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The variation of wood density and mechanical properties with site, tree and within tree (longitudinal and
radial) were studied for blackwood (Acacia melanoxylon R. Br.) grown in four sites in Portugal. Twenty
trees were randomly selected (40 cm dbh class, 33–51 years of age), sampled at three stem height levels
(5%, 35% and 65% of tree height) and three radial positions (10%, 50% and 90% of radius). They were fur-
ther tested for air-dry density at 12% moisture content, bending strength (MOR), modulus of elasticity
(MOE) and compression strength parallel to grain (CS), using ISO standards.

The overall mean properties of blackwood were: 654 kg m�3 density, 139 N mm�2 MOR, 141 � 102

N mm�2 MOE and 61 N mm�2 CS. Site was not a significant source of variation for all wood properties.
The variation between individual trees was the most important. Within the tree, the radial variation
was highly significant for all traits, while the longitudinal variation was only significant for density.
The correlation of density with the mechanical properties was moderate.

Blackwood showed potential for being an alternative species to supply the industry with valuable hard-
wood timber. The significant differences found between the trees demonstrate the possibility of selection
and improvement for increased wood quality.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Blackwood (Acacia melanoxylon R. Br.) is a highly valued timber
species for carpentry and cabinet making. It has great decorative
wood qualities and is classed within an elite group which includes
walnut, mahogany and teak [1,2]. Blackwood grows in eastern
Australia over a wide latitudinal range from north Queensland
(16�S) to Southern Tasmania (43�S), and westwards into South
Australia [3]. Blackwood was introduced into Europe as an orna-
mental timber and is now established as a forest plantation species
in many countries including South Africa, New Zealand, Vietnam,
China and Chile [3].

Blackwood was introduced in mainland Portugal, at the begin-
ning of the twentieth century in state owned dry and poor sandy
soils along the coast, mainly for dune protection; the present
estimated area for Acacia spp. is 5331 hectares in pure and mixed
stands, mainly with maritime pine, and mostly uneven-aged and
uneven-sized [4]. These state-owned stands are subject to selective
cuttings for sawlog-sized timber dimension (40 cm diameter) and
the Blackwood logs have considerable market value for the produc-
tion of solid wood products. However, little is known about the
wood properties of European Blackwood [5,6], except for recent
reports on its heartwood variation [7] and pulp production
potential [8–12].

One of the most important properties of lignocellulosic materi-
als is density due to its effect on strength, performance and the
general quality of final products [13–17].

Blackwood is a medium to high density hardwood with a large
variation range: in New Zealand in 70-year-old trees basic density
ranges from 465 to 670 kg m�3 [2], and in Argentina for 9–12 and
26–32 year old trees it ranges from 414 to 589 kg m�3 [18]. A large
variation was also reported in the basic density of sapwood
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Table 2
Variance components for ANOVA.

Source Variance components

Site (S) r2r + rdlr2T/S + rdltr2S
Tree/site (T/S) r2r + rdlr2T/S
Height level (L) r2r + rdtsr2L
L � S r2r + rdr2LTS + rdtr2LS
L � T/S r2r + rdr2LTS
Radial position (P) r2r + rltsr2P
P � S r2r + rlr2PT/S + rltr2PS
P � T/S r2r + rlr2PT/S
P � L r2r + rtsr2PL
P � L � S r2r + rr2PLT/S + rtr2PLS
P � L � T/S r2r + rr2PLT/S
R/P/L/T/S r2r

l = 4; a = 5; n = 3; p = 3; r = 1.63.
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(494–740 kg m�3) and heartwood (583–987 kg m�3) for Chilean
Blackwood trees [19].

Within the stem, the basic wood density was reported to vary
very little with height in New Zealand blackwood trees [2], while
a significant decrease with height was found in Argentinian trees
[18]. The basic density varied considerably over the radial profile,
increasing with cambial age [2,20], although Aguilera and Zamora
[19] reported higher density for heartwood than for sapwood.

Blackwood is highly appreciated due to medium bending prop-
erties, high crushing strength and resistance to impact, which are
all important properties for structural uses [2,6]. However, the
published information is insufficient for a detailed quantification
of blackwood mechanical properties and for the potential variation
to be found between trees or sites. Results published previously
[21] have already suggested the value of blackwood grown in
Portugal, and those results are completed by the present study.

The overall objective of this study is to contribute to enhancing
the use of blackwood in Europe as a high value timber species by a
detailed characterization of its wood quality in what relates to den-
sity and mechanical properties. The aim is to show that European
grown blackwood may compete with other woods i.e. tropical
woods, in quality wood components. As such we investigated the
variability of wood density and mechanical properties of European
grown blackwood in relation to, within and between tree variation
as well as the respective site influence. A. melanoxylon trees grown
in four sites located in northern and central Portugal and with dif-
ferent edaphoclimatic conditions were investigated by harvesting
20 mature trees at the end of rotation.

2. Material and methods

2.1. Sampling

Twenty blackwood (A. melanoxylon R. Br.) trees were sampled
from four state-owned mixed stands with maritime pine (Pinus
pinaster Aiton.) in Portugal. The location and details of the four
sites and of the sampled trees are given in Table 1, as already
previously described [21]. The trees were harvested at the end of
rotation for sawlog-size timber dimension (40 cm over bark diam-
eter at breast height) corresponding to an age between 35 and
49 years. Five trees were randomly selected in each site. Diameter
at 1.3 m height (d.b.h.) was determined as the mean of two cross-
diameters. After felling, total height and the height from base to
7 cm diameter were measured.

A 40 cm long disk was taken at different height levels (at 5%,
35% and 65% of total tree height) [7]. The 5% height level was close
to the breast height level.
Table 1
Site and blackwood trees characteristics.

Site Camarido National Forest Ovar Dunes Forest Perimeter,
Vala da Maceda

MNC PFDOVM

Tree agea (years) 34–49 37–48
Longitude 8� 430W 8� 340W
Altitude (m) 8 7
Rainfall (mm yr�1) 1427 1152
Mean temperature (�C) 14.3 13.9

Soil origin Sand Sand
DBH (cm) 39.6 ± 1.6 39.2 ± 3.1
Total height (m) 30.4 ± 3.6 33.0 ± 2.2
Height to top (m) 24.0 ± 1.7 29.7 ± 2.1
Number of rings at DBH 33–47 36–47

a Measured by ring counting at the stem base.
From each disk, specimens (20 � 20 � 340 mm, radial �
tangential � axial) were cut at three distances from the pith (10%,
50% and 90% of the radius length) on both sides (North and South).
The specimens were conditioned to constant mass at a temperature
of 20 ± 2 �C and a relative humidity of 65% ± 5% and maintained in
this condition until required for testing. The average moisture con-
tent of the test pieces after this stage was 12%. Specimens for wood
density and compression tests were sampled from the ends of the
bending specimens after failure, if no mechanical damage was
observed.

2.2. Wood density and mechanical testing

Wood density was assessed at 12% moisture content according
to the ISO 3131 standard [22]. The bending strength (MOR) and
modulus of elasticity (MOE) were determined by a three-point
bending test according to ISO 3133 standard [23]. Compression
parallel to the grain was performed in a 250 kN universal testing
machine, with 1% load accuracy, and the displacement was mea-
sured using the machine cross-head displacement, with a 1% defor-
mation accuracy. Compression strength (CS) and modulus of
elasticity (MOE) was determined according to ISO 3787 standard
[24].

2.3. Data analysis

Analysis of variance (ANOVA) for all wood traits was performed
according to the model shown in Table 2 to test the significance of
site, tree, height level and radial position effects. Trees were
considered as random effects, and the other sources of variation
Rebordões/Santa Maria Forest Perimeter Crasto Mountain Forest Perimeter

PFRSM PFC

40–48 37–52
8� 340W 7� 560W
154 548
1720 1229
14.0 13.0

Granite Granite
41.1 ± 3.5 41.0 ± 2.9
28.7 ± 2.5 28.6 ± 2.9
23.1 ± 3.2 24.1 ± 3.1
39–47 34–51
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as fixed effects. Variance components for the sources of variation
were also estimated.

Correlation coefficients between density and mechanical prop-
erties were calculated at tree level (n = 20) considering the average
values per tree, and at the specimen’s level considering all the val-
idated results by linear regression analysis using the least squares
method. Statistical analysis was performed using the JMP Statistica
software (SAS Institute Inc.).
Fig. 1. Wood density variation (at 12% moisture content) for blackwood trees
grown in four different sites. (SD – Standard deviation; Min–Max – minimum
observed value – maximum observed value).
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3. Results and discussion

3.1. Wood density

The overall air-dry density (at 12% moisture content) of black-
wood was on average 654 kg m�3, with an average range between
sites from 614 to 668 kg m�3 (Table 3). Site was not a significant
source of variation of wood density and it was the tree-to-tree var-
iation within a site the most important source of variation, explain-
ing 30% of the total variation (Table 4). Although the variation
within each site was large for all cases (Fig. 1), it was in site
PFDOVM that the largest range was found with tree mean values
from 450 to 850 kg m�3.

The radial variation of density was highly significant and the
most important within-tree source of variation, accounted for
16% of the total variation. The density increased from the 10% to
the 50% radial position, followed by stabilization up to 90% of the
distance (Fig. 2). The pattern of variation was independent of site
(Table 4, where S � P was not significant, although the site PFDOVM
showed an increasing trend from pith to bark (Fig. 2), but varied
between trees i.e. the interaction was highly significant and ac-
counted for 10% of the total variation. The variance explained by
this interaction may result from the internal variability of the trees
as well as from other factors that were not studied here, namely
the climate conditions during growth. The different behavior
observed for site PFDOVM could be explained by a lower stand
density associated to more favorable soil and lower rainfall.

The longitudinal variation was highly significant but contrib-
uted little to the total variation (Table 4). The density increased
Table 3
Average values per site for wood density and mechanical properties of blackwood.

Site MNC PFDOVM PFRSM PFC

Density – 12% (kg m�3) 667 ± 66 614 ± 86 668 ± 53 665 ± 80
MOR (N mm�2) 143 ± 31 126 ± 28 146 ± 28 141 ± 32
MOE � 102 (E0) (N mm�2) 146 ± 22 132 ± 25 145 ± 20 142 ± 22
CS (N mm�2) 63 ± 8 58 ± 8 63 ± 6 60 ± 7

MOR – bending strength; MOE – modulus of elasticity; CS – compression strength.

Table 4
Variance components for density at 12% moisture content and mechanical properties of b

df Density – 12% MOR fm

P-value Var (%) P-value

Site (S) 3 0.2443 3.4 0.0573
Tree/Site (T/S) 16 0.0001 30.2 0.0032
Height level (L) 2 0.0001 5.6 0.6162
S � L 6 0.8951 0 0.2818
L � T (S) 32 0.0001 7.4 0.9752
Radial position (P) 2 0.0001 15.5 0.0001
S � P 6 0.7010 0 0.8813
P � T (S) 32 0.0001 10 0.0363
L � P 4 0.0001 3.5 0.3468
L � P � S 12 0.0122 3.1 0.8293
L � P � T (S) 64 0.7429 0 0.9996
R/P/L/T/S 115 21.2

MOR fm: bending strength; MOE E0: modulus of elasticity parallel to grain; CS fc,0: com

Fig. 2. Radial variation of wood density at 12% moisture content by site, for
blackwood trees (mean and standard deviation).
with the height level more notably from the 35% to the 65% tree
height. This pattern was the same for all sites (Fig. 3), but could
vary between trees i.e. the interaction was highly significant
(Table 4).
lackwood.

MOE E0 CS fc,0

Var (%) P-value Var (%) P-value Var (%)

4.8 0.2326 2.3 0.0502 5.8
6.8 0.0001 16.9 0.0004 8.5
0 0.6391 0 0.7593 0
0.5 0.0270 1.3 0.9035 0
0 0.9980 0 0.1749 3.7

10.7 0.0001 26.7 0.0001 12.8
0 0.6290 0 0.3301 0.7
8.5 0.0101 7.4 0.2136 3
0.3 0.0693 1.6 0.1762 1.2
0 0.2079 0.9 0.5111 0
0 0.9995 0 0.6084 0

69 43 64.4

pression strength parallel to grain.
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Fig. 3. Axial variation of wood density at 12% moisture content by site, for
blackwood trees (mean and standard deviation).
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ig. 4. Radial variation of bending strength (MOR) by site, for blackwood trees
ean and standard deviation).

978 J.S. Machado et al. / Materials and Design 56 (2014) 975–980
The comparison with wood density values found in literature
for A. melanoxylon showed similar mean values and variation.
Nicholas and Brown [2] referred that there was remarkable
variation in density between blackwood trees in New Zealand i.e.
465–670 kg m�3 in a group of 70 year-old trees, and considerable
differences between seedlots. A range from 432 to 649 kg m�3

was reported [25]. Llic [26] referred an average of 546 kg m�3

(45 trees tested) and 566 kg m�3 (24 trees tested), and Ananias
[27] found the highest values at 12.5 m height, of 500 kg m�3

and 520 kg m�3 for reaction and normal wood respectively. A large
between-tree variation was also reported for the wood density of
Argentinean blackwood trees, accounting for as much as 74% of
the variation [18].

For the studied A. melanoxylon trees, density varied very little
with height, but considerably over the radial profile. The highest
values of density at stem base may result from a combined effect
of cambial age (corresponding to 42 ± 6 years, as observed by wood
ring counting) and of an influence from the root system. At the top
of the trees, corresponding to the youngest material (approxi-
mately 10 ± 4 years) the lowest density values were expected
(Fig. 3). A higher density at the stem base was also reported for
young 6-year-old A. melanoxylon trees, growing in Australia, with
an overall trend for reduction in density with tree height [28]. A
low influence of tree height on wood density of blackwood trees
was also observed for New Zealand blackwood trees [2] and for
Argentinean blackwood trees [18].
3.2. Mechanical properties

Mechanical properties of blackwood are summarized in Table 3:
average bending strength (MOR) of blackwood was 139 N mm�2,
varying between sites from 126 to 146 N mm�2; average modulus
of elasticity (MOE) in compression parallel to grain was 141 � 102

N mm�2, varying from 132 to 146 � 102 N mm�2; and average
compression strength parallel to the grain was 61 N mm�2, varying
from 58 to 63 N mm�2.

Site was not a significant source of variation for the properties
tested (Table 4). In all cases, the tree-to-tree variation was a signif-
icant source of variation and explained 6.8% of the bending
strength variation, 16.9% of the MOE variation and 8.5% of the CS
variation (Table 4).
F
(m
The most important and highly significant source of variation in
blackwood mechanical properties was the radial position (Table 4),
explaining 10.7%, 26.7% an 12.8% of the total variation of the
respective bending strength, MOE and CS.

Bending strength, MOE and CS increased from the 10% to the
50% radial position, followed by a small decrease to the 90% posi-
tion (Fig. 4). This pattern of variation was site independent
(Fig. 4), but for bending strength and MOE it may be slightly differ-
ent from tree to tree (Table 4).

Blackwood mechanical properties did not vary with tree height
(Table 4). Overall, this European grown blackwood showed to be a
medium strength wood with mechanical properties similar to those
reported for blackwood in Australia and New Zealand:
115–130 N mm�2 for MOR, 107 � 102 N mm�2 for MOE and
60–63 N mm�2 for CS [29,30]. Blackwood also compares favorably
to the prized teak wood that shows 141 N mm�2 for MOR,
132–144 � 102 N mm�2 for MOE and 50 N mm�2 for CS [31]. Mari-
time pine, the main timber species which grows together with
blackwood (in mixed stands) shares the stands, has overall lower
values of wood density, MOR, MOE and CS: 630 kg m�3,
130 N mm�2, 105 � 102 N mm�2 and 47 N mm�2, respectively [32].
3.3. Correlation of density with mechanical properties

The wood density of individual samples moderately correlated
with the mechanical properties of MOR, MOE and CS, although
the determination coefficient was low, especially for MOR and CS
(0.26 and 0.21) with the best case being MOE (0.42) (Table 5).
Therefore a reliable prediction of wood strength and stiffness
based on density is not possible for individual wood samples due
to its low predictive ability, even if the significance of the correla-
tion is high due to the high number of degrees of freedom. When
considering the mean tree values, the determination coefficient
were higher: MOE 0.53, MOR 0.64 and CS 0.45 (Table 5).

The relationship between wood density and strength properties
is generally acknowledged in part because density is a measure of
the relative amount of solid cell wall [32], but the correlations are
highly dependent on species [33–36]. Low density correlations
with mechanical properties were in some cases attributed to the
influence of microfibril angle (MFA) [33,32,36]. The reasoning is
that density increases while MFA decreases with age, thereby
impacting the mechanical tests and resulting in poor correlations



Table 5
Correlation of wood density at 12% moisture content with mechanical properties of
blackwood at tree level (average values per tree) and at specimens test.

MOR (N mm�2) MOE (N mm�2) CS (N mm�2)

Specimens level n 221 197 254
R2 0.26 0.42 0.21
P-value 0.0000 0.0000 0.0000

Tree level n 20 20 20
R2 0.64 0.53 0.45
P-value 0.0000 0.0003 0.012

MOR – bending strength; MOE – modulus of elasticity; CS – compression strength.
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when density alone is considered [36]. The grain angle can also af-
fect the correlation between density and mechanical properties
[37].

High amounts of extractives can also influence mechanical
properties, especially the compression strength, but also MOR
[37–41]. The ethanol extractive content of blackwood heartwood
is more than double that of the sapwood [9]. This could explain,
at least in part, the decrease in MOR and CS from the 50% (heart-
wood) to the 90% (sapwood) radial positions.

3.4. Variability of properties

Despite being a tough and adaptable species surviving across a
range of different site and climatic conditions, blackwood is con-
sidered highly responsive to site factors [2,3]. In this study, four
sites were tested which differ in type of soil and altitude, from sand
at sea level (sites MNC and PFDOVM), to shallow granite soils at
medium altitude (sites PFRSM and PFC) (Table 1).

The between-tree variation within a site was large for all wood
properties and tree was always a highly significant factor of varia-
tion (Table 4). This influence of individual trees on the variation of
wood properties constitutes a potential for selection and improve-
ment especially for density.

As regards the within-tree variation, the radial variation was
the most important for all wood properties (Table 4), thereby
showing the importance of cambial age for the wood characteris-
tics. The variation followed the common trend of increase from
pith to bark that is linked to the tree age and the transition from
juvenile to mature wood [13]. In this study, the radial position at
10% of the radius clearly is within the corewood but from 50% to
the 90% position the properties leveled off (density and MOE) or
decreased slightly (MOR, CS). A considerable variation of basic den-
sity over the radial profile was also reported for New Zealand
blackwood [2].

However, the radial within-tree variation had a moderate range,
thereby avoiding unfavorable heterogeneities that could have an
impact on the stem technological quality.

It should be noted that a large part of the variation was unex-
plained by the measured factors, especially for the mechanical
properties i.e. the residual effect was one of the largest sources
of variation (density 21%, MOE 43%, MOR and CS above 60%). The
higher residuals for MOR and CS are explained by their higher
dependence on the sample homogeneity e.g. the presence of a
weak point.

4. Conclusions

Blackwood (A. melanoxylon) trees grown in Portugal showed a
production of high quality wood at a rotation age of 40 years which
may be directed for carpentry and high value wood products. The
wood showed medium-to-high density, modulus of elasticity and
strength and overall small within-stem heterogeneity. The
mechanical properties of blackwood were not influenced by site.
Blackwood has the potential therefore to be an alternative species
to supply the European industry with valuable hardwood timber.

The significant differences found between the trees show the
possibility of selection and improvement for increased wood
quality.
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