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Introduction

Valuable efforts are made to create local
timber supply chains. The reason for that is
found in the target of sustainable forest
management and in the intent to make the
best use of raw materials favouring a multi-
purpose use. Several studies for the utiliza-
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The typical variability of wood properties, higher than for other construction
materials, requires a thorough knowledge of its mechanical performance. To
make the use of wooden structural products safe and at the same time effi-
cient, a proven methodology for the selection of the raw material is also cru-
cial. As a general rule, the initial sampling is of vital importance to develop ef-
fective strength grading processes, but it is rarely verified with additional sam-
ples, besides those already included during the development of the grading
procedure itself. Here, a new source of sawn timber was collected to verify
the original sampling and to validate the visual and machine strength grading
early developed for Italian beech. The new pieces were graded, destructively
tested and the characteristic values of the graded material were calculated.
The dispersion of the new data was found to be entirely included in that of the
original data, proving an effective sampling of the resource variability. The
correlations between properties were very similar comparing the original and
the new sample, with the exception of the correlations between the dynamic
modulus of elasticity and both bending strength and stiffness, which were
lower in the new sample. The characteristic values of the graded new material
were generally higher than the characteristics values of the corresponding
strength classes as tabled in the technical standard. Only for one grade in the
machine grading the strength reached 98.9% the class value, anyhow above
the 90% required by the procedure of the checking of existing settings in a
particular location, as provided by the related standard. In conclusion, the
earlier development of the strength grading of Italian beech confirmed to be

correct and safe.
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tion of hardwoods in the timber structural
sector move in this direction, also aided by
the excellent mechanical properties of the
material and the increasing presence of
species such as beech, chestnut, ash and
oak in the European forests (Aicher et al.
2014). In particular, beech (Fagus sylvatica
L.) proved a great potential both in the use
as solid timber and especially in the pro-
duction of glued structural products (Glos
et al. 2004, Frese & BlaRR 2007, Aicher &
Ohnesorge 2011, Franke 2016, Ehrhart et al.

To make the use of wooden structural
products safe but at the same time effi-
cient two key aspects should be investi-
gated: (i) the knowledge of the raw mate-
rial; (ii) the bonding of the sawn timber for
production of engineered wood products
(both process parameters and quality con-
trol).

As regards the second point, past studies
analysed several facets of the gluing of
beech wood for the production of lami-
nated beams and structural panels (Aicher
& Reinhardt 2007, Ohnesorge et al. 2010,
Schmidt et al. 2010, Aicher & Ohnesorge
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2011, Luedtke et al. 2015, Konnerth et al.
2016, Brunetti et al. 2020b), but further
steps are needed, especially from the point
of view of the technical standardization.
On the other hand, the typical variability of
wood certainly requires a thorough knowl-
edge of its mechanical properties, but also
a proven methodology for the selection of
the material (Ridley-Ellis et al. 2016). This is
because, if the use of beech in the struc-
tural field aims at products of high mechan-
ical performance, the raw material needs
to achieve the quality requirements of the
market (Torno et al. 2013, Westermayr et
al. 2018). In this sense, the implementation
of efficient visual rules and/or machine set-
tings for strength grading the material is
extremely important both for the eco-
nomic sustainability of the nascent market
and to guarantee the safety of the struc-
tures.

In the recent past, steps forward have
been done in the description of the me-
chanical properties of beech and their pre-
diction by non-destructive methods (Cibec-
chini et al. 2016, Ehrhart et al. 2016a, 2016b,
20183, Fortuna et al. 2018, Plos et al. 2018,
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Viguier et al. 2018, Westermayr et al. 2018,
Besseau et al. 2020). The next step is the
development of visual or machine strength
grading. At time, only visual grading rules
have been approved by the European stan-
dardization system for beech: the German
national standard (DIN-4074-5 2008) allows
the assignment of the best grade (named
LS13) to the strength class D40 (the
strength classes for hardwoods, named D,
are described in the European standard EN
338 2016) and the second grade (LS10 &
better) to D35 (EN-1912 2012); in France a
new visual grading rule has been published
NFB52-001-1 2018) providing two grading
combinations, each with two visual grades
assigned to the strength classes D40-D24
(combination 1) or D35-D18 (combination 2)
(Lanvin et al. 2019).

In Italy, the properties of beech timber
were investigated to develop visual grad-
ing rules and machine grading settings
(Brunetti et al. 2020a). Four visual rules
were established using two different knot
parameters with limitations aimed at either
maximize the yields in the high strength
classes or minimize the rejects. The visual
rules grouped the raw material in two qual-
itative grades, assigned to the strength
class combinations D45-D24 or D45-D18. In
the same work, settings for machine grad-
ing were derived using one of the most
commonly measured property to grade
timber by machine, already verified for the
grading of sweet chestnut hardwood (No-
cetti et al. 2016): the dynamic modulus of
elasticity.

As a general rule, for the efficient and
suitable grading of the timber resource to
be exploited, the initial sampling is of vital
importance: it needs to cover the variabil-
ity of the raw material to the best of the
knowledge and represent it correctly. But
rarely sampling and grading systems are
verified with additional samples, besides
those already included during the develop-

ment of the grading procedure itself.

In the study of Brunetti et al. (2020a),
beech timber was collected from four dif-
ferent sources along north, centre and
south of Italy, including high and low qual-
ity material. The aim of the present study is
the verification of the original sampling
and the rules/settings early developed for
the grading of Italian beech, by applying
those to a new sample from a different
source not used for the development of
the grading rules/settings themselves.

Materials and methods

Sampling

The material tested in the study came
from the Foresta Umbra in the Gargano
area (southern Italy), from land owned by
the Puglia Region (regional forest prop-
erty). The Gargano beech forests are the
Italian beech populations that extend to
the lowest altitudes in the country. They
are the beech forests most directly in con-
tact with the thermos-xeric Mediterranean
vegetation and those closest to the coast-
line of the entire peninsula.

The sampling was carried out as part of a
project aimed at enhancing the production
of timber and the creation of an efficient
and multipurpose forest-wood supply
chain. Fig. 1 shows the location of the
Gargano sample and the four sources stud-
ied by Brunetti et al. (2020a) that formed
the original national sample. These four are
referred to “Italy” from now on and will be
compared to the Gargano sample.

The felled trees had a diameter at breast
height ranging from 45 to 120 cm and were
30-50 m tall. Logs were cut 4.2 m long and
processed in the sawmill for the produc-
tion of 120 boards with three different
cross sections: 20 x 100 mm?, 40 x 110 mm?,
50 x 140 mm> No special requests were
made to the sawmill, so it can be assumed
a normal cutting pattern was used.

Fig. 1- Location of the o
four provenances of the NE

Italy sample used in
Brunetti et al. (2020a),
North-West (NW), North-

East (NE), Central (C)
and South (S), and of the
new sample coming
from Gargano area. In
grey the distribution
map of beech (from
EUFORGEN https://
www.euforgen.org,
modified).
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Visual and machine grading and
laboratory tests

Each board was examined in relation to
its visual and machine grading characteris-
tics. Afterwards they were destructively
tested to determine their physical and me-
chanical properties and the grading was
verified by the calculation of the character-
istic values of the several grades obtained.

By visual inspection, the strength-reduc-
ing characteristics, such as knots, slope of
grain, ring width and the presence of pith
included in the cross section were mea-
sured in the third destructively tested (see
the description of the test below). The po-
sition of each knot, as well as the minimum
diameter and its projection on the side of
the board were registered. This allowed to
calculate two parameters: the ratio of the
minimum diameter of the knot to the di-
mension of the board side where it is mea-
sured (Dm/S) and the ratio of the sum of
the knot projections on all the board sides
to the double of the board width (sPr/2wW).
For each board, the highest value of both
knot parameters considered alternatively
in the visual rules developed in the previ-
ous work (Brunetti et al. 2020a) was se-
lected for further data analysis concerning
knots.

The slope of grain was measured as the
general inclination of the wood fibres to
the longitudinal axis of the timber piece.
The measurement was made on a length of
one metre following the fissures if present
or by means of a swivel handle scribe, and
expressed as a percentage (EN-1310 1997).
Local fibre deviations, for example close to
knots, were ignored.

The presence of the pith included in the
cross section was also registered and the
average ring width was measured on the
transversal section of the piece along the
longest straight line normal to the growth
rings (EN-1310 1997).

After the visual inspection, the natural
frequency of vibration in the longitudinal
direction was measured for each specimen
by means of the ViSCAN® portable grading
machine (MiCROTEC, Bressanone, ltaly).
The piece was placed on two supports and
a percussion provided the excitation neces-
sary to cause vibration which natural fre-
quency was measured by a non-contact
laser interferometer.

The weight and dimensions of each piece
were also measured and the dynamic mod-
ulus of elasticity was calculated by the fol-
lowing formula (egn. 1):

Edyn:4f2L2p (1)

where f is the natural frequency of vibra-
tion, L the length of the timber piece and p
is the density, calculated by the timber
weight divided by its volume.

After the non-destructive measurements,
four point edgewise bending tests were
carried out as described in the European
standard EN-408 (2012). The total span was
18 times the nominal depth and the shear
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Validation of the strength grading of beech

Tab. 1 - Mean values and coefficient of variation (in brackets) of physical and mechanical properties as the results of destructive
tests and machine measurements; for strength and density the 5t percentile values are also reported (with 05 as subscript). (§):

Data from Brunetti et al. (2020a).

Gargano
Property Symbol Unit Cross section (mm?) All Italy$
25x100 40x110 50x140
No. pieces 40 50 30 120 465
Bending strength fin,mean MPa 73.6 (17.6) 66.2 (28.6) 69.8 (27.6) 69.6 (25.0) 69.4 (34.6)
05 MPa 30.7 28.8 28.8 30.7 26.6
Global MoE Emg GPa 12.4 (12.1) 13.0 (10.1) 14.0 (8.9) 13.1 (11.3) 12.8 (18.7)
Local MoE Em,t GPa 13.1 (16.2) 13.4 (14.4) 14.7 (12.0) 13.6 (14.9) 13.3 (22.2)
Dynamic MoE Ecyn GPa 14.1 (8.9) 13.8 (8.1) 14.3 (7.7) 14.0 (8.3) 13.9 (14.5)
Density Pmean kg m? 687 (3.5) 713 (4.1) 723 (4.1) 707 (4.4) 716 (5.8)
Pos kg m? 644 667 665 657 660

span was 6 times the nominal depth. The
local deformation was measured in the
neutral axis on both sides of the timber
piece and the mean of the two measures
was used to calculate the local modulus
(Emi — €gn. 2). In the same test setup, the
total deformation was measured in the
central point on the tension edge of the
beam and used to calculate the global
modulus of elasticity (Eng — eqn. 3). Then
the load was applied until failure and the
bending strength (f.) was computed (eqgn.
4):

E - 3a,AF
" 4bh’ Aw,,, @)
e fHe] o
" b h3 A ngabal 41 I
3aF o
= 4
f e 4)

where AF is the applied load increment,
Frax is the load at failure, | is the length be-
tween the two supports, b is the thickness
of timber piece, h is the width, a is the dis-
tance between the load point and the near-
est support, I, is the central gauge length,
AWioca and Awgqpa are the deformation in-
crements.

After the destructive testing, density and
moisture content were determined using
the over dry method in accordance with
ISO-13061-2 (2014) and EN-13183-1 (2002) re-

Tab. 2 - Mean values of visual properties. (§):

spectively, cutting a small specimen of full
cross section from each timber piece. Den-
sity and modulus of elasticity values were
corrected to a moisture content of u = 12%
according to the adjustment equations
given in EN-384 (2016).

Measured values of bending strength
were adjusted to a reference depth (h) of
150 mm using the ki = (150/h)°2 factor cal-
culated in accordance with EN-384 (2016),
since the pieces had depth less than 150
mm and the characteristic density was less
than 700 kg m3 (657 kg m3).

Data analysis

Descriptive statistics were obtained for
the mechanical properties, and the param-
eters measured visually and by the ma-
chine were calculated. The relationships of
several properties were then analysed by
linear regression.

The visual strength reducing characteris-
tics (i.e., the single knot parameters and
the presence of the pith) were used to as-
sign each piece of timber to a grade ac-
cording to the rules, named visual-1 and vis-
ual-2, as previously reported (Brunetti et al.
2020a). Similarly, the machine settings cal-
culated for the strength class combinations
D45/D24 and D45/D18 (the same classes
achievable by the visual grading rules)
were applied to the new sample.

The validation of the grading was then
performed calculating the characteristic
values of strength (5 percentile), modulus

Data from Brunetti et al. (2020a).

of elasticity (mean) and density (5™ per-
centile) according to the standard EN-
14358 (2016) for the pieces assigned to
each strength class. The results were then
compared to the characteristic values of
the corresponding classes reported in the
standard EN-338 (2016). For the calculation
of the characteristic values the local modu-
lus of elasticity was used.

Results and discussions

Representativeness of sampling

The results of the non-destructive and de-
structive tests are reported in Tab. 1, Tab. 2
and in Fig. 2. Among the three cross sec-
tions of the Gargano sample, the smallest
(20 x 100 mm?) had the highest bending
strength, but slightly lower modulus of
elasticity and density than the other two
cross sections. However, the only signifi-
cant difference (after comparison of means
by Tukey HSD test) was in density, which
was lower in the smaller pieces.

Overall, comparing the results of the
Gargano source with the Italy sample, the
physical and mechanical properties mea-
sured were found very similar on average
(Tab. 1, Fig. 2); no significant difference was
observed after mean comparison by Stu-
dent’s t-test. Moreover, Fig. 2 shows a gen-
eral overlap of the strength and stiffness
data. This confirms that the mechanical
and physical properties of the new sample
were covered by the variability included in

Gargano
Property Symbol Unit Cross Section (mm?) all Italy®
25x100 40%x110 50x140

Knottiness (n. of knots) Kn 0.05 0.50 0.80 0.43 1.54
Single knot Dm/S 0.05 0.19 0.25 0.16 0.30

sPr/2W 0.02 0.12 0.13 0.09 0.17
Slope of grain SGv % 3.2 1.3 2.9 2.4 2.2
Ring width w mm 2.3 2.2 2.3 2.3 2.9
Pith (boards with pith) P % 0.0 6.4 15.4 5.8 15.9
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Fig. 2 - Relationship
between the bend-
ing strength and
the static modulus
of elasticity for
Gargano and Italy
samples.
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Tab. 3 - Coefficient of determination (R?) of the linear regression between several
properties of the Gargano sample. Symbols are explained in Tab. 1 and Tab. 2.

Compared to the Italy sample, the Gar-
gano sample showed on average less knot-
tiness and a lower percentage of pieces
with pith included. Possible explanations
could be the relative higher number of
boards with small cross section (a third of
the whole), with no knots and no pith in-
cluded and/or the different dimension of
the original logs (smaller logs would need a
larger number to be processed and an in-
creasing number with pieces with pith in-
cluded). Looking at the dimension of
knots, the highest Dm/S and sPr2W of
each board were on average very small
(0.16 and 0.09 - Tab. 2), but the statistic in-
cluded also the boards without knots (knot
parameter = 0). If only the boards with
knots were considered, the mean knot di-
mensions were Dm/S = 0.45 and sPr/2W =
0.26, which is similar to that observed in
Brunetti et al. (2020a - Dm/S = 0.43 and
sPr/2W = 0.25 on average excluding boards
without knots).

Slope of grain was comparable between
new and previous sample (no significant
differences after Student’s t-test).

Regarding the ring width, the Gargano
sample had narrower rings than the Italy
sample, but this did not correspond to a

Property fm Eng Em, Eayn p Dm/S different density. Indeed, the ring width
Eme 0.42 - seems to be weakly correlated to wood
E.. 0.48 0.82 ) density for beech (Brunetti et al. 2020a).

' The relationship between the non-de-
Eopn 0.28 0.53 0.44 - structive and destructive properties were
p 0.02 0.03 0.01 0.01 analysed by linear regression and the co-
DmM/S 0.54 0.16 0.33 0.12 0.07 efficients of determination obtained are re-

ported in Tab. 3. Bending strength corre-
sPr/2w 0.51 0.19 0.35 0.16 0.12 0.80

the Italy sample. Similar physical and me-
chanical properties were reported for Ital-
ian beech grown in central Italy (Cibecchini
etal. 2016).

The variability of data was lower in the
Gargano sample than in the national one
(see CVs in Tab. 1). This is explained by the
smaller amount of pieces tested in the veri-
fication sample and by the presence in the
Italy sample of lower quality material (NE
provenance in Brunetti et al. 2020a), which

is characterized by higher variability. Simi-
lar results are also reported in other stud-
ies (Westermayr et al. 2018).

Regarding the visual parameters (Tab. 2),
in the Gargano sample the smallest boards
had less knots and generally no pith in-
cluded. This might be due either to the
small size of the boards or to the fact that
they have been cut from the outermost
part of the logs. All the other characteris-
tics were similar across sections.

lated to the other properties (stiffness and
knots parameters) similarly to what found
out in the previous work for Italy (Brunetti
et al. 2020a). The most noticeably differ-
ences with the Italy sample were the rela-
tionships between the dynamic modulus of
elasticity and the strength and static modu-
lus: the coefficients of determination were
0.28 and 0.44 for strength and local modu-
lus respectively, while in the Italy sample
they were 0.47 and 0.71 respectively. Look-
ing at the values of the coefficients of de-
termination for the single sources of the
Italy sample, timber coming from the south

Tab. 4 - Permissible limits of the strength reducing characteristics of the visual rules and machine setting for the grade combination
D45-D24-R; number (number of rejects in round brackets), characteristic values and their ratio to the requirement (in square brack-
ets) for the pieces assigned to each class for the Gargano sample. Symbols are explained in Tab. 1. (NP): Not Permitted; (P): Permit-

ted.
Strength Visual-1 Visual-2 Machine
characteristics D45 D24 D45 D24 D45 D24
Egyn (GPa) > 14.2 <14.2 & >10.4
Knot parameter Dm/S Dm/S sPr/2wW sPr/2wW
Knot limitation (-) <0.2 <0.7 <0.2 <0.4
Pith NP P NP P
N (-) 82 29 (9) 90 23 (7) 55 65 (0)
fm,05 (MPa) 62.1[1.38] 28.9 [1.20] 59.5 [1.32] 24.4[1.02] 44.5 [0.99] 28.8 [1.20]
En1 (GPa) 14.2 [1.05] 13.4 [1.34] 14.2 [1.05] 13.0 [1.30] 14.7 [1.09] 12.8 [1.28]
Pos (kg m®) 644 [1.11] 663 [1.37] 646 [1.11] 661 [1.36] 672 [1.16] 650 [1.37]

263 iForest 14: 260-267
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Tab. 5 - Permissible limits of the strength reducing characteristics of the visual rules and machine setting for the grade combination
D45-D18-R; number (no. of rejects in round brackets), characteristic values and their ratio to the requirement (in square brackets)
for the pieces assigned to each class for the Gargano sample. Symbols are reported in Tab. 1. (NP): not permitted; (P): permitted.

Strength Visual-1 Visual-2 Machine
characteristics D45 D18 D45 D18 D45 D18

Eayn (GPa) > 14.2 <14.2 & 29.12
Knot parameter Dm/S Dm/S sPr/2wW sPr/2W

Knot limitation (-) <0.2 <0.8 <0.2 <0.7

Pith NP P NP P

N (-) 82 32 (6) 90 30 (0) 55 65 (0)
fm,05 (MPa) 62.1[1.38] 29.6 [1.64] 59.5 [1.32] 23.3[1.29] 44.5 [0.99] 28.8 [1.60]
Em, (GPa) 14.2 [1.05] 13.3 [1.40] 14.2 [1.05] 12.1 [1.27] 14.7 [1.09] 12.8 [1.35]
Pos (kg m®) 644 [1.11] 663 [1.40] 646 [1.11] 661 [1.39] 672 [1.16] 650 [1.37]

showed considerably lower values (0.30
and 0.53 with strength and static modulus,
respectively) than the overall national sam-
ple, closer to the findings for Gargano. This
might suggest specific characteristics of
wood from southern latitudes, although
there is not enough evidence to confirm it.

Density did not correlate with the other
properties (Tab. 3). As already stated in
previous works (Nocetti et al. 2010, 2016,
Cibecchini et al. 2016, Ehrhart et al. 2016b,
Viguier et al. 2018, Westermayr et al. 2018),
density was confirmed to have little influ-
ence on strength and stiffness in beech
wood, as well as in other hardwoods aimed
to structural use.

The relationship of knot parameters with
mechanical properties were comparable to
what observed in the Italy sample. The co-
efficients of determination of the Gargano
sample were included in the range of those
observed for the different sources sampled
in Italy (Brunetti et al. 2020a) where the co-
efficient of determination of Dm/S with
strength varied from 0.24 to 0.55, with
stiffness from 0.14 to 0.41; sPr/2W with
strength from 0.40 to 0.59 and with stiff-
ness from 0.20 to 0.53. Similar values were
also reported for other sources of beech
wood (Glos 2004, Ehrhart et al. 2016b).

Finally, the slope of grain did not show
any correlation neither with strength nor
with modulus of elasticity. Here the gen-
eral direction of the grain was considered
and not the local deviation due to the pres-
ence of defects. Indeed the general direc-
tion was already reported as not correlated
with the mechanical properties of beech
(Cibecchini et al. 2016, Brunetti et al.
2020a), while the local grain deviation
could be an effective parameter to predict
the mechanical performance, but it should
be measured by specific instruments (Ehr-
hart et al. 20183, Olsson et al. 2018).

Validation of visual grading rules and
machine settings

Each board of the Gargano sample was
assigned to a strength class applying both
the visual rules and the machine settings
previously developed (Brunetti et al.
2020a). The main parameters and their limi-

iForest 14: 260-267

tations established for the visual rules, as
well as the settings for the machine and
the results of the grading simulations are
reported in Tab. 4 (class combination D45-
D24-R) and Tab. 5 (class combination D45-
D18-R). In the visual grading rule named
visual-1, the Dm/S parameter was used to
measure knots and in the visual-2 sPr2W
was used. The number of pieces and the
characteristic values of strength, stiffness
and density were calculated and reported
for each strength class. The yields in per-
centage are displayed in Fig. 3 for the
grade combination D45-D24-R, applying
both visual and machine grading.

As first observation, the characteristic val-
ues of the several grades generally
achieved the values of the strength classes
tabled in the European standardization
(EN-338 2016). In particular, regarding
bending strength, which is often the limit-
ing property for the assignment to a
strength class (Nocetti et al. 2013, Stapel &
Van De Kuilen 2013, Gil-Moreno et al. 2019),
the visual grades showed a far higher char-
acteristic strength for the highest class:
62.1 MPa and 59.5 MPa for visual-1 and vis-
ual-2 respectively, compared to the re-
quired value of the class of 45 Mpa, while
the machine grading showed a slightly
lower value (44.5 MPa). However, this was
above the 90% of the class value (namely
98.9%), which is the requirement to be met

= B visual-1 @

70

in the second step of the verification dur-
ing the development of the machine set-
tings (EN-14081-2 2018): each verification
sample (part of a country in our case)
should reach the 90% of the characteristic
strength value of the class. This means that
if the settings would have been calculated
with all the five sources (the four of the
previous study and the Gargano sample),
the settings for the machine would have
resulted the same and the characteristic
values of strength for the Gargano sample
would have been accepted. Moreover, the
standard EN-14081-2 (2018) provides also a
procedure for the check of the existing set-
tings in a particular location. To prove that
the settings are correctly grading the tim-
ber coming from the specific location, the
90% of the strength characteristic values
should be reached, and this requirement
was met for the Gargano sample.

For the lower classes (D24 and D18) the
characteristic strength was always higher
than the requirements (much higher than
the requirements for visual-1 which uses
the Dm/S as knot parameter). In the same
way, both density and modulus of elasticity
showed characteristic values always higher
than the requirements. Furthermore, the
two class combinations (D45-D24-R and
D45-D18-R) gave very similar results, both
in terms of yields and characteristic values
obtained for the several groupings (see

Fig. 3 - Yields (in
percentage) for
the two visual
rules and the

visual-2 O machine

50
|

yield (%)
40

30
|

20

machine grading
for the grade com-
bination D45-D24-
R (Gargano sam-
ple).

D45 D24
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(b) Fig. 4 - Scatterplot of bend-
ing strength (Dm/S, panel
a) and knot parameter
. o © (sPr/2W, panel b), for the
& @ Gargano sample. Horizon-
= © o tal line sets the characteris-
E o tic strength of 45 MPa; ver-
g o o tical line sets the limit pro-
£ © 7 © vided by the visual rules for
g the single knot parameter
£ 00 A 0 A o o o o| (0.2). The grey square high-
o © o | 9 0 © light the pieces inefficiently
@ . = e °| o & graded.
o = 8 5 3 ' o o 04
o o
T T T T T T T T T T |
00 02 04 06 08 1.0 00 01 02 03 04 05 06
Dm/S (-) sPr/2W (-)

D24 vs. D18). This could be expected be-
cause the pieces not included in D45 were
graded to the lower grade or rejected (R),
considering the relatively small number of
pieces excluded from D45, the differences
were not very large for the lower classes.

As regards the grading yields (Fig. 3), we
found both some confirmations and minor
discrepacies with regard to observations
previously reported in the literature. First,
machine grading minimized the number of
rejects (none), as observed also for the na-
tional sample (Brunetti et al. 2020a). Nev-
ertheless, the visual rules also allowed for
very low percentage of rejects (6-7% for the
class combination D45-D24-R and 0-5% for
the combination D45-D18). On the con-
trary, the yield in the highest class D45 was
higher for the visual grading in respect to
the machine. In our previous work (Brun-
etti et al. 2020a), the yields between the
two procedures were comparable and
close to 50%. Indeed, the reduced knotti-
ness of the Gargano boards allowed higher
yields in the visual grading compared to
the original study, and the weak correla-
tions between the dynamic modulus of
elasticity (the property used by the ma-
chine) and the mechanical properties of
raw material likely led to a low efficient ma-
chine grading in terms of selecting the
higher quality material.

The initial assignment of the visual grades
to the strength classes D45-D24 and D45-
D18 were penalized by the number of sub-
samples during the development of the
grading system; at least five sub-samples
are required to avoid reduction in the char-
acteristic values calculation (EN-384 2016),
while originally only four sub-samples were
available (Brunetti et al. 2020a). Therefore
further improvement of the visual rules
could be possible, such as assignment of
the grades to higher strength classes or
more permissive limitation for the visual
characteristics (higher values for the knot
limitation in the highest grade).

A final comparison was done between
the two knot parameters used in the visual
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rules (Fig. 4). The rule visual-2, based on
the ratio sPr/2W, had better yields both in
terms of number of pieces in the higher
class and in terms of fewer rejects, and this
is in agreement with our previous findings
(Brunetti et al. 2020a). In Fig. 4, the grey
square highlights the pieces graded in an
inefficient way (i.e., assigned to the second
class but with a strength higher than 45
Mpa), and these were more numerous for
Dm/S than for sPr/2W. On the other hand,
the wrong graded pieces (i.e., knot param-
eter below 0.2 and therefore assigned to
the best class, but with strength below 45
MPa) were more numerous for sPr/2W (3)
than for Dm/S (1). Therefore, considering
both the characteristic values obtained
(much higher than the class requirements),
and the assignments of the individual
pieces (the inefficient and the unsafe
ones), the visual-1 rule seems to be more
efficient, though further improvement are
needed by adjusting the limits of the visual
parameters used.

Conclusions

A new sample of sawn timber was col-
lected to validate the visual rules and the
machine settings developed for the
strength grading of the Italian beech in a
previous work (Brunetti et al. 2020a). A re-
presentative sampling is crucial for the suc-
cess of the strength grading, which means
accuracy, safety and efficiency of the raw
material sorting.

The mechanical properties values as well
as the visual and machine parameters of
the new sample fell within the expected
range of values derived from a previous
work, confirming the effective sampling of
the resource variability. The correlations
between wood properties for the new
sample were very similar to the previous
sample, with the exception of the correla-
tions between the dynamic modulus of
elasticity and the mechanical characteris-
tics (both strength and stiffness), suggest-
ing peculiar characteristics of southern
beech wood.

The weak correlations observed for the
dynamic modulus of elasticity led to a poor
efficiency of the machine settings previ-
ously developed in terms of yield and char-
acteristic strength. Nonetheless, the latter
parameter was higher (98.9%) than the
standard threshold required for the correct
grading of timber of a particular prove-
nance.

As previously reported, the number of re-
jects was lower for machine grading than
for visual rules. However, visual grading of
wood sample resulted in very few rejects,
high yields in the best class and characteris-
tic strength higher than required, thus
showing to be more efficient than machine
grading in this regards, likely thanks to the
few knots present in the verification sam-
ple.

In conclusion, the former setup of the
strength grading of Italian beech was con-
firmed to be correct and accurate. None-
theless, further improvements could be un-
dertaken, e.g., by adding new samples to
the national one, thereby allowing either
the achievement of higher strength classes
or more permissive limitations for the vis-
ual characteristics (better yields). For the
machine grading, a combination of several
parameters would increase its efficiency.
Knots and local grain deviation demon-
strated to be important parameters to take
into account. Both the above characteris-
tics could be combined with the dynamic
modulus of elasticity to implement the ma-
chine grading of the beech raw material.
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