressive properties perpendicular to vascular bundles, as 
both are influenced by the properties of the parenchymatic 
ground tissue. For the compressive strength perpendicular 
to the vascular bundles, slightly lower strength values at the 
same density cannot be excluded for material 1 (Fig. 12b), 
but this may also be due to the significantly higher propor-
tion of test specimens from the upper trunk sections for 
material 1. No difference between the two material origins 
was found for the compressive strength parallel to vascular 
bundles (fc,0) in Fig. 8 and the tensile properties parallel (ft,0, 
Et,0) in Fig. 3. However, as discussed above, compressive 
and tensile properties parallel, as well as flexural proper-
ties, depend mainly on the vascular bundle properties or the 
interaction of the properties of vascular bundles and paren-
chymatic ground tissue. Consequently, these properties are 
presumed to be less affected by potentially occurring and 
undetected microcracks between parenchyma cells result-
ing from freezing or kiln drying. Thus, it is posited that the 
differential pre-treatment of material 1 and 2 concerning 
freezing has minimal or negligible effects on tensile, com-
pressive, and flexural properties parallel to vascular bundles. 
Further investigation is warranted to explore the influence 
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compared to common wood species, grading by density is 
mandatory as most design values are based on the 5th per-
centile, and high CVs result in low product performance. It 
is crucial to test palm timber in product-size, glued speci-
mens. For load bearing products, challenges include grading 
and trimming of the lumber, properties of full-size mem-
bers, long-term durability under load and wet climate, and 
design values as well as standardization to match building 
codes.
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The research confirms a strong correlation between 
strength respectively stiffness and density, following power 
law relationships with exponents greater than one. This 
aligns with previous studies on oil palm wood and other 
palm species but diverges from patterns in softwoods and 
hardwoods. Therefore, the adapted rule of mixtures for the 
tensile Young´s modulus and tensile strength parallel to the 
vascular bundles is rejected, because the number of vascular 
bundles per unit area, the share of fibers within the bundles 
and the cell wall thickening over time is not constant over 
the entire trunk. This emphasizes the need to consider the 
age as well as height and cross-sectional location within the 
trunk when analyzing the elastomechanical properties and 
optimizing the processing and utilization of oil palm wood 
in various applications. For example, only the lower 5 to 
6 m should be used for solid wood-based products and these 
should be cut into at least two trunk sections. Further studies 
should consider multivariate regression models to account 
for additional influencing factors, such as palm age, subspe-
cies, and plantation sites, to refine these findings and expand 
their applicability.

Oil palm wood availability offers good opportunities to 
supplement or substitute common tropical timber species, 
especially in Asia, and from pine plantations. The material 
shows promising potential especially as a plate material. 
Its performance indices for minimum weight design, com-
parable to coconut and date palm wood, indicate that the 
modulus-density indices for beam and plate in flexure (M2 
and M3) are similar to those of structural softwood lamellas. 
The strength-density indices (M4 – M6) for higher-density 
oil palm wood in compression are on par with small, clear 
plantation wood test specimens and structural size soft-
wood. However, the tensile strength-density indices for oil 
palm wood are lower, placing high-density oil palm wood in 
the range of low-grade structural softwood lamellas.

Given the unique unidirectional long-fiber-reinforced 
bio-composite structure oil palm wood, special product 
development (including material respectively product mod-
eling) and process technology development is necessary for 
market competitiveness. To obtain predictable and uniform 
product properties, lumber must be separated lengthwise by 
required density in dense-homogeneous strips, graded into 
density classes, and then reassembled into products. Since 
all strengths highly correlate with stiffness, the modulus of 
elasticity can be used for strength grading. Considering the 
uniform structure and absence of knots in palm wood, larger 
glued structural members may have very similar properties 
to those of small specimens, as confirmed by initial bend-
ing, compression and tensile tests. Unlike common wood 
species, palm wood´s structural member might not suffer 
from significantly lower properties due to knots. Because 
of the high coefficient of variation (CV) in oil palm wood 
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