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Abstract

The poplar wood industry chain from planted forests takes a strategic position for the creation of a competitive, profitable,
and highly technological bioeconomy in the world. Niche sectors such as buildings can find in poplar wood an effective ally to
reduce its carbon footprint and ecological backpack. For the poplar wood, it is important to understand the huge significance
of the proper silvicultural management of a plantation and to characterize the raw material. In this context, this paper carries
out such characterization for the particular case of young plantations of the clone I-214 (Populus x euroamericana (Dode)
Guinier), commonly used for its high growth rate. The acoustic non-destructive characterization of poplar wood is carried
out from standing trees, logs and sawn timber and then compared with the one obtained through destructive mechanical
tests. The study shows that growth parameters are highly affected by the age and moderately affected by stand density, while
mechanical properties are strongly affected by the age and less affected by the stand density. The study also shows high values
of the linear regression coefficients between the mechanical properties obtained on standing trees, logs, and sawn timber
using non-destructive and destructive methods (R*=0.7 for all three cases), greater than those obtained for other species. A
good linear fitting was obtained between the tree and log velocities (R*=0.76) and between the tree and log elastic moduli
(R?>=0.85). Consequently, the evaluation of the mechanical properties employing the optimized acoustic protocol provides
a reliable characterization for the poplar wood.

1 Introduction as fast growing and short cycle planted forests (ranging from
9 years in the South to 18 years in the North of Spain),
promote the local economic sustainable development based
on the processing and use of wood resource. The silvicul-
tural treatments of these intensive plantations and especially

the plantation density together with the clonal selection,

The populus species is one of the most important plantation
species in Spain, occupying approximately 145,000 ha in
2016 according to FAO (Isebrands and Richardson 2014;
Kollert and Lebedys 2018). The poplar groves, understood
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determine the growth and the technological properties of
the resulting wood (Jiang et al. 2007). In particular, the stand
density is the most important silvicultural factor used to con-
trol tree growth and wood quality production by altering
growing conditions in utilization of nutrients, water and sun-
light, which will eventually affect the wood characteristics
(Zobel and Buijtenen 1989; Zhang et al. 2002). Typically,
the ring width and the wood density can be affected by the
site and silvicultural management, and by the stand density,
in particular (Carson et al. 2014).

The mechanical properties of poplar wood at early ages
have been evaluated by various authors with different
destructive and non-destructive methods, showing clonal
differences (e.g. Rescalvo et al. 2019) and even comparing
the results with other species (Aydin et al. 2007). The results
observed by Huda et al. (2014) showed very interesting
mechanical properties of some particular poplar clones for
a wide range of high added value applications (e.g. plywood
manufacturing and sawn timber for construction sector). The
study by Yu et al. (2008) to better understand the variability
in mechanical properties of hybrid poplar clones indicated
no uniform trends relating growth rate to either higher or
lower modulus of elasticity/modulus of rupture.

The P. x euroamericana hybrid I-214 clone is one of the
most genetic materials used in poplar plantation in Spain.
However, this clone has low mechanical properties as shown
by various studies in France and Spain. Casado et al. (2012)
showed in their research a significant influence of the width
of the ring on the modulus of elasticity of the wood, and
a moderate variability both in the width of the ring and in
MOR and MoE (CoV =21, 16.5 and 27% respectively).
Based on this variability and in accordance with what was
proposed by Van Acker et al. (2016) if progress is made in
the correct characterization and selection of timber from
poplar crops, the mechanical properties of the wood will
be improved.

Non-destructive evaluation of timber as a material is
widely used at different stages along the forestry and wood
processing chain. By doing so, the potential quality of the
timber can be evaluated without inflicting significant dam-
age to the object evaluated (Legg and Bradley 2016). These
techniques are widely used for timber grading, enabling the
stratification of sawn timber into quality classes defining or
limiting their final use (Santaclara and Merlo 2011; Ridley-
Ellis et al. 2016; Llana et al. 2020).

Although in recent years many studies have been car-
ried out to predict the stiffness of wood by acoustic methods
in different parts of the world especially in conifers (Wang
2013), only some of them related the acoustic measurements
in standing trees to the modulus of elasticity obtained after
bending test until failure of the wood extracted from those
same trees (e.g. Merlo et al. 2014). Very few studies have
approached how standing tree acoustic velocity is directly
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linked to the mechanical properties of sawn timber in hard-
wood (Madhoushi and Daneshvar 2016). In some cases (e.g.
Amateis and Burkhart 2015), no correlation was reported
between standing tree acoustic velocity and the timber
mechanical properties in loblolly pine, suggesting that this
was due to the small number of samples taken from each
particular tree.

From tree to logs, correlations between the acoustic
velocities on standing trees and logs appear to be relatively
good (R?=0.71-0.93), as reported in several previous stud-
ies on softwoods (Moore et al. 2013) and hardwoods (Mad-
houshi and Boskabadi 2019). Worse dependencies were
achieved by Rais et al. (2014) for Douglas-fir wood, with a
correlation of R>=0.35. At the log level, the acoustic veloc-
ity was used in multiple studies for segregating logs by qual-
ity (Simic et al. 2019).

The acoustic methods for wood characterization on stand-
ing trees and logs are different (Time of Flight and reso-
nance). Accuracy of the measurements can be affected by
different factors such as the sensor position and distance
between sensors (Arriaga et al. 2017), the type of device
(Wang et al. 2004), the signal arrival time on-set technique
(Rescalvo et al. 2019), the elastic supports in the case of
logs and sawn timber (Goran 2018), and the measurement of
density at the time of the acoustic test (Fundova et al. 2019),
among others. Any improvement and control of all these
issues could help to optimize the results and gain accuracy.
Grabianowski et al. (2006) found higher values when look-
ing at timber sawn from outerwood (R?=0.89) than from
corewood (R?>=0.74). The viability of acoustic methods
could be a very effective way exploring the intraclonal vari-
ability and an opportunity to select trees for wood quality
improvement.

The current research proposes as main issue the evalua-
tion and comparison of the bending modulus of elasticity in
lumber with the dynamic modulus of elasticity obtained by
acoustic non-destructive methods during three phases of the
wood chain from different young plantations. In addition, the
second objective of this study is to evaluate the variability
in the mechanical properties with the age and stand density
of the plantations. Although some papers have addressed
the use of acoustic methods to evaluate poplar wood (e.g.
Ross and Hunt 2000; Casado et al. 2012; Dackermann et al.
2013), no previous studies have been identified following the
methodology from tree to timber here proposed.

2 Materials and methods
2.1 Forest and wood material description

Sixty-nine trees from three private plantations, located in
two different regions, were considered in this study (Fig. 1),
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Fig. 1 Location of the plantation on the Iberian Peninsula. GU: plan-
tation located at the Henares river basin, Guadalajara province, in the
central area of the Iberian Peninsula. GR: two plantations located at
the Genil river basin, Granada province, in the south of Spain

geographically separated about 450 km. Genetic material
was the same, Poplar clone 1-214 (Populus x euroameri-
cana (Dode) Guinier) in the three experimental sites.
The main characteristics of the plantations are described
in Table 1. The two GR plantations corresponded to two
contiguous plots, one plot (GR_H) with higher stand den-
sity, and another (GR_L) with lower stand density. The

meteorological conditions were very similar for both plan-
tation sites, as well as the soil type. 15 trees from GU plan-
tation, 18 trees for GR_L and 36 for GR_H were selected
for the current study from the centre of each plantation. In
all cases, the poplars placed at the edges of the plots were
ignored for the analysis.

The nondestructive evaluation was carried out on the
whole wood value chain, in 3 phases, as shown in Fig. 2:
Phase 1: standing trees; Phase 2: logs; Phase 3: sawn timber.
After the acoustic evaluation, the sawn timber samples were
subjected to four-point bending tests and compression tests
parallel and perpendicular to the grain.

2.2 Acoustic test on standing trees

The Time of Flight method (7oF) was used to obtain the
propagation velocity along the grain direction in standing
trees. Two piezoelectric SD-02 Fakoop sensors with a reso-
nance of about 20 kHz were nailed to the outermost part of
the tree trunk (Fig. 3). The middle point between sensors
was set at the breast height of the tree (1300 mm). Moreo-
ver, following the indications of previous works (Mora et al.
2009; Wang 2013; Legg and Bradley 2016), the sensors were

Table 1 Main characteristics of

. GU GR_L GR_H

plantations, trees, logs and sawn

timber samples Clone 1-214 1-214 1-214
Location (DMS) 40°45'40.1" N 3°08'55.0" W 37°10'01.9" N 37°10'01.9 " N

3°36'56.5" W 3°36'56.5" W

Soil Calcaric Fluvisol Calcaric Fluvisol  Calcaric Fluvisol
Age 13 9 9
Tree distance (m X m) 5.5%5.5 10x 10 5%5
Stand density (stems-ha™") 330 200 400
Number of trees 15 18 36
Number of logs 29 18 36
Range of log length (m) 2.49-2.56 2.00-2.06 1.98-2.05
Range of log diameter (cm) 31.5-43.5 28.041.5 21.5-38.0
Number of sawn timber samples 72 55 67
Sawn timber sample section (mm? 100%50 100 x50 100 x50

GU Guadalajara, GR_L Granada low-stand density, GR_H Granada high-stand density

Fig.2 Testing from tree to

Non destructive testing

Destructive testing

timber
Standing

tree Log

= ) o ==
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—
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Fig.3 Acoustic test on standing
trees: a Experimental setup; b
picture during test. S1: Impact
point sensor. S2: Receiver sen-
sor. Distances are shown in mm
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placed always at 600 mm from each other and the tip was
inserted 25 mm into the wood. In order to ensure a good
propagation of the longitudinal waves, the tips penetrated the
trunk bark with an angle of 45° referring to the vertical axis
of the tree. A Picoscope® oscilloscope with a bandwidth of
20 MHz and a sample rate of 80 MS-s~! was used to record
the signals generated by an impact hammer weighing 100 g
on the upper sensor. Arrival time of the signals was calcu-
lated by means of the Akaike method as proposed in Res-
calvo et al. (2019), which was used to calculate the propaga-
tion velocity shortly named as C=d/At, d being the distance
between the two transducer tips and A¢ being the difference
arrival time of the signal to both transducers. Twelve veloc-
ity measurements per tree were taken and the average value
of the propagation velocity was used as velocity in a tree
(Cy). Moreover, by means of a Trephor35 microcorer, wood
samples were extracted in order to obtain the outer wood
green density (just in the tree area where the acoustic test
is carried out). The cores were 4 mm in diameter and had
a maximum length of 35 mm without bark to calculate the
green wood density by gravitometric method (p, 7). Thus,
the stiffness modulus in standing tree was estimated by the
one-dimensional wave approximation given in Eq. 1:

MoE; = p,Cy M

2.3 Harvesting and logs acoustic testing

After acoustic test on standing trees, the previously
selected poplar standing trees were harvested and the
diameter with bark was measured at different heights from
the ground every meter until the height of 13.5 m and
every two meters from 13.5 m until reaching the height
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(H), corresponding to a thin point diameter of 7 cm. Thus,
the volume of wood of each particular portion was calcu-
lated using the Smalian formula (Alemdag 1978)

A+ A

) L, @

where A, and A, are the area of log sections in the
two heads of each particular portion and L, is its length
between two consecutive sections. Thus, the total volume
of the tree, V, was obtained as the sum of the volumes
of the individual portions until the height H (Wiant et al.
1996).

After harvesting, one or two logs 2.0-2.5 m long were
cut from each tree and used for the subsequent analysis
presented in this work (see Table 1). Furthermore, in order
to evaluate the percentage of false heartwood, which is
associated with lower mechanical properties (Johansson
and Hjelm 2013), for each log the false heartwood diam-
eter and the ratio of false heartwood surface with respect
to the total surface of the log head (FHW, %), were also
measured (Berthelot et al. 2013). The average FHW value
between each of the two heads was calculated for each
particular log.

Then, acoustic resonance test was performed on each
log consisting of striking with an impact hammer at one
end and recording the response signal using a SD-02
sensor nailed on the opposite end (see Fig. 4). From the
response signal, the first longitudinal resonance frequency
(f) was obtained as the first peak of the spectrum. In order
to obtain the propagation velocity in the log with greater
accuracy, the following actions were carried out: (1) The
log was supported on an elastic support at its central point,
which allows reducing the damping effect of the first
mode of vibration and a better discrimination from other
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Fig.4 Acoustic resonance test on the logs. L; : log length

vibration modes; (2) The green density of the log, p, . was
obtained by its weight and volume, instead of obtaining a
slice from one of its ends. Thus, assuming a constant sec-
tion shape of the log, the elastic modulus of the log can
be estimated by wave equation and the Newton—-Laplace
equation as follows:

G = 2L f, 3)

MoE, = p,, C} )

where C; is the propagation velocity of the stationary
waves generated in the log at the first resonance f}, and L
is the log length.

2.4 Sawing timber

The collected logs were taken to a local sawmill for each spe-
cific location. Two prismatic pieces were obtained from each
log, as shown in Fig. 5. Figure 5 also shows the average cross-
section of the logs of each plantation using the mean values of
DBH and false heartwood ratio (FHW) for each case (Table 2).
It was observed that due to the higher average DBH value
and lower value of the FHW ratio of the logs from the GU

Fig.5 Theoretical cutting to
obtain the sawn timber samples
for three different diameters of
logs. Distances are shown in
mm. GU: Guadalajara; GR_L:
Granada low-stand density;
GR_H: Granada high-stand
density

162

390

Oscilloscope

plantation, the pieces only had sapwood. However, for the GR
plantations, with a lower average DBH value and higher value
of the FHW ratio, the sawn pieces had a certain portion of
false heartwood. Figure 6 shows some photographs of the saw-
ing process. After sawing, the pieces were naturally dried in
a ventilated space without direct solar radiation for 6 months,
and subsequently conditioned at moisture content (MC, %) of
around 12% prior to subsequent mechanical tests.

2.5 Acoustic test on sawn timber samples

An acoustic resonance test was performed on each sawn timber
sample consisting of striking with an impact hammer at one
end and recording the response signal using a t.bonne MM-1
Thomann microphone, as shown in Fig. 7. Assuming a con-
stant section shape of the sample, the dynamic elastic modulus
of the sample, MoE,,,, was estimated by means of the Egs. (5)
and (6). The specimens were subjected to free vibrations along
the longitudinal grain direction with the sample supported in
two elastics supports (Fig. 7).

Gy = 2L/ Q)

MoE, = p,C; (6)

166 142
; i 308 ) L m |
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Table2 Mean values analysed + SD

DBH (cm) H (m) V (m?) ADBH (cm/year)  FHW (%) Cr (km/s) Cy. (km/s)
GU
37.8+3.1A 21.7+35A 1.21+025A 29+02B 173+29B 3.34+0.08 A 3.31+0.08 A
GR

L
329+19B 154+13B 0.74+0.09 B 37+02A 29.1+4.4 A 2.99+0.07 C 2.81+0.11C

H
275+1.8B 154+1.7B 0.55+0.11C 3.0+02B 27.9+4.8 A 3.08+0.07 B 2.93+0.08 B
Kruskal-Wallis test
F=122,p<0.05 F=208,p<0.05 F=76.8,p<0.05 F=494,p<005 F=349,p<0.05 F=433,p<005 F=46.5,p<0.05
MoE; (kN/mm?) MoE; (kN/mm?®) MoE,,, (kN/ Eypm KN/mm?)  py (kg/m’] E.okN/mm?)  E 4 kN/mm? v

mm?)

GU

8.4+04 A 83+0.5A 82+0.9 A 88+1.0A 330+29B 88+1.4A 0.30+0.04 A  0.37+0.06 A
GR

L

6.6+03B 58+0.5B 6.7+0.6 B 7.1+09B 353+18 A 63+09 A 0.21+0.04 B 0.40+0.09 A

H
6.7+0.3 B 62+05B 6.4+05B 7.0+0.7B 343+14 A 59+12B 0.19+0.04 0.40+0.08 A
Kruskal-Wallis

test

F=36.9, F=5909, F=1052, F=88.9, F=4738, F=44.4, F=20.2, F=0.7,

p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05

DBH diameter measured at breast height, H tree height at a 7 cm diameter point, V tree wood volume, ADBH annual DBH growth rate, FHW
false heartwood ratio, C; tree acoustic velocity, C; log acoustic velocity, MoE; modulus of elasticity in standing trees, MoE; modulus of elas-
ticity in logs, MoE,, dynamic modulus of elasticity in timber, E, , static modulus in bending (mean value), p, basic density in timber samples
(MC=0%), E,, modulus of elasticity in compression parallel to the fiber, E_ o, modulus of elasticity in compression perpendicular to the fiber, v
Poisson ratio, A, B, and C different statistical classes among plantations within each variable, GU Guadalajara, GR_L Granada low-stand density,
GR_H Granada high-stand density

Fig. 6 Pictures of the process from log to timber

2.6 Bending test

where C, is the propagation velocity of the stationary

waves generated in the sample at the first resonance f|, L,
is the sample length, and p, is the sample density. The MC
of each sample was measured and the MoE,, values were
properly corrected to the MC = 12% reference value (Bucur
2006, UNE-EN 384:2016+ Al)).

@ Springer

All the sawn timber samples were subjected to a
monotonic four-point bending test following the
EN 408:2010+ A1:2012 standard (see Fig. 8). A constant
displacement rate of 9.0 mm min~! was used in order to
comply with the standard requirements. All the tests were
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Fig.7 Experimental set-up of the acoustic test carried out on each particular sample. L,: sample length, #: sample height

Fig. 8 Experimental set-up of a
the four point bending test of
the sample. L,: sample length,
a: distance from the support
to the nearest load application,
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Lb L

performed in an S-110 CONTROLS S.A. testing machine
with an electric actuator with a maximum load capacity of
100 kN. Dimensions were set up at 50 mm (b) X 100 mm (%),
a=500 mm, and L=600 mm. The total span between sup-
ports was 1600 mm. All the samples were instrumented with
one strain gauge placed at the bottom face (maximum tensile
stress), at the mid-span of the sample as shown in Fig. 8.
Using the stress—strain curve for the tensile stress recorded
by the strain gauge, the static modulus of elasticity (MoE)
in bending was obtained as the slope of the curve between
the 20% and 40% of the maximum bending stress, i.e., in the
linear elastic zone. This modulus of elasticity differs from
the global modulus proposed by the EN 408 since it is less
affected by the shear effects, giving a value nearer to the
modulus of elasticity in the longitudinal direction, E . It
should be emphasized that strain gauges were used instead
of extensometers/displacement transducers (as indicated by
the EN 408 standard), in order to avoid the influence of the
shear stresses on the global modulus of elasticity (see Res-
calvo et al. 2020 for more details). HBM LY series strain
gauges were used for the strain measurement with a 10 mm
grid length. Bonding was performed with a glue supplied by
the same manufacturer and designed especially for porous
materials such as wood.

2.7 Compression test

Compression tests parallel and perpendicular to
the grain were also carried out, according to the
EN 408:2010+ A1:2012 standard. In order to follow the
requirements of the standard, two different types of sam-
ples were prepared (Fig. 9). Since poplar timber has a low

240
1
Th

Strain gauges

1 7|

|
|
|
N
N

Fig.9 Experimental setup of the compression test: a Parallel to grain
(0°); b perpendicular to grain (90°). F: applied load. Distances are
shown in mm

fibre deviation and the modulus in compression is calcu-
lated in the elastic range, there is no risk of buckling or
significant strain differences between the faces of the sam-
ples during the test. For that reason, only a strain gauge
was used to measure the strain, instead of the two typically
required by the standard. Distortion effect noted in UNE-EN
408 is produced in wood with high fiber deviation. Differ-
ences between the measurement according to UNE-EN 408
or with strain gauge are negligible since the type of test
and the low fiber deviation avoid shear effects. Based on
the stress—strain curve for the compression stress recorded

@ Springer
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by this strain gauge, the moduli of compression E_, and
E_ o were obtained as the slope of the curve between 20
and 40% of the maximum compression stress. Similarly, for
the case of the grain direction test, a secondary strain gauge
was glued perpendicular to the grain on the opposite face to
the strain gauge at 0°. Thus, the Poisson ratio (v) was also
obtained between 20 and 40% of the maximum compres-

sion stress.

2.8 Density

From each particular sawn timber piece, one sample sized
50 % 100x 100 mm? was extracted after the bending test
according to EN 408:2010+ A1:2012 standard. From these
samples, the MC and the basic density, p, (0% of MC), were
obtained. The samples were dried with a constant tempera-
ture of 103 +2 °C until the stabilization of two consecutive
weights, according to the standard EN 13183-1:2002.

2.9 Statistical analysis

Non-parametric Kruskal-Wallis tests were run by means of
the package Statistix v.9® to find the statistical differences
among plantations for all the features analyzed. Furthermore,
with the aim of eliminating outliers from the data obtained, a
statistical treatment based on the standard deviation (SD) has
been performed. Specifically, in all simple linear regressions
of the work, values outside the range (x — ko, x + ko) were
eliminated, x being the average, ¢ the standard deviation and
k is the coefficient that determines the width of the range.
K =2 was used in this work.

3 Results
3.1 Standing trees and logs: dasometric features

The diameter measured at breast height (DBH) at GU was
27% higher than that measured at GR_H, and 13% higher
in GR_L than in GR_H (Table 2). No differences between
DBH at GU and GR_L were statistically detected, whereas
both of them showed statistically higher DBH than GR_H.
The annual DBH growth rate was very similar among GU
and GR_H, and 19% higher in GR_L than in GR_H. Height
measured at a 7 cm diameter point (H) was 29% higher
for GU than for GR_H and GR_L, whereas no differences
between the GR plantations were recorded. Tree wood vol-
ume (V) followed the sequence GU> GR_L > GR_H, being
V at GU 55% higher than GR_H, and GR_L 26% higher
than GR_H.

@ Springer

3.2 Features in standing trees and logs

The average percentage of false heartwood obtained was
39% lower for the GU plantation compared to the GR_H
plantation (Table 2), and no statistical differences were
observed between the two GR plantations with different
stand density. The oldest plantation is the one with sig-
nificantly higher propagation velocity. Among the youngest
plantations, the propagation velocity is significantly higher
in the highest stand density plantation, both in trees and
in logs. However, when estimating the dynamic modulus,
these differences disappear, which implies the importance of
considering and using the green density right at the moment
of measuring the propagation velocity. The propagation
velocity on standing trees (Cy) and logs (Cy) was 8% and
12% higher for the oldest GU plantation compared to the
GR_H plantation. Statistical differences were observed for
both velocities between the two GR plantations. Moreover,
a good linear fitting was obtained between the tree and log
velocities (R*=0.76), although the slope was far from value
1, not included in the confidence interval at 95% (0.58, 0.77)
(Fig. 10a). Similarly, a good fitting (Fig. 10b) between the
tree and log elastic moduli was obtained (R*=0.85). In this
case, the confidence interval at 95% was (0.66, 0.82). These
variables are 25 and 34% higher for the GU plantation com-
pared to the GR_H plantation (Table 2), without detecting
statistical variations between the two GR plantations.

3.3 Sawn wood in bending

The greater elastic modulus of timber obtained from the GU
plantation (28% more in the GU plantation compared to the
GR_H plantation) was obtained (Table 2). No statistical vari-
ations were detected between the two GR plantations. Due to
the widely spread interval of the modulus of elasticity of the
tested samples, a normal distribution function was used to
describe how the values were distributed (Fig. 11). It shows
a greater dispersion of the values of the static modulus in
bending between the different samples tested in the case of
the GU plantation with respect to the two GR plantations,
no visible differences between the two GR plantations were
detected.

3.4 Tree, logs, and sawn timber: MoE relationships

The plots in Fig. 12 show the relationship between the static
modulus obtained with the bending test (£, ,,) and the three
moduli obtained by non-destructive acoustic tests (MoEr,
MoE; and MoE,,). In general, acceptable linear regression
fittings were obtained (around R>=0.7 in all three cases).
In the first case (Fig. 12a), in which E, , is plotted against
the elastic modulus measured on standing tree, the slope
obtained was very close to 1 and the confidence interval
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Fig. 10 a Propagation velocity on standing trees versus propagation
velocity on logs; b Elastic modulus (trees versus logs). MoE: modu-
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at 95% was (0.80, 1.15). In the second case (Fig. 12b), in
which Ej , is plotted against the elastic modulus in logs, the
slope was far away from 1 (0.78) and the value 1 was not
on the confidence interval at 95% (0.64, 0.92). Finally, in
the third case (Fig. 12¢), in which E,, ,, is plotted against the
dynamic elastic modulus measured in sawn timber, the slope
was also very close to 1 (0.93) and the confidence interval
was (0.84, 1.02).

3.5 Timber in compression

As for the bending elastic modulus results obtained in
Sect. 3.2, higher stiffness values were obtained in both
compression directions for the case of the GU plantation
(Table 2). An increase of 51 and 57% was observed for the
compression modulus along the parallel and perpendicular
directions to the grain, for the GU plantation with respect
to the GR_H. The elastic moduli for both directions were
statistically similar for both GR plantations. A similar value
of the Poisson coefficient was obtained for the three planta-
tions, without detecting statistical differences between the
three plantations.

4 Discussion

Stiffness is a very important wood quality property that pre-
determines the suitability of sawn timber for construction
purposes. The possibility of their non-destructive assess-
ment offers an opportunity to select trees for timber qual-
ity improvement, to optimize silvicultural practices towards
higher timber quality, or to assort timber sources according
to different end-use requirements in a very effective way.
Destructively assessed static modulus of elasticity by using
strain gauges was set as benchmarks for evaluation of the
ability of non-destructive methods to accurately assess stiff-
ness and strength of the final product at different stages of
the wood chain, namely, on standing trees, logs and the sawn
timber.

The growth traits at the plantation level were explored
in order to relate them to acoustic and mechanical prop-
erties variability and to explain the stand density and age
effect. Higher mean values of the height (H) and volume
(V) have been observed for the GU oldest plantation, as
it is 4 years older than the two GR plantations. Likewise,
between the two GR plantations significant differences in
the diameter and wood volume have been observed, attrib-
utable to their different stand density. In particular, higher
DBH and V values have been obtained at lower stand densi-
ties. It is also interesting to note that the lower density of
plantation (GR_L) allows trees obtain diameters similar to
those obtained in the older plantation (GU), but at a lower
age. That is, the growth in diameter can be controlled by the
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stand density but the growth in height is only controlled by
the age.

Regarding the mechanical properties, it has been observed
that the dynamic modulus of elasticity estimated on trees
and logs was greater from the oldest GU plantation. This
could be associated with the onset of adult wood formation
in this plantation. However, the differences in modulus of
elasticity between the two GR plantations are not statisti-
cally significant, which indicates the little influence of the
stand density on the stiffness of the timber at the same age.
These results have also been corroborated in sawn timber
samples, i.e. greater stiffness of the wood obtained from the
GU plantation with respect to the GR plantations, due to
their older age, and null differences from a statistical point
of view between the two GR plantations, indicating a low
influence of the stand density.

It was observed that Pearson correlation shows no signifi-
cant relationship between diametric increment and the static
modulus of elasticity in the trees evaluated. This is con-
sistent with results obtained by different authors. Yu et al.
(2008) observed no trend that linked the growth rate to a
higher or lower modulus of elasticity. The study by Boever
et al. (2007) found that the growth rate did not have a sig-
nificant influence on the mechanical properties of the fast
growing poplar hybrid. Yu et al. (2008) found no significant
site effects on MoE and MOR for P. deltoides, despite large
differences in DBH growth at the two sites.

Some of these results are in accordance with previously
published ones. In particular, Hernandez et al. (1998) used
increment cores taken at breast height of ten P. X euroameri-
cana hybrid-clones trees to estimate the mechanical proper-
ties. By using the ultrasound technique on the cores, they
concluded that the radial variation of the dynamic elastic
modulus had a tendency towards better mechanical proper-
ties with age. They also observed a significant but weak
correlation showing that wood density and mechanical
properties decreased with increasing growth rate. The same
conclusions were stated in Beaudoin et al. (1992) for some
P. x euroamericana hybrid-clones, and in Huda et al. (2014),
who found differences between clones ranging from 2 to
13.5%. Yu et al. (2008) also found that the growth rate had a
very low effect on the mechanical properties. They evaluated
a high variability in mechanical properties caused by genetic
differences in 10-year-old hybrid poplars. In Boever et al.
(2007), the authors analysed the physical and mechanical
properties of three P. trichocarpa X deltoides hybrids poplar
clones (Beaupré, Hoogvorst and Hazendans) by means of
laboratory destructive tests on timber samples. They also
found that growth rate had no significant influence on the
physical mechanical properties.

The impact of the growth rate of different poplar hybrids
on mechanical properties is still a matter of controversy,
largely because most studies include only one hybrid with
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a limited number of clones at a single site. Few studies
have analyzed the relationships between growth rate and
mechanical properties. Zhang (1995) noted no significant
correlations between growth rate and MOR or MoE in static
bending for the diffuse porous hardwoods. Diffuse porous
species, such as poplar, generally display only a weak
response in density to changing growth rates. In the pre-
sent case, the results at the plot level showed a tendency to
obtain a higher density of wood in the plots with a greater
diameter growth rate. A significant and positive Pearson cor-
relation between the increment diametric growth by tree and
the mean wood density obtained in the lumber from the tree
was also obtained.

The relationships between the mechanical properties and
growth rate varied considerably by site and by hybrid (Yu
et al. 2008) and also by age. Mechanical properties showed
a great improvement with age as the tree progresses through
juvenile wood to maturity (Bendtsen and Senft 1986). Dif-
ferent results were observed on the relationships between the
wood density and the width of the ring in the poplars. IStok
et al. (2016) showed a slightly negative correlation between
ring width and wood density in poplar clone [-214. However,
according to Boever et al. (2007) no significant correlation
could be found between growth and physical properties.
Hernédndez et al. (1998) pointed out significant but weak
negative correlations between wood density or mechanical
properties and growth rate in P. deltoides X nigra. In some
cases (Yu et al. 2008) the effect of growth rate on mechanical
properties was inconsistent. Sometimes, the presence of ten-
sion wood tends to increase the local density, irrespectively
of growth rate. Opposite results have been observed in the
principal softwood species. For the case of Pinus radiata D.
Don, Carson et al. (2014) found that propagation velocity
increased as stand density increased from 100 stems ha™! up
to 400 stems ha~'. South African studies on locally grown
softwoods support the positive influence of higher stand
densities at establishment, improving the wood stiffness of
Pinus radiata (Wessels and Froneman 2015) and Pinus elli-
ottii Engelm. sawn timber (Froneman and Wessels 2018).

A different value of the dynamic modulus of elasticity
was observed on trees and logs in the present work. If the
mean values of the modulus of elasticity between tree and
log are compared to each other for the same plantation, the
differences are small (14% for GR_L, 8% for GR_H and only
2% for GU plantation). This result is in good agreement with
the higher false heartwood percentage of the GR plantations
compared to the GU plantation. Between factors that justify
the difference in propagation acoustic velocity between trees
and logs, the low level of wood defects, the low percentage
of bark, the relative uniformity of the logs in section, as
well as the low percentage of false heartwood in the three
plantations should be highlighted (Forét Priveé Francaise
2013). Hernandez et al. (1998) obtained differences of more

than 20% on average between dynamic and static modulus
(much higher than in the present study), advising caution in
predicting mechanical properties of wood from density in
P. x euramericana clones at earlier ages.

A good linear fitting has been observed between the
propagation velocities of the acoustic wave on the trees and
the logs, with a slope of 0.67, and between the trees and
the logs elastic moduli, with a slope of 0.74. The deviation
from value 1 of both slopes may be due to various factors:
(1) the existence of the bark and marrow in the logs, which
decreases the stiffness of the whole log, and therefore affects
C; but does not to Cr; (ii) the existence of false heartwood,
which affects C; but does not affect Cy; (iii) the existence
of defects such as knots; (iv) the non-constant section of the
logs, which implies that Eq. (2) is not totally valid; (v) the
existence of different wave propagation modes, the recording
of which depends on the sensor distance and the attenuation
of the material. However, in both cases a clear separation
has been observed between the three plantations, with some
overlap between the two GR plantations.

Larger differences have been reported in hardwoods
between dynamic and static modulus of elasticity in lum-
ber. Smulski (1991) reported differences of 22-32% for
hardwoods from North American and Ilic (2001) reported
a difference of 29% for Eucalyptus delegatensis. In the pre-
sent study, the coefficient of determination (R?) between
dynamic and static MoE in lumber (R*=0.7) is higher than
the relationships observed in another study with the same
poplar clone with similar lumber size (Casado et al. 2010;
R>=0.45-0.49). Cheng and Hu (2011) used several methods
to determine the MoE for poplar wood, and the deviation
comparing the MoE using longitudinal waves and static MoE
was 10.4%. However, in other hardwood species static MoE
was closely related to the dynamic MoE. In eucalypt wood,
Yang et al. (2002) obtained coefficients of determination
of 0.95-0.97. In other hardwood species, Chauhan and
Sethy (2016) also obtained higher coefficient of determina-
tion in linear regression between dynamic and static MoE
(0.85-0.96).

Linear regression fitting around R*=0.7 has been obtained
from the comparison between the static modulus in bending
(Ey.m) and the three elastic moduli obtained by non-destructive
acoustic tests (MoEr, MoE, and MoE,,). The relathionship
between trees and logs was very similar to that reported by
Wang et al. (2007) for Pinus banksiana Lamb. (R*=0.71). This
degree of concordance of the velocity relationship for standing
trees and derived logs across multiple species provides a meas-
ure of confirmatory support for the acoustic approach in terms
of its overall consistency and agreement with expectation. More
generally for conifers, Newton (2019) suggests that the velocity
of the dilatational wave measured on standing trees is approxi-
mately 1.22 times the velocity of the longitudinal wave meas-
ured on the derived logs. It should be noted that the relationship
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is better for sawn timber than for logs and trees, and with values
for standing trees much higher than those observed for other
species in the literature (Bertoldo 2014; Simic et al. 2019).

The slope very close to 1 obtained from the regres-
sion between Ej , against the elastic modulus measured on
standing trees, can be mainly due to different factors: (1) in
the present case arrival time is calculated by oscilloscope
by the same algorithm and software on tree, log and sawn
timber using the Akaike method for the accuracy detection
of the arrival time of the acoustic wave (Rescalvo et al.
2019); (2) in the use of the green density measured at the
time of the measurement on standing trees (Fundova et al.
2019); (3) the timber has been obtained near the outer
wood area with respect to the acoustic measurement on
standing trees. A relatively high correlation was found by
Grabianowski et al. (2006) between the acoustic velocity
and the mechanical properties of sawn timber from those
trees. Higher values were found when looking at timber
sawn from outerwood (R?>=0.89) than from corewood
(R*=0.74); (4) the low number of defects, mainly knots,
due to the appropriate tree pruning carried out in the three
plantations.

These results are consistent with the results of Wang et al.
(2004), who found that there is a good relationship between
elastic modulus on standing trees and logs and the static
elastic modulus in sawn timber. This finding could be very
useful for predicting static MoE in bending by measuring
elastic modulus in the longitudinal direction on the stand-
ing trees.

In the case of acoustic propagation velocities measured
on standing trees and resonance measurements in logs,
values between 7 and 36% higher were reported by several
authors (Chauhan and Walker 2006; Grabianowski et al.
2006; Wang et al. 2007; Mora et al. 2009; Bertoldo 2014),
most of them for the case of softwood. Furthermore, Wang
(2013) suggested that tree diameter, stand age, operating
temperature and wood moisture content affect tree-log veloc-
ity relationships. Acoustic wave velocity on standing trees
might be higher or lower than in logs or timber (Wang 2013),
depending on the species, grain direction (longitudinal or
transverse), site, tree diameter, and measuring methods.

According to the conclusions of Liu et al. (2020), the
propagation of acoustic waves within an orthotropic tree
model and with free and low reflection boundary conditions,
is performed as a dilational wave between distances 0 and
1.2 m. The present measurements were taken at a distance
between sensors of 0.6 m. Thus, the one-dimensional model
equation used in this work (Eq. 2) should be replaced by
Eq. (11) of the work by Liu et al. (2020), which considers the
dependence of MoE on green wood density, the propagation
velocity and the different Poisson moduli of the tree accord-
ing to the orthotropic model. This could largely justify the
observed differences between MoEy and E .
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On the other hand, the slope of 0.78 (a bit different from
1) obtained from the linear fitting between E, ,, against the
elastic modulus measured in logs, may be mainly due to the
reasons stated above regarding the logs. It should be noted
that the sawn timber samples were taken close to the outer
part of the log and the measurement in logs represents the
properties of whole log.

More specifically, based on a simple linear regression
model specification that was used to describe the relation-
ship between standing trees and logs velocities for five
coniferous species, Wang et al. (2007) reported significant
(p £0.05) relationships with moderate to high levels of
explanatory power (R? values of 0.93, 0.85, 0.71, 0.83, and
0.90 for Picea sitchensis (Bong.) Carr., Tsuga heterophylla
(Raf.) Sarg., P. banksiana, Pinus ponderosa Douglas, and
P. radiata, respectively).

Moreover, the slope close to 1 (0.93) obtained from the
linear fitting between E,, ;, against the dynamic elastic modu-
lus measured in the sawn timber samples, demonstrates the
high fidelity of the acoustic test carried out on sawn timber
in the case of poplar. In particular, Eq. 7 shows the obtained
linear fitting of MoE,y, versus E; ,, in the particular case of
the data measured in this work:

MoE,y,, = 1.1E,,, — 1124 7

This good result (slope close to 1) is mainly due to: (1)
the homogeneity of poplar wood; (2) the high grain align-
ment; (3) the low content of defects indicated above; (4)
the use of elastic supports to carry out the vibration test on
the sawn timber samples; (5) the use of a strain gauge to
measure the real strain in the grain direction at the mid-span
of the sample caused by the bending, being able to obtain a
static elastic modulus with less shear influence (unlike in the
case of E, ,1p, according to the EN 408 standard) but taking
into account the deformation of the entire element subjected
to bending (unlike in the case of the E .., according to the
EN 408 standard). Aradjo et al. (2012) demonstrated that
the use of a strain gauge provides more consistent readings
and lower coefficients of variations when compared with a
LVDT to obtain the modulus of elasticity.

The results in compression corroborate what was
observed in bending, i.e. a clear influence of the age of the
plantation and slightly influence, from the statistical point
of view, of the stand density on the elastic modulus at com-
pression in the directions parallel and perpendicular to the
grain. The present results are relatively different to those
obtained by Aydin et al. (2007), who did not specify the
variety of poplar.

Finally, the Poisson ratio of poplar timber has also been
obtained, resulting in values between 0.37 (for GU) and 0.40
(for GR_L and GR_H), statistically similar for the three plan-
tations. In the two GR plantations the mean of the Poisson
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module is identical, suggesting that this parameter is associ-
ated with age. In the case of the GU plantation, since it is
somewhat more mature wood, it is logical to think that the
Poisson coefficient is slightly lower.

5 Conclusion

The elastic moduli in bending and compression were highly
influenced by the age of the plantation, and null influenced
by the stand density. Including the three plantations, it was
concluded that: (1) there is a good linear fitting between the
elastic modulus measured on standing trees and the static
modulus in sawn timber, with a slope very close to 1 (0.97),
thus giving a high level of fidelity to the acoustic test car-
ried out on standing trees, (2) a linear fitting between the
measured elastic modulus in logs and the static modulus in
bending with a slope far from 1 (0.67), thus giving a moder-
ate level of fidelity to the acoustic test in logs, and 3) a linear
fitting between the dynamic elastic modulus in sawn timber
and the static modulus in bending with a slope very close to
1 (0.92), thus giving a high level of fidelity to the acoustic
test in sawn timber. In all three cases, a very similar fitting
coefficient was obtained, around R*=0.7.

It has been concluded that the propagation velocity of
acoustic waves on standing trees and logs is significantly
different between the three plantations, i.e. it is influenced
by the age and stand density. However, the elastic modu-
lus obtained by acoustic non-destructive methods in trees,
logs and sawn timber is only influenced by age, and does
not show significant differences with the stand density. The
same result was obtained for the static modulus of elasticity
obtained with the destructive bending test, which corrobo-
rates the need and interest of using the in-situ density in trees
and logs to obtain the value of the elasticity modulus of the
wood with acoustic methodologies.

Overall, it can be concluded that the elastic modulus of
the I-214 poplar timber is more associated with the age of
the plantation than with its management in terms of its stand
density. This suggests that the growth can be increased with-
out losing the technological properties of the wood, com-
pared to a plot with worse growths of the same age. Even,
these technological properties have been slightly better when
the stand density is lower.
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