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ABSTRACT: The objective of this study was to evaluate the accuracy of nondestructive variables in inferring basic density of wood from
Eucalyptus grandis and Eucalyptus urophylla. A total of 27 clones of Eucalyptus urophylla and 22 clones of Eucalyptus grandis were used,
sourced from a clonal trial set up in Martinho Campos, Minas Gerais. After evaluation using nondestructive techniques of resistography and pin
penetration at a constant pressure (Pilodyn®), individuals were felled and disks were removed from the 2%, 10%, 30%, 50% and 70% portions
of the merchantable height section, and also from the portion 1.30 m above ground level. Basic density was determined by the water immersion
method. Values of basic density ranged from 0.412 to 0.609 g.cm? for clones at age 42 months and from 0.408 to 0.664 g.cm™ for clones at age
54 months. The clones of Eucalyptus urophylla provided higher values of average basic density in relation to Eucalyptus grandis. The variable
‘amplitude’ had better correlation with basic density in comparison with pin penetration at a constant pressure. Nondestructive evaluation can
be used in mass preselection of genetic materials, prior to subjecting them to a more accurate, reliable evaluation.
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MODELAGEM DA DENSIDADE BASICA DA MADEIRA DE
Eucalyptus grandis E Eucalyptus urophylla POR METODOS NAO DESTRUTIVOS

RESUMO: Objetivou-se, com este trabalho, avaliar a precisdo da utilizagao de varidveis ndo destrutivas na inferéncia sobre a densidade
basica das madeiras de Eucalyptus grandis e Eucalyptus urophylla. Foram utilizados 27 clones de Eucalyptus urophylla e 22 clones de
Eucalyptus grandis oriundosde teste clonal implantado em Martinho Campos, Minas Gerais. Apds a avaliagao por técnicas ndo destrutivas
de resistografia e penetragdo por um pino a presséo constante (Pilodyn®), os individuos foram abatidos e retirados discos a 2, 10, 30,50 e
70% da altura comercial, além destes, foram extraidos também discos a 1,30 metros do solo. A densidade basica da madeira foi
determinada pelo método de imerséo em agua. Os clones avaliados apresentaram valores em densidade basica variando de 0,412 a 0,609
g.cm®aos 42 meses e 0,408 a 0,664 g.cm® aos 54 meses. Os clones de Eucalyptus urophylla apresentaram densidade basica média superior
em relagdo aos de Eucalyptus grandis. A variavel amplitude apresentou melhor relagcdo com a densidade basica comparada a penetragao
por um pino a pressdo constante. A avaliagdo ndo destrutiva pode ser utilizada em uma pré-sele¢do massal de materiais genéticos,
destinando-0s posteriormente a uma avaliagdo mais precisa e confiavel.

Palavras-chave: Resistografia, Pilodyn®, estimativa.

1 INTRODUCTION nature is a significant advantage if compared with materials

obtained from nonrenewable sources.

Wood is one of the most widely used natural
resources, serving several purposes which include power
generation (ACKOM et al., 2010; PALLARDY et al., 2003),
pulp and paper production (GOMIDE et al., 2005),
manufacture of engineered panels (HASELEIN et al., 2002;
IWAKIRI et al., 2000), in addition to promoting
environmental services such as immobilization of
atmospheric carbon (ANDRADE et al., 2008). Its renewable

A major reflection of the large number of usable
applications for wood is the increasing demand for the
material. This, compounded by environmental problems
resulting from the intense exploitation of this natural
resource, has become a burden.

With the above in mind, search for alternative,
sustainable sources of wood has intensified in recent
decades, and research studies related to Eucalyptus are
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showing that this genus can be a feasible alternative for
the problem.

The genus Eucalyptus is well adapted to the
climate conditions of Brazil and, being a fast-growing
source of wood, has been massively used in all branches
of the forest sector. However, productivity is not the only
parameter determining whether or not a material is viable
for a given purpose.

Use of wood to the best of its potential requires
knowledge about its physical, anatomical, chemical and
mechanical properties, and that causes studies to assess
wood quality as feedstock to become lengthy, expensive
processes. Depending on the end use, properties considered
important for characterizing wood quality may vary; yet basic
density is considered the main indicator of wood quality, as
it correlates with all other wood properties, including
retractability (WU et al., 2006; YAMASHITA et al., 2009),
mechanical properties (NASCIMENTO et al., 1997) and
anatomy (TOMAZELLO FILHO, 1987). Also, density affects
all processes in which wood is present, including pulping
(QUEIROZ et al., 2004), charring (KHRISTOVA; KHALIFA,
1993), machining (Silva et al., 2007), log breakdown etc.

With that in mind, reducing the time and costs
involved in characterizing wood quality, especially in
connection with analysis of basic density, would be an
interesting obstacle to overcome. Nondestructive methods
or tests have great potential as analysis tools, since they
are intended to qualify the material without jeopardizing its
future use. In other words, here it is not necessary to fell
trees in order toremove the material required for determination
of basic density (CARRASCO; AZEVEDO, 2003).

Some devices have been developed and adapted
that perform nondestructive evaluation of wood, including
Resistograph®and Pilodyn®. These devices were primarily
designed to evaluate the soundness of wood pieces but,
other than the original purpose, they have also been used
astools to make inferences about wood quality (CERALDI
etal., 2001; KAHL etal., 2009; WU et al., 2010).

Basically, Pilodyn® consists of a hard pin that is
spring-fired into wood at a constant pressure. Pin
penetration should be negatively correlated with basic
density, for the higher the density of the material the greater
its resistance to pin penetration and, consequently, the
shallower the depth reached by the Pilodyn® pin (GOUVEA
etal., 2011a, 2011b; NEVESetal., 2011; THIERSCHet al.,
2006; VALE etal., 1995; WU et al., 2010).

Resistograph®is a device that probes a 3mm micro
drill with varying lengths into the wood piece, being
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automatically adapted to a drill speed mechanism (RINN et
al., 1996). A reading device records a magnitude concerning
drill difficulty in perforating the wood (amplitude), and the
average amplitude is correlated with the density of the material.

Given these considerations, the objective of this
study was to evaluate the efficiency of nondestructive
analysis devices (Resistograph® and Pilodyn®) in inferring
wood density of clones from Eucalyptus grandis and
Eucalyptus urophylla.

2 MATERIAL AND METHODS
2.1 Biological material

Wood samples were used from 49 clones of
Eucalyptus urophylla and Eucalyptus grandis at ages 42
and 54 months, sourced from clonal experiments run by
ArcelorMittal Bioenergia, located in the municipality of
Martinho Campos, Minas Gerais. The study site is located
at coordinates 19°19” South and 45°14° West, in a region
with average annual temperature of 22°C and cumulative
annual precipitation of 1,150 mm. The clonal experiment
area was subjected to subsoiling and base fertilization
comprising 300 kg.ha* of Gafsa phosphate, followed by
additional fertilization (top dressing) comprising 170 kg.ha'*
of NPK 6/30/6, Zn (1%), Cu (0.7%) and B (1%).

The clones were selected based on mean annual
increment, being evaluated both destructively and
nondestructively. Five sample trees were used per genetic
material, to a total of 245 trees. Table 1 itemizes the number
of clones being analyzed.

Table 1 - Distribution of materials used in this study.

Tabela 1 - Distribui¢do do nimero de materiais utilizados neste
estudo.

Age (months)

Species Total
42 54

Eucalyptus 12 15 97

urophylla S. T. Blake

Eucalyptus

grand?fw. Hill 12 10 22

Total 24 25 49 clones

2.2 Nondestructive evaluation

For each individual, readings were taken 1.30m
above ground level (DAP) using Pilodyn® and
Resistograph®. Four readings were taken with Pilodyn®
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while with Resistograph® only two readings were taken
(Figure 1). This analysis was intended to obtain a more
representative average value of nondestructive variables,
noting that the Resistograph®drill perforates through the
entire diameter of the stem while the Pilodyn® pin only
penetrates a shallow depth into the stem.

il I
S»

Resistograph

.
>

Pilodyn

Planting row direction

Figure 1 — Graphic representation of nondestructive analysis
devices.

Figura 1 - Esquemade aplicacao dos equipamentos de avaliagdo
nao destrutiva.

2.3 Longitudinal sampling

Following nondestructive analysis, trees were felled
and disks around 2.5 cm thick were removed from the 2%,
10%, 30%, 50% and 70% portions of the merchantable height
section (minimum diameter of 5 cm) according to Downes
etal. (1997), with an additional disk being removed from
the section 1.30 m above ground level.

2.4 Determination of basic density

Two opposing wedges passing through the pith
were removed from each disk. Determination of basic
density is standardized by NBR 11941 (ASSOCIACAO
BRASILEIRA DE NORMAS TECNICAS - ABNT, 2003).
Mean basic density was obtained using all longitudinal
sampling points, except DAP.

2.5 Statistical analysis

Analysis of linear regression were run between
nondestructive variables Resistograph® amplitude (AMP)
and Pilodyn® penetration (PIL) and basic density of clones
from same species and age, as well as indicative tests of
residual homoscedasticity (Goldfeld-Quandt Test) and
normality (Shapiro-Wilk Test).
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Additionally, mean, maximum, minimum and
coefficient of variation were determined for average basic
density (DB MED), basic density 1.30m above ground level
(DB DAP), average amplitude recorded by Resistograph®
(AMP) and Pilodyn® penetration (PIL) for each tree of
Eucalyptus grandis and Eucalyptus urophylla at ages 42
and 54 months.

All statistical analysis were run using statistical
software R version 2.9.2, and for regression analysis
assumptions the Imtest package was used (HOTHORN et
al., 2010).

3 RESULTS AND DISCUSSION

Table 2 provides mean, maximum, minimum values
and coefficient of variation of average basic density (DB
MED), basic density 1.30m above ground level (DB DAP),
average amplitude recorded by Resistograph® (AMP) and
Pilodyn® pin penetration (PIL) for the Eucalyptus clones.

Density values found in this work were similar to
results found by Brito et al. (1983) while working with
Eucalyptus sp at age 120 months (0.391 to 0.593 g/cm3),
indicating the great potential of the clones for charcoal
production, the reason being that when higher density
woods are charred, characteristics of the resulting charcoal
such as apparent relative density (BRITO; BARRICHELLO,
1980), mechanical properties (BRITO etal., 1987) and energy
density are all enhanced (BRAND, 2010).

The clones of Eucalyptus urophylla provided
higher average values of basic density, comparatively with
the clones of Eucalyptus grandis in both ages being
considered. Therefore, the clones of Eucalyptus urophylla
could be a good alternative in improvement programs aiming
at increments in basic density. Higher values of average
amplitude recorded by Resistograph® were also found for
the clones of Eucalyptus urophylla, indicating a positive
correlation between these variables.

As regards penetration by the Pilodyn® pin, average
values found for clones of Eucalyptus grandis and
Eucalyptus urophylla were close. The result indicates a
low correlation between basic density and this
nondestructive variable, since, numerically speaking, a
significant difference was found between basic density
values of the clones of Eucalyptus grandis and the clones
of Eucalyptus urophylla.

Table 3 provides analysis of linear regression,
residual standard deviation, Pearson linear correlation and
tests of residual homoscedasticity and normality for the
fitted models.
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Table 2 — Mean, maximum, minimum values and coefficients of variation concerning DB MED, DB DAP, AMP and PIL for E.
grandis and E. urophylla at ages 42 and 54 months.

Tabela 2 — Valores médios, maximos, minimos e coeficientes de varia¢do para DB MED, DB DAP, AMP e PIL para E. grandis e
E. urophylla aos 42 e 54 meses.

Age Species Characteristics Mean Maximum Minimum CV (%)
AMP (%) 12.57 24.12 5.24 34.53

E. grandis PIL (mm) 10.75 14.50 7.00 17.22

2 ’ DB MED (g.cm™®) 0.489 0.585 0.412 7.95

5 DB DAP (g.cm’®) 0.482 0.609 0.407 8.47
E AMP (%) 13.69 24.03 5.23 27.82
< E. urophylla PIL (mm) 10.95 15.00 8.00 13.59

' DB MED (g.cm™) 0.541 0.616 0.458 5.73

DB DAP (g.cm™) 0.520 0.604 0.429 7.65

AMP (%) 11.77 21.03 6.61 29.07

E. grandis PIL (mm) 12.32 15.38 9.25 13.03

2 ’ DB MED (g.cm™®) 0.510 0.634 0.408 8.27

5 DB DAP (g.cm’®) 0.503 0.617 0.426 9.27
E AMP (%) 12.99 28.79 5.95 33.88
Lo PIL (mm) 12.18 15.25 8.00 13.88

E. urophylla 3
DB MED (g.cm™) 0.561 0.664 0.480 8.83
DB DAP (g.cm’®) 0.540 0.649 0.454 9.48

DB MED: average basic density; DB DAP: basic density at 1.30m; AMP: amplitude recorded by Resistograph®; PIL: penetration
depth of Pilodyn® pin; CV(%): coefficient of variation.

Table 3 — Analysis of linear regression of DB MED as a function of nondestructive variables (PIL and AMP) and DB DAP with
DB MED. Statistics inherent in residuals generated by equations.

Tabela 3 — Andlises de regresséo linear da DB MED em fungdo das varidveis ndo destrutivas (PIL e AMP) e DB DAP com DB
MED. Estatisticas inerentes aos residuos gerados pelas equagdes.

. Coefficients 5 Residuals
Age Species Models By b R Sy (o) W G0
1. DB MED=f(AMP) * * 0.67* 0.021 ns ns
o E. grandis 2. DB MED=f(PIL) * ns 0.00™ 0.038 ns ns
‘g 3. DB MED=f(DB DAP) * * 0.74* 0.020 ns ns
E 4. DB MED=f(AMP) * * 0.54* 0.018 ns ns
<~ E.urophylla 5. DB MED=f(PIL) * * 0.44* 0.027 ns ns
6. DB MED=f(DB DAP) * * 0.76* 0.015 ns ns
7. DB MED=f(AMP) * * 0.54* 0.024 ns ns
@« E.grandis 8. DB MED=f(PIL) * * 0.39* 0.027 ns ns
‘g 9. DB MED=f(DB DAP) * * 0.72* 0.020 ns ns
E 10. DB MED=f(AMP) * * 0.62* 0.029 ns ns
©  E.urophylla 11. DB MED=f(PIL) * * 0.32* 0.037 ns ns
12. DB MED=f(DB DAP) * * 0.82* 0.020 ns ns

DB MED: average basic density; AMP: amplitude recorded by Resistograph®; PIL: penetration depth by Pilodyn® pin, DB DAP:
basic density at 1.30m; B: adjusted coefficients; R?: adjusted coefficient of determination; Sxy (g.cm™®): residual standard deviation;
W: Shapiro-Wilk test of residual normality; GQ: Goldfeld-Quandt test of residual homoscedasticity; ns: nonsignificant at 95%
confidence level; *: significant at 95% confidence level.
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All fitted linear models (except Model 2) were
significant. Residuals of significant linear models showed
normality and homoscedasticity, thus meeting regression
analysis assumptions.

It is worth noting that the coefficients of
determination found for the fitted models ranged from
moderate to low, in other words, the amplitude recorded
by Resistograph® and the penetration depth by the
Pilodyn® pin failed to considerably explain variability in
basic density.

Therefore, in order to improve model quality, other
variables can be added that are correlated with basic
density but weakly correlated with nondestructive
variables, such as DAP, dominant height and tree age
(THIERSCH et al., 2006). Moreover, one can use multiple
linear models introducing nondestructive variables as
regression variables, or an interaction between them, to
improve the R2and the residual standard deviation.

The adjusted coefficients of determination for the
equations having AMP as an independent variable were
higher in comparison with the equations having PIL as a
regression variable. This result is indicative of a better
functional correlation of AMP with density, agreeing with
results found by Gouvéa et al. (2011b).

The fact that AMP and basic density were
moderately correlated confers greater prediction accuracy
to the fitted models if compared with the obtained functions
between basic density and pin penetration (PIL). This
assertion is supported by checking the lower values of
residual standard deviation referring to the models using
AMP to predict DB MED. The higher correlation between
DB MED and AMP is due to the fact that resistography
assesses the entire diametral portion of a tree, whereas
Pilodyn® only assesses portions closer to the vascular
cambium, thus providing a less representative sample of
the stem.

Kahl et al. (2009), when evaluating prediction
efficiency for wood density in individuals of the genus
Abies using resistography (AMP), found that 65% of
variation in DB MED was explained by variation in AMP
(R°=0.65). Ceraldi et al. (2001) fitted models between DB
MED and AMP when evaluating the correlation between
mechanical and physical properties of old wooden
structures using resistography, and found coefficients of
determination of 0.66 and 0.59 for the linear and potential
models respectively.

Wau et al. (2010) analyzed the correlation between
pin penetration (Pilodyn®) and the physico-mechanical
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properties of wood from Eucalyptus clones at 56 months
and found coefficients of determination ranging from 0.35
to 0.41 for predictive models of DB MED with PIL, these
being close and similar to values found in this work. Vale et
al. (1995) analyzed the correlation of Pilodyn® pin
penetration with average basic density of Eucalyptus
grandis at age 8 years and found a correlation coefficient
of -0.55. Neves et al. (2011) found a linear correlation
coefficient of -0.80 between Pilodyn® pin penetration and
average basic density for Eucalyptus clones at different
planting sites.

Generally speaking, a strong correlation exists
between basic density 1.30m above ground level (DAP)
and the average basic density of a tree individual, which
is a valuable piece of information in that it could facilitate
laboratory assessment of woods and, as a result, reduce
costs and time involved in determination of basic
density. The best model fit between average basic
density and basic density at DAP level was found for
the clones of Eucalyptus urophylla at 54 months. This
result is an indication that it is possible to estimate the
average basic density of a tree from a sample taken at
DAP level.

Similar results were found by Brasil and Ferreira
(1979) and Vital et al. (1981), who worked with Eucalyptus
grandis wood. These authors argued that it is possible to
estimate average basic density based on samples taken at
DAP height level. Sturion et al. (1987), when working with
several species of the genus Eucalyptus, argued that more
accurate estimates can be obtained by using the relative
density at the 25% portion (for E. camaldulensis, E.
maculata, E. propinqua and E. tereticornis), at the 50%
portion (for E. cloeziana, E. urophylla and E. grandis)
and at the 75% portion of the merchantable height section
(for E. pilularis).

Figure 2 provides fitted models for DB MED with
nondestructive variables and DB DAP.

An increasing tendency was noted for AMP with
the increase in DB MED, as the higher the wood density
the greater its resistance to drill perforation and the greater
the AMP recorded by Resistograph®, supporting results
found by Gouvéa et al. (2011a, 2011b). The opposite occurs
with PIL, as the higher the wood density the greater its
resistance to pin penetration, this variable correlating
negatively with average basic density, as was observed
by Vale et al. (1995) and Wu et al. (2010).
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4 CONCLUSIONS

The correlations between basic density and
nondestructive variables AMP (resistography) and PIL (pin
penetration at a constant pressure) were moderate and
low respectively.

The fitted linear models correlating amplitude
recorded by the Resitograph® device provided greater
accuracy in comparison with the models using pin
penetration at a constant pressure.

Use of nondestructive evaluation devices is
suggested for a preliminary selection of clones of
Eucalyptus grandis and Eucalyptus urophylla, prior to
subjecting them to a more accurate evaluation.

The fitted models that used the regression variable
‘amplitude’ can be used for predicting average basic
density, provided the estimation does not require high
precision.
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