DYNAMIC PROPERTIES OF WOOD OBTAINED BY FREQUENCY
RESONANCE TECHNIQUE AND DYNAMIC MECHANICAL ANALYSIS

P. Nop*

Researcher
E-mail: patrik.nop@mendelu.cz

V. Cristini**

Researcher
E-mail: valentino.cristini@mendelu.cz

J. Zlamal**

Researcher
E-mail: jan.zlamal@mendelu.cz

M. Hassan Vand

Researcher
E-mail: mojtaba.vand @mendelu.cz

V. Seda

Researcher
E-mail: vit.seda@mendelu.cz

J. Tippner**

Assistant Professor
Faculty of Forestry and Wood Technology
Department of Wood Science and Technology
Mendel University in Brno
Brno, Czech Republic
E-mail: jan.tippner@mendelu.cz

(Received May 2023)

Abstract. The study of the viscoelastic properties of wood involves the determination of dynamic para-
meters. Different methods can be used to determine these parameters, which bring the question of whether
these parameters can be considered identical depending on the method used. This study compares the fre-
quency resonance technique and dynamic mechanical analysis for determining the bending dynamic modu-
lus of elasticity (MOED) and damping coefficient tan 8 of dry and green wood. Groups of specimens of
European beech (Fagus sylvatica L.), small-leaved linden (7Tilia cordata Mill.), European oak (Quercus
robur L.), and Norway spruce (Picea abies L.) wood at three levels of MC were tested with both methods.
The bending dynamic modulus of elasticity decreased with increasing MC until the FSP. There were no
significant changes in dynamic modulus with increasing MC above FSP. A strong linear correlation
between MOED obtained through both methods was found (r = 0.92, * = 0.84). For the damping coeffi-
cient tan 9, the relationship was weaker (r = 0.57, P = 0.32), and each method showed a different influ-
ence of MC on the damping coefficient above the FSP, which leads to the conclusion that the damping
coefficient is sensitive to the measurement method.
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INTRODUCTION

Among the main parameters describing the
response of a material under dynamic loading are
dynamic moduli of elasticity and damping coeffi-
cients (Bucur 2006). Due to their high correlation
with static moduli (» = 0.82) (Karlinasary et al
2008), and with the modulus of rupture (r = 0.90)
(Hassan et al 2013), dynamic moduli of elasticity
are used to predict the strength and stiffness of
wood (Hein and Brancheriau 2018; Fernandez-
Serrano and Villasante 2021), wood-based com-
posites (Hamdan et al 2010; Wang et al 2012),
and standing trees (Wang et al 2001; Mora et al
2009). Density (p) and dynamic moduli of elastic-
ity are used to calculate the acoustic impedance
and the sound radiation coefficient (Wegst 2006;
Ahmed and Adamopoulos 2018), and (in combi-
nation with the damping coefficient tan d) to
determine the acoustic conversion -efficiency
(Hossen et al 2018; Danihelova et al 2019). All
these vibro-acoustic parameters are used for the
selection of quality material for musical instru-
ments (Wegst 2006; Bucur 2016; Ahmed and
Adamopoulos 2018; Hossen et al 2018; Tronchin
et al 2020). The dynamic parameters for the
above-mentioned applications are determined
using nondestructive tests (NDT) (Wang et al
2012). Among these NDT methods, the frequency
resonance technique (FRT) is one of the most
used. This method excites, detects, and analyzes
the natural frequencies of the mode shapes arising
on the oscillating specimen (Bucur 2006;
Brémaud 2012; Baar et al 2016; Hamdan et al
2018; Teles et al 2018). The frequency of these
oscillations depends on the material properties, the
geometry of the tested specimen, and the way
it is fixed. The bending dynamic modulus of
elasticity (MOED) of longitudinal-tangential and
longitudinal-radial bending mode shape, shear
modulus, and Young’s modulus is calculated from
the first modes of certain oscillation shapes (bend-
ing, torsion, and longitudinal) (Bucur 2006;
ASTM EI1875-20 2020). From the amplitude
decrease of free oscillations over time, the loga-
rithmic decrement of damping (LDD) is deter-
mined, and the damping coefficient tan 8 is further
derived from it (Baar et al 2016). The FRT can be
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used on specimens of various dimension ratios,
but standard ASTM E1876 states that the ratio of
length to minimum cross-sectional dimension
with a value of at least five (5) must be main-
tained, and a ratio of 20:25 is preferred (ASTM
E1876-15 2016). Depending on the sensitivity of
the measuring device, and the method of oscilla-
tion excitation, the FRT can be used on small
samples (Cristini et al 2022), through sizes corre-
sponding to standards for static laboratory tests
(Yang et al 2003), and up to beams and logs
(Papandrea et al 2022). Besides the described
FRT, which is used for small to large samples, the
dynamic mechanical analysis (DMA) method can
serve for the assessment of small to micro speci-
mens (Salmén et al 2016; Pizzo et al 2018). Dur-
ing the DMA, the oscillating force is applied to
the clamped sample, and its response in time is
analyzed (Menard 2006). From the force and dis-
placement data, the storage modulus (Es), which
represents the elasticity, and the loss modulus
(EL), which represents energy loss by the internal
friction, are determined (Pizzo et al 2018). These
two components are used to determine the
dynamic modulus of elasticity (complex modulus)
as the ratio of stress and deformation (Menard
2006). The phase shift between the stress input
and the strain response is the damping coefficient
tan 8, and it is calculated as the ratio of £} and Eg
(Brémaud et al 2011). The main use of DMA is to
observe the effect of environmental changes (tem-
perature and RH) on the measured parameters of
tested materials (Menard 2006). The test para-
meters (span length, deflection, loading force, and
loading frequency) are also factors influencing the
results (Ashaduzzaman et al 2020). The size of
DMA samples is defined by the type of loading
and the associated span of clamps, the internal
dimension of a heating or climatic chamber, and
the type of device used (Peng et al 2008; Chowdh-
ury et al 2010; Kaboorani and Blanchet 2014).
The MC is the factor frequently observed affecting
the viscoelastic properties of wood. Below the
FSP (approximately 30% MC), an increase of MC
of wood causes a rapid decrease in dynamic mod-
uli, and a significant increase in the damping coef-
ficient (Bucur 2006; Matsunaga et al 2000; Lu et al
2012). Further increases above the FSP will not
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cause significant changes in the dynamic moduli
(Bucur 2006, 2016; Barrett and Hong 2010;
Nocetti et al 2014). For the FRT, the influence of
increments of MC above FSP on the damping
coefficient tan 8 has not been described yet (Barré
et al 2018). For the DMA, an increase of the
damping coefficient tan 8 was found when the
MC increased above the FSP (Goken et al
2018). The main difference between the above-
mentioned methods is the frequency at which the
sample oscillates. The FRT is focused on individ-
ual resonant frequencies and the area of interest
starts at the frequency of the first mode shape. The
response in the case of impulse excitation is a
combination of all the rising mode shapes
(depending on the sensing and excitation point,
and sample support). During continuous excita-
tion, a frequency sweep is used to find the fre-
quencies of resonance peaks, so the individual
modes are separated (ASTM E1876-15 2016;
ASTM E1875-20 2020). The frequency range of
DMA starts basically in the static area (0.001 Hz)
and ends, depending on the device used, at a fre-
quency of approximately 100Hz. Using a fre-
quency sweep, the goal is generally not to find
resonance peaks (on the contrary, resonance peak
is undesirable for data collection), but to show the
change in material response (Menard 2006). As
the loading frequency increases, the material loses
time to relax, and its behavior changes from vis-
cous to elastic. Higher frequencies result in an
increase in the dynamic modulus, while causing a
reduction in the damping coefficient (Menard
2006).

In this paper, MOED and corresponding damping
coefficient tan 8, obtained using FRT and DMA,
were compared on the same specimens made from
different species and with different MC. The cho-
sen sample size was a compromise meeting the
maximum sample size for a DMA device and the
ratio of the length to minimum cross-sectional
dimension stated by the ASTM standard for FRT.
In the case of comparable results, it would be possi-
ble to combine these methods in the future and
predict parameters for a wide scale of wooden pro-
ducts with various dimensions. For an even wider
use including green wood, it is also necessary to

focus on deepening the knowledge about the influ-
ence of MC on dynamic parameters.

MATERIALS AND METHODS
Materials

Special orthotropic specimens with dimensions of
61 X 8.4 X 1.7mm (with coefficient of variation
[cv] of dimensions = 0.9 X 2.2 X 9.6%), longitu-
dinal X radial X tangential (Fig 1), were cut from
European beech (Fagus sylvatica L.), Small-
leaved linden (7ilia cordata Mill.), European oak
(Quercus robur L.), and Norway spruce (Picea
abies L.). Specimens were allocated into three
groups of twenty pieces, and every group was
conditioned to a different MC. One group had a
low MC (LMC), and two groups were above
FSP—a medium MC group (MMC), and a high
MC group (HMC) (Table 1). The MC was deter-
mined using the oven-dry method. Basic density
(pp) was determined for all 240 specimens from
the ratio of oven-dry mass and volume above the
FSP (Table 2).

Measurements

Specimens for both measuring methods were
loaded at the center span by longitudinal-tangent
bending. To preserve the MC, measurements were
done right after each other, FRT first, then immedi-
ately DMA, and FRT again (to monitor the impact
of MC loss after each measurement). Before each
stage of measurement, specimens were weighed.
The entire measurement time for one sample was
12 min. Measurements were carried out in labora-
tory conditions at 24°C and 54% of RH.

Frequency resonance technique. Specimens
were supported by flexible pads at the nodes of
the first bending mode shape (0.224% and
0.776% of length). Specimen oscillations were
excited at the specimen’s midpoint by the rubber
band. This excitation method was used due to the
size and weight of specimens. The hit of a rubber
band was sufficient to induce the first bending
mode shape but also soft enough so that the loose
sample did not reflect out or move on the pads.
Vibrations were sensed in the middle of the
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Figure 1.

specimen using a Doppler laser vibrometer PDV-
100 (Polytec, Inc., Baden-Wurttemberg, DE), and
recorded using a dynamic signal acquisition module
DEWE-41-T-DSA and DEWESoft (DEWETRON
Inc., Grambach, AT), with a sampling frequency of
20kHz. A minimum of ten hits on the specimen
were recorded. The test lasted under a minute.

Dynamic mechanical analysis. For the DMA,
three-point bending was carried out using an
RSA-G2 device (TA Instruments, New Castle,
DE). Specimens were loaded by a spike in the
middle and supported by a 40-mm-wide span.
The samples were tested using the TRIOS soft-
ware (TA Instruments), with an initial and mini-
mum axial force value of 0.1 N (the axial force
was set 30% higher than the dynamic force), and
a displacement of 30pum. The oscillation fre-
quency was set as a logarithmic sweep from 0.1
to 100 Hz, with 10 points per logarithmic decade.
This test was performed for 10 min per sample.

Data Analysis

Frequency resonance technique. For every
specimen, the entire length of the signal recorded
from FRT was transformed from the time
domain into a frequency domain using the fast-
Fourier transform processed using MATLAB

Table 1. Medians of MC of each sample group.

(b)

Setups of frequency resonance technique (a) and dynamic mechanical analysis (b).

(The MathWorks, Inc., Natick, MA). The highest
peak with the lowest frequency belongs to the first
bending mode. The bending dynamic modulus of
elasticity obtained by this method (MOEDggt)
was calculated from the frequency f using the fol-
lowing equation:

of )2m12
2257) 1

where m is the mass and / is the length of the spe-
cimen. The moment of inertia I was calculated
from width (w) and thickness (¢) as a:

MOEDggT = ( (1

wt’
="

B 2

Subsequently, five separate records (each for one
of the five selected hits with the highest amplitude)
were exported from the signal. For each record
with a minimum of 25 periods of oscillation, the
LDD was determined. From the LDD, the damping
coefficient tan & was calculated using Eq 3. As a
representative damping coefficient of the specimen,
a median from five tan § was determined.

LDD
tan 8 = —— 3)
™
Dynamic mechanical analysis. The main

results obtained by DMA were storage modulus

LMC MMC HMC Table 2. Medians of basic density values of species.

Group MC (%) ¢cv(%) MC (%) cv (%) MC (%) cv (%) Species p» (kg - m’3) cv (%)
Beech 11.7 4.6 49.7 6.4 78.8 6.2 Beech (Fagus sylvatica L.) 558.8 35
Linden  10.2 7.0 47.9 10.0 81.5 7.1  Linden (Tilia cordata Mill.) 360.8 4.8
Oak 11.1 3.0 50.5 8.1 82.8 10.6  Oak (Quercus robur L.) 526.9 5.8
Spruce  11.1 29 47.3 8.3 84.3 15.5  Spruce (Picea abies L.) 412.3 11.1
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(Er) and loss modulus (Eg), which are compo-
nents of the stress (o - E1 is 90° out of phase with
the strain &, and Eg is in the phase with the
strain).

o sin
L= “4)
&
o CoS O
Es= . &)

The damping coefficient tan & represented a phase
lag between the stress and the strain and was cal-
culated as the ratio of E; to Es.

E
tand = E_]; (6)

The bending dynamic modulus of elasticity
(MOEDppma) is a complex combination of Ep

and Eg.
=Es +iE, =\/Es* + E;?

(7)

MOEDDMA =

™1 q

The MC of specimens decreased during the 10-
min-long DMA depending on the moisture group,
and (in the case of MC above the FSP) also
depending on species (Table 3). Based on the
weight method, MC loss was determined from
known MC before and MC after the DMA test.
For every specimen from groups MMC and
HMC, the average of MC before and MC after
the DMA test is given for the next data evalua-
tion. DMA results were reported for each testing
frequency. From all sample groups, the median
for each testing frequency was calculated (Figs 2
and 3). For further statistical evaluation, the
median value across frequencies was determined
for each sample. The statistical comparison of

Table 3. Medians of MC loss during the DMA of each
sample group.
LMC

MMC HMC

Group MC loss (%) cv (%) MC loss (%) cv (%) MC loss (%) cv (%)

Beech 1.08 259 1038 154 11.88 20.6
Linden 1.00 179.6 16.50 12.1 18.07 10.3
Oak 0.85 23.1 933 198 1219 13.6
Spruce  0.87 241 1581 149 20.61 153

data obtained by both methods was done using
one-way ANOVA, with a significance level of
0.05 and 0.01, in the MATLAB environment.
The steepness of the function (stp) was deter-
mined according to the first term (a) of the linear
regression y = ax + b.

RESULTS AND DISCUSSION

The MC loss during the DMA test was compara-
ble for species in LMC groups, up to 1%. In
groups with MC above the FSP, the differences
between the species were observed. Wood species
with lower p, had a bigger MC loss during the
experiment.

The DMA showed that the change from viscous
to elastic behavior when changing frequency
(Menard 2006) occurred earlier in dry wood than
in wood at a higher MC (Fig 2). Resonance peaks
at the same frequencies (39.8 and 63 Hz) were
found in the data of E; for all specimens, which
affected the determination of MOEDpy4 and the
damping coefficient at these frequencies. Since it
concerns the same frequencies for all specimens
(regardless of MC and species), which are far
from their resonance frequencies found by FRT
(from 1240 to 2708 Hz), a measurement error
caused by a device or clamps resonance was con-
sidered. According to Bucur (2006), and Nocetti
et al (2014), the modulus of elasticity decreases
with increasing MC. The results from DMA show
that compared with LMC, moduli of MMC and
HMC decreased by: 40% and 52% for beech,
28% and 46% for linden, 27% and 43% for oak,
and 37% and 52% for spruce respective. So,
for species with a higher modulus of elasticity,
there is a more significant decrease with increas-
ing MC.

All samples showed a drop or lack of the damping
coefficient values at the lowest frequencies, caused
by very low or negative values of Ep (Fig 3).
From the erroneous resonance peaks, described
earlier, all damping coefficients followed an
increase and convergence of all samples at the
same value. The middle area of the measurement
(0.5-10Hz) showed a trend of a slight decrease
with increasing frequency, which agrees with
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Figure 2.  Medians of complex dynamic moduli of elasticity of species groups with different MC at varying load frequency—
determined by dynamic mechanical analysis.
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Figure 3. Medians of damping coefficients determined by dynamic mechanical analysis at varying load frequency.
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Menard’s (2006) description of the influence of
the loading frequency on material behavior deter-
mined by DMA.

As expected for DMA above FSP, the damping
coefficient increased with rising MC (Goken et al
2018). For individual species, the DMA revealed
a rising damping coefficient for MMC and HMC
compared with LMC by: 161% and 253% for
beech (stp = 11e %), 39% and 74% for linden
(stp = 4674), 107% and 204% for oak (stp =
9e¢™ "), and 95% and 167% for spruce (stp =
6e~ ) respective. This could lead to the conclu-
sion that with higher p,, the damping coefficient
tan  increases rapidly with increasing MC. Nev-
ertheless, by focusing on individual species and
their MC groups, no significant change was
observed when the p, changed. In case, there was
any slight change observed, it was a decrease
in the damping coefficient with increasing p,
(Fig 4), For the DMA, species with a higher p,
showed a faster increment of the damping coeffi-
cient with increasing MC. Brémaud et al (2009,
2010) stated that extractives content, chemical
composition, and properties related to MC have a
significant influence on the damping coefficient

tan 8. This confirms that the steepness of the
damping coefficient increases with increasing MC
and is influenced not only by p,, but also by the
properties of the species itself.

Since the results were comparable for FRT in
individual MC groups before and after DMA
tests, values are stated (Table 4) as the unified
medians from the average of LMC, MMC, and
HMC before and after performing the DMA.

The bending dynamic modulus of elasticity
obtained by DMA was statistically comparable
within the individual species for both groups
above FSP (MMC and HMC) with (p = 0.01),
beech even with (p = 0.05). No species had
statistically comparable MOEDpy, of the
LMC group with MMC and HMC groups. Simi-
lar results were obtained for MOEDggT. Individ-
ual species had comparable MMC and HMC
groups with (p = 0.01), beech and oak even with
(p = 0.05). No species had statistically compara-
ble MOEDggrt of the LMC group with groups
above FSP. Both methods agreed with the
assumption that there is no statistically significant
change in MOED above FSP, with increasing

Beech Linden
02+ * 0.1 ¢
L]
0.15 0.08 .
< < TeE
g 01 G006 4,0t
005 0.04 |
"~ 400
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Figure 4. Increasing damping coefficient with increasing MC for individual species.
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Table 4. Medians of MOED and tan & for species with different MC.

FRT DMA
Species MC MOED (MPa) cv (%) tan & (—) cv (%) MOED (MPa) cv (%) tan 3 (—) cv (%)
Beech LMC 17 297 8.9 0.0093 15.7 14 117 14.7 0.0227 12.9
MMC 11 563 8.9 0.0206 30.6 8 448 14.2 0.0592 153
HMC 10 721 12.6 0.0195 27.3 6 768 335 0.0800 355
Linden LMC 10 222 9.9 0.0124 7.1 7 758 12.4 0.0339 5.3
MMC 7 876 12.2 0.0162 16.2 5616 12.1 0.0473 9.3
HMC 6 467 17.0 0.0179 16.8 4192 19.8 0.0589 17.7
Oak LMC 12 088 19.9 0.0087 14.6 9 697 19.8 0.0222 10.1
MMC 9 160 16.6 0.0137 24.8 7 048 15.4 0.0459 13.6
HMC 7976 17.5 0.0139 23.5 5524 57.2 0.0676 49.5
Spruce LMC 17 704 21.0 0.0073 12.5 14 595 24.0 0.0258 15.8
MMC 11 541 10.9 0.0134 31.4 9 137 11.9 0.0502 16.2
HMC 10 753 23.6 0.0148 31.2 6 935 42.4 0.0688 325

MC (Bucur 2006; Nocetti et al 2014). A compari-
son of MOED between both methods showed no
statistical difference only for the spruce LMC
group (p = 0.01), otherwise, the methods do
not have comparable MOED within the species
and their individual MC groups. Medians of
MOEDppma were smaller than MOEDggT, and
were similar for all species, depending on the MC
group: LMC of 18.4% for beech, 24.1% for lin-
den, 19.8% for oak, and 17.6% for spruce; MMC
of 26.9% for beech, 28.7% for linden, 23.1% for
oak, and 20.8% for spruce; HMC of 36.9% for
beech, 35.2% for linden, 30.7% for oak, and
35.5% for spruce. The data from both methods
show that, as a function of MC, MOEDggT, and
MOEDppa copy a similar trend (Fig 5).

The damping coefficients obtained by DMA are
higher than those obtained by FRT. Similar
results were found in one of the few papers com-
paring DMA and FRT results of the damping
coefficient tan 8 on the mulberry wood with MC
of 1.4% (Se Golpayegani et al 2012). Thus, these
results for LMC groups were expected. Above
FSP, a further increase was expected for DMA
(Goken et al 2018), which again would be simi-
larly steep for both methods (for FRT, it has
not been described yet [Barré et al 2018]). This
has been confirmed for DMA data only (Fig 6).
The FRT results showed that above the FSP,
the damping coefficients had similar trends as

dynamic moduli, ie that there were no statistically
significant changes with increasing MC. For all
species, the damping coefficients tan & were com-
parable between their MMC and LMC groups
(p = 0.05). For the damping coefficient obtained
by DMA, MMC and HMC groups were compara-
ble only for spruce (p = 0.01).

As the results indicate, the methods are very similar
in determining MOED, just with shifted values
(Fig 7). Through multiple linear regression from all
data (using function “regress’—Matlab) the coeffi-
cient ¢ = 0.7567 to convert MOEDgrt to
MOEDppma, and ¢ = 1.2813 to convert MOEDpya
to MOEDgrr were calculated. MOEDpy;, and
MOEDggT had strong linear correlations (r = 0.92,
#* = 0.84). This correlation is very similar to the
correlation between static bending MOE and
dynamic bending MOEDggy (r = 098, r* =
0.96) (Chauhan and Sethy 2016). The DMA
operates at the boundary between statics and
dynamics, with loading frequencies ranging
from 0.1 to 100Hz. As the static moduli have
lower values than dynamic moduli, DMA corre-
sponds to lower MOED values. A comparison
of both methods for determining the damping
coefficient tan & showed a weaker correlation
(r = 0.57, ¥ = 0.32). When comparing only the
LMC groups (disregarding the influence of MC)
the correlation coefficient remained almost
unchanged. The correlation between MOED and the
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and dynamic mechanical analysis (DMA).
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Comparison of methods
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analysis (DMA).

damping coefficient tan & was moderate for FRT
(r = 0.42) and stronger for DMA (r = 0.65).

CONCLUSIONS

e The DMA showed that the damping coeffi-
cient increased with increasing MC, and
increased faster with increasing MC for spe-
cies with a high p, (oak, beech with stp =
9¢ % 1le %) than for species with lower p,
(linden, spruce with stp = 4e™* 6e .

e The FRT showed that the damping coefficient
values do not change significantly above the
FSP.

e Same-size specimens showed that MOED
determined using FRT was 24-28% more
than MOED determined using DMA, with a
strong linear correlation (r = 092, r* =
0.84). The influence of the scale while main-
taining the ratio of dimensions and further-
more, the influence of the change of geometry
should be verified.

e For further research, it is necessary to focus in
more detail on the damping coefficient tan &
and the factors influencing it. Based on the

results of this paper, the damping coefficient
tan o obtained by DMA and the damping coef-
ficient tan 8 obtained by FRT should not be
confused.
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