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Abstract

To enable an increased use of wood products for construction there is a need to include products based not only on soft-
woods. Poplar-based products are an excellent and promising tool allowing the development of sustainable strategies, as
fast-growing species reduce the pressure on natural forests. In this direction, this paper presents the relationship between
mechanical properties under compressive loading (strength, modulus of elasticity parallel to grain, and Poisson ratio) of one
of the most commonly planted clones, [-214, and the spectral response of the acoustic emission signals and the process of

fracture observed visually and microscopically.

1 Introduction

Poplar wood resources are providing alternative materials
to the softwood-based building products with a clear link
to local home-grown production. The very high growth
rate of poplar compensates for the still relatively modest
areas planted in Europe (close to 1 million ha). To allow
for a substantial increase in building with wood there is a
need for combining innovative solutions and an integrated
approach related to the availability of the raw material at the
regional level. The poplar-based forestry industry chain is
indeed a key solution for Europe to establish a sound strat-
egy for building with wood. Wood is a renewable resource
if forests are managed sustainably. Poplar products offer
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a strong potential as flexible and sustainable alternative
resources since it allows to increase production via addi-
tionally planted forests in a strategic interaction with the
agricultural sector.

Poplar products will be benchmarked with softwood-
based construction products and contribute to the main
advantages of building with wood: (1) Fast: shorter build-
ing times, (2) Light: very good strength-weight ratio, and (3)
Green: sustainable, especially when using bioenergy. In this
context, the physical-mechanical characterization of wood
is a mandatory task for the effective use and exploitation
of it. The wood that is going to be used for the construc-
tion of structures needs the determination of its resistant
capacity so that it meets the safety and stability require-
ments prescribed by the regulations in force. In the case of
poplar wood, its mechanical properties are highly depend-
ent on the type of clone. Koubaa et al. (1998) studied the
shrinking and mechanical properties of 10 hybrid Populus
X euraamericana from Quebec, demonstrating significant
differences in strength properties among clones, includ-
ing compression tests parallel-to-grain. Aydin et al. (2007)
investigated mechanical properties of poplar, fir, pine, and
hornbeam timber from Turkey, with poplar showing the low-
est mechanical properties of the four species. De Boever
et al. (2007) studied the mechanical properties of 3 clones
of hybrid Populus trichocarpa X deltoides poplar in Bel-
gium, demonstrating a significant influence of the growth
rate and genetic background. A similar study was carried
by Noskowiak et al. (2014) for the case of Populus nigra L.
from Poland, including strength grading. Grading was also
carried by Casado et al. (2012) for Populus x euramericana
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clone 1-214 from northern Spain in 2012. Studies in France
by Kesteloot and Hudel (2016), one of the most important
poplar wood producers in the world, have also been carried
out comparing mechanical properties of different clones. In
this context, this paper analyses the mechanical compres-
sion properties of one of the most widely used clones in
Europe, Populus x euraamericana I-214 from one site in
central Spain.

Timber is an anisotropic orthotropic material, behav-
ing differently when subjected to loads at different angles
relative to the grains. Because of the elongated shape of the
wood cells and the cell wall structure, the timber possesses
different elasticity and strength parallel and perpendicular
to the grains. Wooden test specimens that are prevented
from global buckling while compressed parallel to the
grain typically show the elasto-plastic behaviour in Fig. 1a.
Under monotonic loading, the initial elastic behaviour can be
described by the modulus of elasticity in compression paral-
lel to the grain E,. ;. Once the stress o, reaches the value of
the strength in compression parallel to the grain f_ , there
is a noticeable degradation of stiffness and capacity until
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Fig. 1 Features of clear wood in compression parallel to grain
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compressive fracture of the wood. Compressive fracture has
a characteristic appearance with an inclined fracture plane
with an angle to fibre in the range of 45°-60° as shown in
Fig. 1b. On the radial face (R), the fracture bands run per-
pendicular to the grain, while on the tangential face (T) they
run obliquely. Damage to the cell walls has been observed
microscopically by Wardrop and Dadswell (1947) before
buckling is noticeable to the naked eye. Fracture occurs due
to buckling of timber fibres in a thin layer (~ 0.2 mm wide).
This phenomenon has been explained by considering simple
models of hollow rectangular tubes (tracheids) bonded on
all sides by a thin layer of a weaker material (lignin). The
compressive stress causes the loosening of the bond between
the tubes, and it is assumed that the bonding material breaks
until enough free lengths exist for the portions of the tubes to
buckle (Grossman and Wold 1971). The radial arrangement
of tracheids in straight rows favours the tendency to buckle
in the tangential direction, forming overhanging ledges on
the radial faces.

The acoustic emission (AE) method, based on the record-
ing and analysis of the elastic waves released when a mate-
rial or structure is subjected to a change in its strain field,
has been widely used for fracture characterization (Grosse
and Ohtsu 2008; Mizutani 2016). The AE method has been
widely applied to fibre-reinforced composite materials to
study matrix cracking, fibre-matrix debonding, and fibre
breakage (Sause 2016). Research efforts have aimed to char-
acterize and classify the acoustic emission signals from each
damage mechanism, especially by using spectral features
of the signal (Brunner 2018; Martinez-Jequier et al. 2015;
Saidane et al. 2017; Gao et al. 2019).

Studies using acoustic emission techniques in timber have
increased over the past thirty years, with applications over
the whole value chain of wood. Some lines of research of AE
in timber aim at detecting and assessing defects, for example
Schniewind et al. (1996) intended to eliminate or minimize
drying defects by analysing the AE associated with fracture
and wood checking in the drying at different moisture con-
tents and temperature. Raczkowski et al. (1999) focused on
detecting wood decay and found that a mass loss below 1%
as a result of fungi-related decay in wood is responsible for
an important increase in acoustic emission. Qin et al. (2018)
developed AE methodologies to detect the position and size
of knots applied to grading of timber.

The relationship between fracture energy and acoustic
emission has been observed for a number of wood species
and composite materials under different loading condi-
tions. Landis and Whittaker (2000) applied AE to exam-
ine progressive crack growth along the grain of wood
specimens and found a correlation between mechanical
fracture energy and acoustic emission energy. Chen et al.
(2006) monitored the failure process of red lauan and
Sitka spruce specimens under static and fatigue torsional
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loading with different grain rotations and found impor-
tant differences in AE counts for hardwood and softwood.
Aicher et al. (2001) recorded the AE signals of wood
specimens under tension perpendicular to the grain, and
related AE rates to micro-cracking and indicators of pro-
gressive damage, especially in the range of 80-90% of the
ultimate load. Perrin et al. (2019) monitored AE signals
during four-point bending tests of different hardwood and
softwood beams, showing different behaviours in terms
of AE hits and energy released. In comparison to other
species, they observed that damage mechanisms in pop-
lar initiated quickly but evolved progressively, generat-
ing numerous but not very energetic signals, due to the
relative homogeneity of latewood and earlywood vessels.
Diakhate et al. (2017) evaluated crack tip propagation in
double cantilever beam geometry and calibrated numeri-
cal models able to predict crack length evolution from
AE activity for Douglas and white fir. Ritschel et al.
(2013) used AE techniques to assess damage initiation
and accumulation in tensile tests of timber-based materi-
als (laminated veneer lumber and plywood) in addition to
solid wood. Rescalvo et al. (2018) proposed the use of AE
technique for the early detection of delamination between
CFRP and wood in the case of retrofitted wooden beams.

In this context, the present work proposes the use of
the properties of the spectrum of the signals as the most
robust AE feature to classify the signals into two fre-
quency ranges: low frequencies from the beginning of
the loading, and high frequencies associated with fibre
breakage. Two kinds of sensor are used, multiresonant
and broadband sensors, in order to evaluate the influ-
ence on the frequency range and sensitivity. In addition to
presenting the results of compressive tests performed on
specimens extracted from I-214 poplar trees, the mechani-
cal results, AE data, and microscopic observations are
discussed.

Fig.2 Observations of the
structure of poplar perpendicu-
lar to the grain. a Optical image,
b SEM image
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Fig.3 Schematic of the test set-up. AE acoustic emission sensors, SG
strain gages

2 Materials and methods
2.1 Mechanical testing and modelling

To characterise the mechanical behaviour of Populus x
euramericana (Dode) Guinier “1-214”, 90 samples (nominal
area A =50% 50 mm?, and length L=200 mm) of clear wood
were monotonically loaded parallel to the grain on a uni-
versal testing machine, with a constant displacement speed
equal to 0.6 mm/min. These samples were extracted from 15
trees from the same batch harvested at Guadalajara (Spain)
province, located around the central area of the country. The
samples were subjected to a natural drying process until an
average moisture content of 9.3%. Figure 2 shows optical
and scanning electron microscopy (SEM) observations of a
cross section perpendicular to the grain. A structure formed
basically by tracheids and vessels can be observed. As pop-
lar is a fast-growing species, there is no clear distinction
between earlywood and latewood. In the image, both the
middle layer and the entire cell wall are observed, being one
of its main components, the lignin.

Instrumentation for mechanical properties tests is shown
in Figs. 3 and 4 consisting of the internal load cell of the
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Cell walls
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Fig.4 Experimental setup

Testing machine

‘Wood sample”

HD camera <

testing machine and 10 mm strain gages in the loading direc-
tion, acquiring at 10 Hz: (1) the applied axial force F, and
(2) strain parallel to grain g,. Additionally, 45 of the sam-
ples had strain gages perpendicular to the loading direction,
measuring the strain perpendicular to the grain &q4. Assum-
ing a uniform distribution of stress, the stress parallel to the
grain is 6,= F/A, and the strength in compression f,  is the
maximum value of 6,. Because experimental strain—stress
relations are not ideally linear, the modulus of elasticity in
compression parallel to the grain E_, is taken as the secant
slope of the strain—stress curves intercepted at 20% and 60%
of f,.o- Finally, the Poisson ratio can be evaluated as the neg-
ative of the ratio of transverse strain to axial strain: v=— goy/
g- The Poisson ratio is evaluated at approximately 35% of
compressive strength.

Fig.5 Sensitivity curve of
the AE sensors. a MR multi-

AE equipment

2.2 Acoustic emission testing and analyses

Four of the ninety samples were equipped with four AE sen-
sors each, located as shown in Figs. 3 and 4. The samples
were numbered as 1, 2, 3 and 4, respectively. For compari-
son reasons, two types of sensors were used: multiresonant
VS45-H (denoted as MR), and broadband FC 2045S sen-
sors (denoted as BW). Their sensitivity curve as a function
of frequency is shown in Fig. 5. Sensors 1 and 2 were set
up as normal sensors and placed at the centre of the sam-
ple, on two different faces. Sensors 3 and 4 were placed
on the clamps of the testing machine and were set up as
guard sensors, in order to eliminate the friction noise gener-
ated between the sample and the clamps during the test. As
can be seen, the MR sensors have three zones of maximum
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sensitivity around the central 100 kHz, 150 kHz, and
300 kHz frequencies, with low sensitivity above 400 kHz.
On the other hand, the BW sensors have a flatter response,
with sensitivity reaching 2 MHz. It is also observable that,
below 500 kHz, sensitivity of BW sensors is lower than MR
ones, which is especially evident for frequencies lower than
250 kHz. Sensors were acoustically coupled on the samples
by means of silicone grease and fixed with magnetic holders.
Sensor coupling and the entire AE measurement chain of the
four used channels were verified before and after each test
by using pencil leak breaks.

During each test, the acoustic emission was recorded with
the four sensors using an ANSY-5 equipment from Vallen
Systeme. Acquisition threshold was set at 30 dB and the
preamplifiers were set up with 34 dB gain. The acquisition
of the AE signals was carried out with a sampling frequency
of 5 M samples/s and a pre-trigger length of 60 us, with
a resulting page length (after triggering) of 819 ps. Dur-
ing acquisition, frequency range of the signals was limited
between 50 and 500 kHz by means of digital filters, in order
to avoid mechanical and electromagnetic noise. For each
recorded signal, the peak amplitude in dB,g (A), the dura-
tion (Dur), and the following features were obtained:

(1) fyea: Frequency at which its spectrum reaches the maxi-
mum value.

(2) Spectral ratio at two different frequency ranges (low
frequencies: [50-250 kHz] and high frequencies: [250—
500] kHz), defined as:

Z[SO—ZSO]kHz S

SR1 = (low frequencies) €Y

Z[SO—SOO]kHz

Z [250-500]kHz

S
SR2 = (high frequencies), 2)

Z [50—5001kHz

where § is the magnitude of the AE signal FFT (fast
Fourier transform). The sums of the denominators are

extended to all the frequency ranges limited by the
acquisition filters. SR1 and SR2 were calculated in
dB g, referred to 1 pV.

(3) Ratio of spectral energy, representing the proportion
of spectral energy between the high and low frequency
bands considered:

SR2

S12 = .
SR1 )

Moreover, in order to avoid the influence of reflections
of the wave in the sample, fpmk, SR1, SR2, and S12 were
calculated exclusively for a time window, W, starting at
the first threshold crossing, with a duration of 400 us (2000
samples) as shown in Fig. 6.

3 Results
3.1 Mechanical testing

Figure 7 plots the results of compressive stress—strain
curves for all samples, showing the expected elastic—plastic
behaviour. Compressive strength f_, ranges between 28.9
and 41.4 MPa, and the compressive modulus of elasticity
E., ranges between 6.65 and 11.86 GPa. Because of the
typical variability in timber properties, 5%-percentile val-
ues are limited to f, 5, =30.4 MPa and E_, 5,,=7.02 GPa,
respectively, with coefficients of variation (COV) of 9.3%
and 15.4%, as summarised in Table 1. In the elastic range,
the Poisson ratio has a COV =14.7%, with an average value
of 0.37. Similar variability in properties is observed for sam-
ples belonging to the same tree. Results from compression
testing in this paper are in the range of Ding et al. (2013),
Fang et al. (2008), and Faust et al. (1990).

The collapse pattern of the samples 1, 2, 3 and 4 under
compressive loading is shown in Fig. 8. Fracture occurs by
local buckling of the timber fibres, as observed by Grossman
and Wold (1971).

Fig.6 Example of an AE signal (a) (b)
recorded during the test of the 164 0,14 . A
specimen 1. a Signal and tem- 3 l \ A
poral window Wo definition. b ~ L24 F = 0121 formn
. e - - | Jpeax
Spectrum with £, definition & 084 'E 0,104
o 04 L p
= < 0,084 f
2 00 e | B
— = 0,064 | || s
e § g
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< 08 [ < s I‘ N A
R re I\
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Fig.7 Stress—strain curves for poplar wood samples parallel to the
grain

Table1 Summary of results from mechanical testing

f. o (MPa) E. o (GPa) v
Average value 344 8.78 0.37
5% percentile 30.4 7.02 0.28
95% percentile 39.8 11.33 0.45
Coefficient of variation 9.3% 15.4% 14.7%

3.2 Acoustic emission results

Figure 9a shows a classic peak amplitude-duration dia-
gram, including all the signals recorded by the BW sensors
(AE2 and AE4) before applying the guard filter (AE4 was
set up as guard and AE2 as normal sensor). The signals
recorded by the two sensors are grouped in two sepa-
rated clusters, especially due to the much higher values
of the duration of the signals recorded by the AE4 sen-
sors (located on the clamps). Moreover, a guard filter was
applied in order to eliminate undesired signals emanating
from sources near the AE4 sensor (e.g., wood-clamp fric-
tion). This filter discriminates signals by calculating the
arrival time and using the first threshold crossing method.
The results in Fig. 9b show that several signals from the
AE2 cluster can be eliminated as they are not related to
the specimen acoustic emission. This preliminary analysis
demonstrates the effectiveness of the use of guard sensors

@ Springer
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in this kind of mechanical tests. Similar results were
obtained for all the samples and both types of sensors.
Figure 10 shows the distribution of AE hits recorded
along the test for sample 1 with MR and BW sensors as
a function of time. For comparison, compression strain
and stress parallel to the grain are superimposed to the AE
activity in separated axis. It can be observed that for MR
sensors, permanent low-amplitude AE activity is recorded
from the beginning of the loading, starting significantly to
increase at t=>530 s. This point is significantly delayed from
the maximum stress in compression and matches with the
instant in which compressive strain starts an abrupt increase.
Macroscopically, the starting of the buckling of the sam-
ple was observed at this point. However, BW sensors did
not record any activity before t=530 s, which demonstrates
that the activity before t=530 s is mainly low-frequency
emission (BW sensors have much lower sensitivity than MR
ones for frequencies lower than 250 kHz). Thus, it can be
associated with damage to the cell walls before buckling.
From t=530 s, the activity recorded with the BW sensor also
increases, but decreasing again until reaching a local mini-
mum at t=600 s, approximately. At this time, the strain has
already dropped, and stress suffers a slight but significant
change in the slope in its descendent tendency.
Macroscopically, as shown in Fig. 8, a macrocrack was
observed at t=600 s, with a very significant local buckling
of the sample. However, this effect is not observed with the
MR sensors, suggesting that this should be correlated with
a fibre breakage, producing high-frequency emission (above
250 kHz), for which BW sensors have higher sensitivity than
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Fig.9 Peak amplitude versus duration of the AE hits recorded with
BW sensors during sample 1 test. a Before applying guard sensor fil-
ter. b After applying guard sensor filter

MR ones. Fibre breakage can be observed in the SEM pic-
ture of Fig. 11, corresponding to sample 1. As shown in
Fig. 11, the macrocrack produced from t=600 s was the
consequence of a pattern of fibre breakage caused by the
collapse of the mechanical capacity of the fibres due to buck-
ling. These breaks are therefore not generated until the fibres
have reached some limit value of stress and strain.

This fact is confirmed in Fig. 12, where f,, is plotted for
the signals of sample 1 recorded with MR and BW sensors.
It can be observed that until t=530's, f,,,, is around 100 kHz
for MR sensors (the first resonance of the sensors), and no
emission is recorded for BW sensors. From t=530's, f,
starts to increase significantly for both kinds of sensors. For
the case of MR sensors, f,,, is distributed basically around
the three resonances, 100, 150 and 300 kHz, and no sig-
nificant changes are observed beyond this time (t=530 s).
However, for the case of BW sensor, f,,, decreases around
t=600 s, and then starts to increase again. These results
show that although the multiresonant sensors (MR) detect

the mechanism of low frequency damage that is generated
from the beginning of the load, as well as the start of the
global buckling of the specimen at t=530 s, they are not able
to detect the appearance of the final macrocrack, probably
due to its low sensitivity above 300 kHz. However, broad-
band sensors (BW) although not able to detect the mecha-
nism of low frequency that is generated from the start of the
test, they are able to detect the onset of the fibre buckling
instability and the appearance of the macrocrack.

A deeper analysis is carried out with feature S12 defined
by Eq. (3) as the ratio of spectral energy between the high
(250-500 kHz) and low (100-250 kHz) frequency ranges.
Results for the four samples are presented in Figs. 13 and 14,
which plot the moving average of the feature (S12M) for BW
sensors only. Samples 1 and 2 showed no acoustic emission
until t=530 s and t=320 s, respectively. It can be observed
that for samples 1, 2 and 4, a significant change in S12M
is observed at times 530 s, 320 s, and 375 s, respectively,
due to the increase in high-frequency components in the AE
signals spectrum. This increase is related to a significant
change in the strain and the observation of buckling of the
samples, as seen in Figs. 8 and 11. For these samples, a
distinctive minimum of S12M is observed at 600 s, 440 s,
and 400 s, corresponding to a relevant change in the decreas-
ing tendency of the stress, a decrease in the strain, and the
observation of macrocracks. Sample 3, however, had a very
different behaviour and collapse pattern. A slight change in
S12M is observed around 700 s, coherent with the very slight
observation of buckling of the sample, and the absence of
macrocracks (Fig. 8). No relevant changes in the slope of the
strain are observed for this sample.

4 Conclusion

Acoustic emission techniques have a wide range of applica-
tions in non-destructive testing and can detect cracking and
mechanical damage. Yet sources generating AE in differ-
ent materials are unique. Experiments from I-214 poplar
samples under static loading parallel to the grain carried
out in this work suggest that AE is associated with damage
to the cell walls before buckling. Results with two types of
AE sensors show that multiresonant sensors can detect the
mechanism of low frequency damage at the beginning of the
load, but broadband sensors can detect the onset of the fibre
buckling and the appearance of macrocracks. A data analysis
of the signals based on its spectral energy was carried out
and proposed. In particular, the ratio of spectral energy, rep-
resenting the proportion of spectral energy between the high
(250-500 kHz) and low frequency bands (100-250 kHz)
considered, was calculated and used as AE feature (512).
The moving average of this feature was calculated along the
test (named as S12M). It was concluded that for samples 1,
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Fig. 11

2 and 4, a significant change in S12M is observed (at test-
ing times 530 s, 320 s, and 375 s, respectively) due to the

SEM image after compressive collapse of sample 1

increase in high-frequency components in the AE signals

spectrum. This increase is related to a significant change

in the strain and the observation of buckling of the sam- °
ples. For these samples, distinctive minima of S12M are 0
observed during testing (t=600 s, 440 s, and 400 s), related
to a relevant change in the decreasing tendency of the stress,

a decrease in the strain, and the observation of macrocracks.
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Sample 3, however, had a very different behaviour and col-
lapse pattern. A slight change in S12M is observed around
700 s, coherent with the very slight observation of buckling
of the sample, and the absence of macrocracks.
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