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Abstract: Before round timber can be profitably used in construction, it needs structural characteri-
zation. The visual grading of Eucalyptus grandis poles was integrated with additional parameters
developed by multivariate regression analysis. Acoustic velocity and dynamic modulus of elasticity
were combined with density and pole diameter in the estimation of bending strength and stiffness.
The best models achieved were used to group the visually graded material into qualitative structural
classes. Overall, dynamic modulus of elasticity was the best single predictor; and adding density
and diameter to the model improved the estimation of strength but not of stiffness. The developed
parameters separated the material into two classes with very distinct mechanical properties. The
models including velocity as a parameter did not perform as well. The strength grading of Eucalyptus
grandis poles can be effectively improved by combining visual parameters and nondestructive mea-
surements. The determination of the dynamic modulus of elasticity as a grading parameter should
be preferred over that of acoustic velocity.

Keywords: roundwood; structural timber; hardwood

1. Introduction

Roundwood is used in construction with different functions, such as pillars, beams, or
foundations [1], and has the advantage that it does not require intense processing. The use
of round rather than sawn timber implies a gain in terms both of mechanical performance
and energy savings [2]. However, to be employed safely and efficiently, it has to be fully
characterized and graded.

Conceptually, the strength grading of structural timber is centered on the prediction of
the material’s properties by nondestructive measurements. The better these determinations
relate to the real properties of the material, the more efficient the grading could be, with
the possibility of differentiation into more quality groups and the identification of higher
strength classes.

Visual grading evaluates the characteristics visible to an operator who shall assess
(and limit) their presence and dimension. For the prediction of the mechanical properties,
one of the most important characteristics is the presence and dimension of knots, but also
slope of grain, as well as checks and presence of biological or mechanical damage.

Several instruments may be used to measure other properties which usually have
a more robust correlation with the mechanical performance of the structural element [3].
These instruments are often manufactured to developed the machine grading of timber,
where the operator is substituted by the machine in the evaluation of each single structural
piece [4].

Previously, researchers analyzed the visual grading of round timber and compared
it with the use of other nondestructive parameters, coming to a common conclusion
that a prediction of the mechanical properties could be successfully implemented by
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acoustic measurements [5–10]. Stress wave velocity, mostly in longitudinal direction, can
be correlated with elasticity and strength properties of the material to develop a machine
grading system, similar to what is commonly performed for sawn timber [11]. Or, more
simply, a mixed grading system could be developed, integrating measurements made
instrumentally and visual evaluations. This is exactly the aim of the present work: to
implement the visual grading of Eucalyptus grandis poles by nondestructive measurements.

In South Africa, but also more generally in several countries, the interest in using
Eucalyptus as a building material is growing due the rising demand of structural timber and
the consequent expected shortage of softwood sawn assortments, currently predominantly
used for construction [12]. Eucalyptus could be used as solid or glued products [13,14]. Some
research has been conducted to assess its mechanical properties [12,15] and to evaluate the
performance of its strength grading [16].

Concerning round poles, the South African standard specifies the main visual charac-
teristics that can be accepted for the production and use of structural poles [17]. Besides
knots, the standard requires a careful inspection of checks and end splitting, which often
occur after felling as a consequence of the high levels of growth stresses present in mature
trees of this genus [18–21].

Because of the importance of checks, warp and end splitting, which need to be assessed
visually during production, it seems reasonable to consider a mixed grading system. The
visual inspection in the South African standard provides only one grade (structural pole or
reject), and it is associated with the characteristic value of 34 MPa bending strength (5th
percentile) and a 10 GPa mean modulus of elasticity by the national standardization [22].
This could be the starting point from which to develop selection criteria for the material
with subsequent dynamic measurements taken instrumentally.

Shortly, the aim of this research was to assess Eucalyptus grandis roundwood visually,
and, with the addition of nondestructive parameters, to propose a mixed grading process
in order to divide it more effectively into qualitative stress graded groups, and to improve
the prediction of its mechanical properties. A better knowledge of the raw material will
increase its potentiality and efficiency of use.

2. Materials and Methods
2.1. Material

The investigation described in the following section was performed on a total of 105
structural Eucalyptus grandis poles grown in timber plantations in the Mpumalanga region
of South Africa. The area has a subtropical climate with an average temperature of 17.9 ◦C.
Rainfall is predominant in summer, with an annual average of approximately 1132 mm per
year. The trees were 6–8 years old for smaller and larger diameter classes, respectively.

The specimens had circular cross-sections, grouped in three diameter classes and with
different lengths, as described in Table 1.

Table 1. Description of the sample: number of pieces for diameter class and length.

Length Diameter Class (mm) TOT

(m) 125–149 150–174 175–199

3.6 10 15 - 25
4.2 - 10 - 10
4.8 10 10 10 30
5.4 10 5 5 20
6.6 10 5 5 20

TOT 40 45 20 105

The diameter classes were defined according to the South Africa standard SANS
457-3 [17] by means of the permissible minimum and maximum values of the top diameter
of the pole.
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All the specimens were visually graded according to the rules reported in the SANS
457-3 [17] standard for structural poles, for which only one grade is defined, here named “S”.
The rules provide limitations for the main strength reducing and geometrical characteristics:
healthy knots should have a dimension lower than one-quarter of the circumference of
the pole at the point where the knot occurs; loose knots lower than one-eighth of the
circumference. End checks are limited in number (maximum 4), width (maximum 1/10
of the diameter of the pole) and length (200 mm at the top and 300 mm at the butt); face
checks are limited only for width (one-eighth of the diameter) and length (three-quarters
the length of the pole). The characteristics were measured and checked for compliance
with the permissible limits of the standard.

2.2. Nondestructive Measurements

Nondestructive measurements were performed on each specimen to determine the
dynamic modulus of elasticity. Two different instruments were used: a strength grading
machine ViSCAN (technology by MiCROTEC), which measures the natural frequency of
vibration in the longitudinal direction after a percussion, and combining it with the weight
and the dimensions of the piece, the dynamic modulus of elasticity can be calculated
(Equation (1)). The volume of each piece was computed as the volume of a cylinder with a
diameter equal to the average of the two orthogonal diameters measured at half-length
and length equal to that of the piece.

Edyn = ρ(2l f )2 = ρV2 (1)

where: Edyn = dynamic modulus of elasticity; ρ = density calculated as the weight of the
whole piece divided by its volume; l = length of the log; f = frequency; V = velocity.

At the same time, the acoustic velocity after percussion was determined by another
commercial instrument used mostly as a tool to evaluate the quality of logs (HITMAN
HM200 by Fibre-gen).

The measurements of velocity achieved by the two instruments were very similar
(the correlation coefficient between the two was 0.97), therefore the following analysis are
shown only for the ViSCAN determinations.

2.3. Destructive Tests

Four-point bending tests were performed according to the standard EN 14251 [23].
The test piece was symmetrically loaded over a span of 18 times its nominal diameter at
the midspan, with the loading placed at the third points of the span. The central third was
selected to include the weakest section, as evaluated by visual inspection. The deformation
was measured in the central third on both faces at the neutral axis at the midpoint of a
gauge 5 times the length of the nominal diameter. The average of the two measurements
was used to calculate the slope of the straight section of the load–deformation curve. The
modulus of elasticity was calculated as follows:

Em = (M1−M2)c4

6(w1−w2)I

[
− 1(

c+ l1
2

)2 − D
2 + 1

c2

]
with c = l1d1

(d2−d1)
and D =

(
1
c2 − 1

(c+l1)
2

) (2)

where: Em = static modulus of elasticity; (M1 − M2) = the increment of the bending
moment; (w1 − w2) increment of the displacement; I = the smallest second moment of
area along the gauge length; l1 = gauge length; d1 = smallest apparent diameter along the
gauge length; d2 = biggest apparent diameter along the gauge length; apparent diameter =
diameter of a circle with the same circumference as the actual circumference at the section
of measurement.
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After the determination of the modulus of elasticity, the test went on to failure and the
maximum load was recorded. The bending strength was calculated as follows:

fm =
16 Fmax a

π dhd2
v

(3)

where: fm = bending strength; Fmax = maximum load; a = distance between the loading
position and the support; dh = diameter perpendicular to the load direction at midspan
(horizontal); dv = diameter in the direction of the load at midspan (vertical).

Following testing, density and moisture content were determined in accordance with
ISO 13061-2 [24] and EN 13183-1 [25] (oven-dry method), respectively. For this purpose, a
small specimen of the full cross-section, 7 cm-thick, was cut from each wooden element.
The small pieces were weighed immediately after the destructive test and measured to
calculate their volume. Then, they were oven-dried and weighed again to obtain the
moisture content of wood at the time of testing.

2.4. Data Analysis

Data from bending tests were analyzed according to the European standard on struc-
tural grading. Both modulus of elasticity and density were adjusted to the reference
conditions of moisture content (i.e., 12%) applying the correction factors provided by the
EN 384 [26].

Multiple linear regressions were used to establish predictive models for bending
strength and static modulus of elasticity. The nondestructive determinations were included
as explanatory variables, namely dynamic modulus of elasticity, acoustic velocity, density,
and pole diameter. To determine which variables were robust enough, the improvement
in the explanation of the total variance when including additional variables in the model
was verified. The models were compared by the coefficients of determination (R2) and the
standard errors of the estimate (SE) achieved.

The predicted values by the best models were used to improve the visual strength
grading as an additional parameter to be met for better-quality material. The characteristic
values of the quality groups selected were then compared.

The characteristic values were calculated following the methods described in the
standard EN 14358 [27]: the 5th percentile for bending strength and density and the mean
for the modulus of elasticity. The assignment to the strength classes of EN 338 [28] (Table 2)
was reported as a result of the following verifications: the 5th percentile of strength and
density shall be equal to or higher than the values tabled for the class; the mean of the
modulus of elasticity shall be equal to or higher than 95% of the value tabled.

Table 2. Strength classes as described in EN 338 (fm,k = 5th percentile of bending strength; Em = mean
modulus of elasticity; Em,REQ = requirement for the assignment to the class; ρk = 5th percentile of
density). Class C60 is an addition by the authors.

Strength Class fm,k
(MPa)

Em
(GPa)

Em,REQ
(GPa)

ρk
(kg/m3)

C60 60 17.0 16.15 440
C50 50 16.0 15.20 430
C45 45 15.0 14.25 410
C40 40 14.0 13.30 400
C35 35 13.0 12.35 390
C30 30 12.0 11.40 380
C27 27 11.5 10.93 360

The class C60 is an addition by the authors to the strength classes currently present in
the technical standard, for better exploitation of the high mechanical performance of round
timber.
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For the aim of the present work, the reduction factor provided by the EN 384 [26]
standard to adjust the characteristic values of the number of subsamples (kn) was not
applied. Therefore, the assignments to the strength classes should be applied purely for
comparative purposes.

3. Results and Discussion
3.1. Properties of the Visually Graded Structural Poles

The mechanical characterization of the structural poles visually graded according to
the South African standard [17] is summarized in Table 3.

Table 3. Mean values, coefficients of variation (CV) and 5th percentile of physical and mechani-
cal properties. MC = moisture content, fm = bending strength; Em = static modulus of elasticity;
ρ = density; Ed = dynamic modulus of elasticity; V = stress wave velocity.

Property Unit Mean CV 1 5th Perc

MC (%) 13.2 11.9 -
fm (MPa) 76.5 16.7 55.1
Em (GPa) 14.8 13.7 11.2
ρ (kg/m3) 545 10.9 431

Ed (GPa) 15.0 10.8 12.0
V (km/s) 5.3 3.9 4.9

1 Expressed as a percentage (%) for all properties.

The material was characterized by relatively high mechanical properties. In comparing
the results with similar data for sawn timber of Eucalyptus grandis from
South Africa [12,15,16] and Argentina [29], the roundwood showed higher bending strength
and stiffness, whereas density was similar (on average 545 kg/m3 in Table 3 in contrast
with 535 kg/m3 for Argentinian provenance [29]) or slightly higher (508 kg/m3 for South
African sawn material [16]).

In part, this could be explained by the sample analyzed: here the timber elements were
visually graded and all of them complied with the South African standard; on the contrary,
the other investigations worked on ungraded material. Furthermore, with regard to
bending strength in particular, previous research has reported greater mechanical strength
of roundwood than the corresponding sawn assortments [2,11,30–32], most likely due to
the continuity of the fibers, which are uncut during the normal processing.

More specifically for stiffness, in the present work the local modulus was measured
and reported, but in the other works cited it was the global modulus, which also includes a
shear component, and it is usually lower than the local one [33].

Data on roundwood of Eucalyptus grandis of Brazilian origin report much higher
density (751 kg/m3) and global modulus of elasticity (15.8 GPa), but no information was
available about strength [34].

The variability of the properties (CV in Table 3) was also lower than that observed
previously, again probably due to the material being already graded.

The characteristic values calculated for the entire sample allow the assignment of
the visually graded Eucalyptus poles to the strength class C45 (Table 2). Even though the
standard EN 338 [28] provides the classes named “D” for hardwoods, these have very
high density requirements and may not be suitable for medium-density hardwoods, so the
standard already allows species such as chestnut and poplar to be assigned to the C classes.
C classes were more suitable for the timber of eucalyptus too, as already noticed in the past
literature [29,35].

3.2. Mechanical Properties’ Estimation by NDT

The coefficients of determination between several properties are reported in Table 4.
A simple linear regression was performed to evaluate, at first, the influence of a single
property on the others.
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Table 4. Coefficients of determination between several material properties (fm = bending strength;
Em = static modulus of elasticity; ρ = density; KN = knot parameter, visually measured; V = velocity;
Edyn = dynamic modulus of elasticity).

fm Em ρ KN V

Em 0.48
ρ 0.65 0.47

KN 0.04 0.03 0.04
V 0.02 0.04 0.12 0.00

Edyn 0.61 0.66 0.51 0.04 0.10

The properties taken as a reference for the structural grading are strength, stiffness
and density, which are generally medium–highly correlated to each other. To estimate
them, nondestructive properties should be used.

The visual grading is based mostly on knots and/or slope of grain, none of which
showed significant correlations with the physical or mechanical properties of the material
(for the slope of grain the coefficient was close to zero, not reported in the table). Of course,
the result is influenced by the low variability of these parameters in the sample analyzed,
since both knots and slope of grain were limited by the visual grading, but a relatively
poor relationship between knots (and slope of grain) and strength was also observed by
Piter et al. [29] in Eucalyptus grandis.

Among the measurements made instrumentally, the dynamic modulus of elasticity
showed the highest correlations with all the properties resulting from the destructive tests.
The acoustic velocity, on the contrary, presented very low correlations (Table 4).

Similarly, dynamic modulus correlates better with strength and stiffness of oak round
timber than velocity [11].

This is in contrast with previous observations which reported velocity and dynamic
modulus as equivalent predictors of the mechanical properties of small-diameter hardwood
logs (alder, ash, birch and sycamore [36] or chestnut [5]).

To improve the estimation of the material’s mechanical properties, several multi-
variable prediction models were compared, which included variables easy to measure
nondestructively (Tables 5 and 6). The models have been developed for two levels of
complexity for both available equipment and field operations: In the first scenario, it is
possible to weight each timber element and to calculate density by dividing it for the
volume of the piece; with density the dynamic modulus of elasticity can also be determined
(Table 5). In the second scenario, the field operations are faster, density is not measured
and only the acoustic velocity can be used (Table 6).

Table 5. Coefficients of the regression model for bending strength (fm) and static modulus of elasticity (Em) estimation.
Ed = dynamic modulus of elasticity; ρ = density; D = average diameter at midspan; R2 = coefficient of determination;
SE = standard error of estimation; N = model number.

Model Y = f(X)

Y X a b c d R2 SE N

fm
a + b Ed −15.60 * 0.0061 *** 0.61 8.0 (1)

a + b Ed + c ρ −31.61 *** 0.0025 *** 0.1297 *** 0.77 6.2 (2)
a + b Ed + c ρ + d D −1.72 ns 0.0024 *** 0.1217 *** −0.1393 *** 0.82 5.5 (3)

Em

a + b Ed −452.6 ns 1.0134 *** 0.66 1194 (4)
a + b Ed + c ρ −860.13 ns 0.9220 *** 3.3010 ns 0.66 1193 (5)

a + b Ed + c ρ + d D −1015.08 ns 0.9100 *** 2.8019 ns −8.7401 ns 0.67 1185 (6)

ns: not significant; * significant at 5% level; *** significant at 0.1% level.
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Table 6. Coefficients of the regression model for bending strength (fm) and static modulus of elasticity
(Em) estimation. V = stress-wave velocity; D = average diameter at midspan; R2 = coefficient of
determination; SE = standard error of estimation; N = number.

Y X a b c R2 SE N

fm
a + b V 120.70 *** −0.0083 ns 0.02 12.7 (7)

a + b V + c D 167.52 *** −0.0091 ns −0.2650 *** 0.21 11.4 (8)

Em
a + b V 4623.42 ns 1.9270 * 0.04 2000 (9)

a + b V + c D 9215.66 ns 1.8605 * −25.9950 ** 0.11 1931 (10)
ns: not significant; * significant at 5% level; ** significant at 1% level; *** significant at 0.1% level.

The diameter of the pole was included as an additional variable, because it is easy to
measure and it was observed that it has an influence on the evaluation of a log’s stress-wave
properties [34,37].

Considering the possibility of having the dynamic modulus of elasticity as an indepen-
dent variable (Table 5), the best prediction of the bending strength was the model including
the density and diameter (model three in Table 5 and Figure 1a). All three estimators
were highly significant and the R2 was higher than the simpler models, with a significant
improvement in the explanation of the total variance.
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Figure 1. Observed vs. predicted values: (a) model three of Table 5 as the best model for the prediction of bending strength
(fm); (b) model four of Table 5 as the best model for the prediction of static modulus of elasticity (Em). The grey shaded area
represents the 95% confidence interval.

On the contrary, the best prediction of the static modulus of elasticity was obtained
with the simple model, including only dynamic modulus of elasticity as an explanatory
variable (model four in Table 5 and Figure 1b). The addition of other parameters did not
lead to any improvement in the estimation. Neither density nor diameter were significant
predictors of stiffness.

In the case where there would be no possibility of weighting the poles, and therefore,
of determining density, the prediction models could include the acoustic velocity and the
pole diameter only. The results of the regression analysis are summarized in Table 6.

Overall, the coefficient of determination was very low for all the models. The velocity
as an explanatory variable was not significant for the prediction of strength or significant at
a low level for stiffness, as already observed in Table 4. The inclusion of the diameter in the
model improved the estimation significantly, but the R2 reached just 0.21 for the prediction
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of strength and 0.11 for the prediction of the modulus of elasticity. However, in this second
scenario, model 8 (Figure 2a) and model 10 (Figure 2b) were the best achievable.
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3.3. Improvement of the Visual Grading by Combining It with NDT Measurements

The Eucalyptus grandis poles were visually graded into one grade only. Further im-
provement in the selection of the raw material (e.g., to differentiate additional qualitative
groups) might be difficult due to the relatively weak relationship between the mechanical
properties and the visual characteristics (Table 4).

The same lack of correlation with the visual parameters was also noticed in the past
for other hardwoods, such as chestnut [38,39], for which the visual grading allows the
identification of a single grade [40,41], but the use of parameters measured by a machine
(i.e., dynamic modulus of elasticity and/or stress wave velocity) allowed selection into
multiple (and higher) strength classes [41].

With the aim of improving the strength grading of Eucalyptus grandis poles, an addi-
tional parameter could be added to the visual rule, so as to divide the single visual grade
“S” into two further ones of different structural quality. The best models described in the
previous paragraph were tested alternatively as additional parameters and compared on
the basis of their suitability for differentiating the structural poles.

For the first scenario (including the possibility of determining the density, and con-
sequently, the dynamic modulus of elasticity), model three was used for the prediction
of strength, and for the stiffness, the dynamic modulus of elasticity was used instead of
model four, since the two were equivalent (Table 5). Considering when the density was not
available, model 8 and model 10 (Table 6) were tested.

After a few attempts, a threshold was set for each parameter in order to separate the
better-quality material (above the threshold) from the lower-quality material (below). The
two groups formed, named S1 and S2, were used to calculate the characteristic values
(Table 7 and Figure 3).
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Table 7. Description of the two new grades divided by the threshold of the several grading parameters
(GP). Ed = dynamic modulus of elasticity; N = number of poles in the grade; fm,k = 5th percentile of
bending strength; Em = mean modulus of elasticity; ρk = 5th percentile of density.

GP Threshold N Characteristic Values Class 1

(MPa) (-) fm,k
(MPa)

Em
(GP)

ρk
(kg/m3) (-)

model 3
≥77 47 72.3 16.2 518 C60
<77 58 47.5 13.6 412 C40

Ed
≥15,300 46 63.9 16.3 483 C60
<15,300 59 47.3 13.6 411 C40

model 8
≥77.5 45 63.9 15.4 488 C50
<77.5 60 47.1 14.3 411 C45

model 10
≥15,000 44 54.6 16.1 444 C50
<15,000 61 47.4 14.3 411 C45

1 Strength class achieved without considering the reduction in the test results due to the factor kn of the EN
384 [26] to adjust to the number of subsamples.
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Figure 3. Characteristic values of grade S1 and S2 selected by the grading parameters developed with the regression models
described in Table 5 and 6: (a) 5th percentile of bending strength; (b) mean values of modulus of elasticity; (c) 5th percentile
of density.

As expected, the grading parameters including the dynamic modulus of elasticity
(model three and Ed) were more effective in selecting the material in two groups of different
structural quality. Looking at the achievable strength classes in Table 7, the two grades
obtained met the requirements of class C40 and C60. The latter, described in Table 2, is
an addition of the authors to the strength classes reported in the EN 338 [28] to meet the
higher mechanical properties of the material. Between the two, model three was more
efficient in separating strength and density than simply Ed, while the results were very
similar for the modulus of elasticity (Figure 3).

On the contrary, the grading parameters which included velocity and diameter (model
8 and model 10) did separate two groups, but the strength classes achieved were very close
to each other (C45 and C50), indicating that the grouping was not as efficient in terms
of structural quality. Observing the characteristic values (Table 7 and Figure 3), model
eight worked satisfactorily for strength and density (the results were very similar to Ed),
but poorly for stiffness. Model 10 did the opposite; it was more efficient to group by the
modulus of elasticity (though not as effective as Ed), but was not adequate for strength and
density.

In general, the models worked better for predicting the property for which they were
developed: model three and model eight for strength, and Ed and model 10 for stiffness.
However, the practical achievements (the strength classes met) were the same.
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4. Conclusions

The use of roundwood in construction requires its structural qualification. This could
be achieved by visual grading, which, for Eucalyptus from South Africa, can be obtained in
just one quality class (structural pole or reject).

However, it is possible to add further evaluation parameters to those already assessed
by the visual rules, which are measured nondestructively by suitable instruments. So, the
timber material could be further grouped into two classes of different structural quality.

In the present research, new parameters have been developed by multivariable regres-
sion models in order to improve the prediction of strength and stiffness, compared to the
characteristics of visual grading.

As a result, the models including the dynamic modulus of elasticity made it possible to
separate the sample into very distinct classes (C40–C60), obtaining very high characteristic
values in the highest class.

Adding density and diameter into the model allowed for a significant improvement in
predicting strength but not stiffness. In the latter case, the best predictor was the dynamic
modulus alone.

The models developed with acoustic velocity as the main explanatory variable did not
yield satisfactory results, mainly due to the low correlation of this property with strength
and stiffness. Two classes could be obtained, but they were not sufficiently different
enough to justify the effort of additional measurements (C45–C50). Including diameter
in the regression significantly improved the prediction of both strength and modulus of
elasticity compared to using the velocity alone.

In conclusion, the acoustic velocity is not efficient enough to be recommended for
improving the strength grading of Eucalyptus grandis poles, even though it is quick and
easy to measure. The dynamic modulus of elasticity should be preferred.

It should be emphasized, however, that the characteristic values reported and the
strength classes achieved should only be used for comparison purposes. They are to be
considered as a potential, since the reduction factors due to small sampling, as required by
the technical standardization, were not applied during the calculations. Further testing on
a larger sample is needed to confirm the current results.
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