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Abstract:

« Context Increased knowledge on diversity in wood
properties would have implications both for
fundamental research and for promoting a

diversification of uses as material.

« Aims The objective is to contribute to overcoming
the critical lack of data on the diversity of wood
dynamic mechanical/viscoelastic vibrational
properties, by testing lesser-known species and
categorizing sources of variability.

« Methods Air-dry axial specific dynamic modulus of
elasticity €'/y) and damping coefficient (taph were
measured on a wide sampling (1792 specimens) of 98
wood types from 79 species. An experimental device
and protocol was designed for conducting systematic
(i.e. rapid and reproducible) characterizations.
*Results Diversity at the specimens’ level
corroborates the “standard” relationship betweaw ta
andE’/y, which is discussed in terms of orientation of
wood elements and of chemical composition.
Diversity at the species level is expressed orbHss

of results for normal heartwoodith specific gravity

(y) ranging from 0.2 to 1.3. Axidt’/y ranges from 9 to

32 GPa and tanfrom 4x10° to 19x10°. Properties
distribution follows a continuum, but with group
characteristics. The lowest values of daare only
found in certain tropical hardwoods. Results caw al
suggest alternative species for musical instruments
making.

e Conclusion The variations in specific gravity, in
stiffness or in “viscosity” appear to be predomitiyan
linked to different levels of diversity: betweeresjes,

or between wood types (reaction wood or taxonomy-
related differences in heartwood extractives).

Keywords:

damping coefficient /dynamic mechanical properties
specific dynamic modulus of elasticity / specific
gravity / viscoelastic vibrational properties / vidbo
diversity

1. Introduction

Exploring the diversity of wood properties has
long been a goal of foresters and wood technokegist
and more recently has found implications in regearc
into functional ecology and biomechanics (e.g. @hav
et al. 2009). Large databases of physico-mechanical
properties can also contribute to a physical
understanding of traditional preferences for specif
woods in various cultural uses (Brémaud 2012). They
are also the pre-requisite for applying material
selection methods (e.g. Wegst 2006), which could
allow more efficient, diversified and potentially
sustainable utilisation of wood materials. Amontst
50000+ wood-producing species, data are available f
a proportionally moderate, yet quite important nemb
of species for some properties: at least 8000 speci
for specific gravity or density (e.g., Détienne and
Chanson 1996; Chavet al. 2009), a minimum of
1000-2000 species for the longitudinal modulus of
elasticity (unpublished database at CIRAD; many
other wood technology resources). Unfortunately,
there is still a critical lack of knowledge on the
diversity of some other relevant properties, ngtabl
concerning anisotropy and viscoelasticity. An up-to
date census on most published data on viscoelastic
vibrational properties reveals tha00 species have
been characterized, even partially (Brémaetdal.
2009; Brémaud 2012).

The diversity in wood properties expresses
variations in structure (cellular and sub-celluland
chemical composition (constitutive polymers and
secondary metabolites). For wood along the grain,
cellular anatomy mostly intervenes in the sense of
“porosity”, i.e. it determines specific gravity)(and
thus affects Young’'s modulu€). On the contrary,
vibrational properties (specific dynamic modulus of
elasticity =E’/y and damping coefficient = téanhare
primarily governed at the cell-wall level, with'/y
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decreasing, and tanincreasing, with increasing
microfibril angle (Obataya&t al. 2000). As a result, a
strong relationship generally exists betweery tand
E'/y (Ono and Norimoto 1983, 1984). Variations in
grain angle have similar impacts on both properties
and result in a comparable &aB'/y relationship
(Brémaud et al. 2010a, 2011b). Furthermore, the
composition of the “matrix” of hemicelluloses and
lignin determines the viscous behaviour (Obataya
al. 2000, Olsson and Salmén 1992, 1997). Some
extractive compounds can also play a key role in
modifying ta, by as much as a factor 2, with only
minor effects onE’/y (Yano 1994; Matsunagat al.
1996; Obatayaet al. 1999; Minato et al. 2010;
Brémaudet al. 2010b, 2011a).

Anatomical and chemical features can be related to
or even be characteristic of various levels of diitg,
from plant order to species, but also be related to
biogeography. Softwoods generally have a simpler
anatomy, and a higher content of lignin which dlas
a more condensed chemical structure (Olsson and
Salmén 1992, 1997). Amongst hardwoods, tropical
ones show more diversity and often some typical
features such as interlocked grain or high extasti
content EC) (e.g. Hernandez 2007; Brémaed al.
2010a, b). Cellular anatomy and secondary
metabolites can be particularly characteristic of a
genus or even a species. In addition to species
diversity, there is a wide within-species varidiili
between or within trees, between different woodesyp
e.g. “normal” vs. reaction wood (variations in both
anatomy and polymers), or heartwood vs. sapwood
(variations in extractives but similar anatomy and
constitutive polymers).

The exploration and analysis of the diversity in
wood properties requires obtaining very large detas
A few long-term studies using the same methodology
exist (e.g. Détienne and Chanson 1996; unpublished
CIRAD database and other research institutes
resources). In order to compare a maximum of specie
however, results from different sources have to be
compiled (e.g. Chaveet al. 2009; Brémaudet al
2009). This efficient approach has nevertheless
drawbacks: even in the case of “simple” properties
such as specific gravity or density, comparisodatt
obtained by different methodologies can be mislegdi
(Williamson and Wiemann 2010). For viscoelastic
vibrational properties, many sources (mainly
Japanese) have employed non-contact forced
vibrations of free-free (i.e., freely supported)abes
(e.g. Fukada 1950; Obatagh al. 2000). Comparison
of results on well-known or “reference” speciesoasr
several sources supports the reproducibility paent
of this method (e.g. analyses of the database ibescr
in Brémaudet al. 2009; Brémaud 2012).

The general objective of this work is to increase
knowledge on the diversity of wood dynamic
mechanical / viscoelastic vibrational propertias.al
previous article, physico-chemical indicators were
proposed for estimating variations in damping
coefficient (Brémauckt al. 2010b). The present paper
aims at producing new and reliable data on lesser-

known species and at categorizing sources of
variations. An attempt is also made at confronting
species diversity and within-species variabilitys 9
contrasting wood types, of which 65 had never been
tested previously, are characterized. Potentiatcasu

of experimental errors are briefly reviewed, and a
device and protocol are described for conducting
systematic and rapid “routine” tests. Results are
analysed at the specimen, wood type and speciek lev
Repartition of properties between wood types is
discussed in connexion to their origin and to dctua
potential acoustical end-uses.

2. Material and methods

2.1 Wood material

Material was chosen in order to cover: (i) a widage
in botanical origins, specific gravity and extraes content;
(ii) both “reference” species for which data areitable,
and species for which vibrational properties hadendeen
studied; (iii) a range of actual or potential admad end-
uses. 79 species were studied in total. In orderotdront
species diversity and within-species variabilityiffestent
wood types (WT) were collected for some species. (e.
heartwood vs. sapwood or reaction vs. normal wodtg
sampling covered 98 WT: 19 (from 12 species) for
softwoods, 14 (12 spp.) for temperate-zone hardecout
65 (55 spp.) for tropical hardwoods. It compris€d264
stocks of wood, e.g. different trees and/or differe
“qualities”. Part of the wood material was obtairfezn the
well-identified stocks from the CIRAD wood workshop.
Another part was provided by several French insemnm
makers and, when needed, botanical species were
subsequently identified.

2.2 Sampling, scaling and preparation of test
specimens

Specimens were cut to dimensions of 150x12x2° mm
(longitudinal x radial x tangential), using a cil@usaw with
a quality finishing blade and a specific machinguide and
fixture. This procedure ensured smooth surfacessdiganot
require further processing (such as hand sandinghwh
would be detrimental to the parallelism of the spens).
Thickness variations werg0.05mm. The total number of
specimens was 1792.

The quality of the specimens’ machining is of uttnos
importance. The accuracy of the thickness is thia s@urce
of experimental uncertainty on the specific modubfs
elasticity (E'/y). Damage in the surface layers, such as those
resulting from machine planing, belt sanding or lingj,
must be avoided, as they reduce the modulus ofigtgs
and increase the damping (Sali and Kopac 1998).

The sampling and scaling of specimens was carefully
planned regarding local variations in wood. The ttvidf
specimens included at least one full growth ringvkhen
these were distinct. Systematic grain angle denatioften
cannot be avoided, especially so in tropical hamtgo but
they were carefully recorded, given their importeffect on
vibrational properties (Brémauet al.2010a, 2011b).

The slenderness (length/height ratio) of specimisns
very important. In bending vibration, the total ldefion
includes a contribution of shear properties, whitreases
with reducing slenderness, with increasing aniggtrand
with increasing order of vibration modes and fregye
(Ono and Kataoka 1979; Obatagt al. 2000). This effect
can be calculated (Nakaet al. 1985; Brancheriau and

2



Brémaud |, El Kaim Y, Guibal D, Minato K, Thibaut B, Gril J : « Characterisation and categorisation of the diversity in viscoelastic

vibrational properties between 98 wood types »
Publié dans : Annals of Forest Science (2012) 69(3):373-386

Bailleres 2002; Kubojimat al. 2004), taking into account
the range in axial-to-shear anisotropy of vibragion
properties between very different woods (Brémaatdal.
2011b). ForE’ not to be under-evaluated by more than 2%
(by Euler-Bernouilli eq.1, at the first bending mpdthe
minimum|/h ratio is of order 25 to 40 for woods within the
low to high range of anisotropy respectively. Fowt(at the
1! bending mode), the contribution of shear remaindeu
2% forl/h ratios >20 and can be neglectedIfarratios >35.
With the usual geometryl/lf = 75) of specimens under
study, the contribution of shear should be negligiti the T
bending mode, whatever the wood type. Slenderressid
also be designed so that specimen stiffness igxumssive,
to allow precise displacement measurements.

2.3 Physical conditions

Before being tested, all specimens were conditidoed
at least 3 weeks in standard “air-dry” regulatediditons
(20£1°C and 60-65% relative humidity RH). Equilibrium
moisture content (EMC, calculated from measured-day”
weight and after oven-drying) ranged between 6% kb
depending on species. Differences in EMC were piiynar
related to those in extractives content (Brémaaidal.
2010b). According to Obatayet al. (1998), a variation in
EMC from 6 to 12% in a given wood (spruce) conditidrat
different RH would result in a decrease &/y of
approximately -6% and an increase indtaf approximately
24%. However, woods with various chemical conteras
exhibit different moisture content dependence bfational
properties (Obataya and Norimoto 1995; Obatayaal.
2001).

For practical reasons, part of the tests coulcbeatun in
the climate chamber but with an uncontrolled RH 5ft&
65%. Variations in MC during the time of the testerav
however quite small<B% relative variation, corresponding
to <0.3% absolute change) and we could not detect
significant short-term (~30min) variation Ei/y nor in tams.

A sub-sample of 55 specimens, covering a wide rasfge
properties, was tested in both conditions (inside autside

a climatic room) and measured values were identical

average. This, however, should not hold true ifgbig

differences in RH were considered.

2.4 Non-contact forced-released flexural vibrations
of free-free beams

2.4.1 Basic principle

Slender wooden beams are hung by thin threadseldcat

at the nodes of vibration of the mode under sty the

1*' mode). The specimen is made to vibrate through an
electro-magnet facing a thin steel piece gluedrte end of

the sample. A frequency sweep detects the resonance
frequency, from which the specific dynamic modulofs
elasticity is determined according to the Euler-Beithi
equation:

Wherel is the length of the specimen ands thickness,
frn is the resonance frequency of the magendm, is a
constant depending on the mode order € 4.730). The
specific modulus is expressed B8p in MPa.ni.kg? (or
m?.s2) when using density( i.e. specific mass in kg:fhor
asE’ly in GPa when using specific gravity vithout unit).

The damping coefficient (or loss factor, d&nis
determined, in the time-domain, through the loganit
decrement A=ntary, Fig. 1b) of amplitudes, after stopping
the excitation which is fixed dg. In the frequency-domain,
tary is determined by a frequency scan, through the
bandwidth Af) at half power (or at -3dB) of the resonance
curve (Fig. 1a), often called the quality fact@EAf/fy).
Both measurements should be equivalentsignt~A/z) for
values <<0.1 (Jones 2001).

2.4.2 Experimental devices and development of a
semi-automated interface

The first used device employed an eddy-current
displacement sensor (5um resolution, distance tdctlen
2+0.2mm), facing a thin aluminium plate glued oreand
of the specimen (Fig. 2). The frequency scan wgsogad
manually from a function generator. The resonance
frequency fg) and the decrement of amplitude after stopping
the excitation were recorded with a fast Fouriansform
(FFT) analyser and the data files were later aedlys MS-
Excel. The logarithmic decrementA,( Fig. 1b) was
determined by a regression on the peak amplituéesus
time. One triplicate test required5 minutes.

A more automated device was then designed in dader
minimise the time required for a test, and all n@rsteps
(Brémaud 2006). Displacement was measured by a-laser
triangulation sensor (Fig. 2), which simplifies jti@sing of
specimens (10pum resolution, distance of detection
40+4mm). Tests were fully computer-driven through a
control/acquisition card (National Instruments, tusUSA,

NI PCI 6221, A/D conversion 16bits) and a prograat tle
specifically developed in Labview®, with the follovg
steps (Fig. 3). A wide (150-750Hz by default, athbse)
scan detected the'lresonance frequencikr. Then a
narrower (0.98% — 1.02%z by default, adjustable)
frequency sweep was run for measuring precisely0Gi8z)

fr and the bandwidth at half-powekf]. The sampling rate
was of 100 kS/s and the acquisition time, by défal0s.
The signal (convoluted by a sine cardinal functam a
“natural” window is used in order not to modify the
bandwidth) was smoothed by a moving average (on 5
points), on whichfz andAf were determined. Vibration was
then set at until the vibration was stable, and stopped. The
logarithmic decrementAj after stopping the excitation was
calculated by a regression on the peak amplitucesus
time on the steadiest part of the decay. The teneired for
measurindg, tary= Q'l, and tan=A/m of a specimen, with 3
repetitions, was5min.

E'_ 48771* 5 Q)
p o mi
© Experimental signal
1 A . .
A 0= Loh N _ns Ad A A ,1=_1nﬁ ~7Xtand 0| o A, | Fitted theoretical decay(_mfx['m)
Ans |(or -3dB), fr fr P& a2 A n b Ay =Agxcos2afi+p)xe M
V2 ol o0 & & ® B o
B, 00 o0 g% (%) g
% g oooooogoooﬂvﬂwﬁ % R &
G700 o0 55 88 . T
% (a) E 3;’ Zé’ ?ég c%? % w Time (s) E Time (s)
£ F (b) 1 (c)
fifx Frequency (Hz)

Fig.1 Determination of tafin the frequency (a) or temporal (b, c) domaia}b@andwidth method; (b) logarithmic decrement meéft{c)
“inverse” method
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Fig.2 Experimental devices: a = wooden specimen; b pating
silk threads; ¢ = vibration node location; d = tetrel plate; e =
electro-magnet. Device I: g = eddy-current sengoing a thin

aluminium plate = f. Device II: h = laser sensor

Check emission [ Start
i Jacquisition i
parameters ‘

Wide band frequency scan

[ Resonance f, detected I

‘ Narrow band scan centred on f |

L EEE =
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¥

|'>{ Emission 'ﬁxed atf, |

[ |

Stop emission

v
Temporal decay recorded

Conduct next test

]

tand=A/n
is consistent with

Q=AM ?

Fig.3 Flow-chart of the computer-driven vibration method
developed (device Il)

2.5 Validation of the experimental method

2.5.1 Calculated uncertainty and observed repeatability

The theoretical uncertainty of'/y is 5.9% (due to
machining precision on thickness), and variatioeswvieen
repetitions were <1%.

For the determination of damping by bandwid@i'),
the calculated uncertainty is governed by the feaqgy
resolution, that is, by the sampling rate and domabf
acquisition. Uncertainty will be between 2.5% arfid &t
100 kS/s over 10s (or twice higher values if usirgpmpling
rate of 50 kS/s), for realistic ranges®t values for wood.
For ta® determined by logarithmic decrement, the
theoretical uncertainty depends on the initial amgé of
vibration and on the spatial resolution of the Eispment
sensor. In our experimental conditions, it rangemf1% to
15% (resolutions of 5um and 10um). Measurements by
bandwidth (tav=Q™) have a lower relative uncertainty for
woods with higher taf) whereas those by logarithmic

decrement (tadvA/z) have a lower relative uncertainty for
woods with lower taf

These calculated errors were closely matched by
observed variations between repetitions (Fig. 4)erage
experimental error was 3% for the bandwidth methad
5% (sensor resolution of 10um) or 2% (5um) by the
logarithmic decrement method. For the latter, havewut-
of-range values were observed for specimens witessive
stiffness and/or irregular surfaces. Neverthelegise
precision of tad determination in the temporal domain
could be greatly improved by using a simple “inegrs
method (Fig. 1c). In this case, tawas identified over the
whole signal (not only peak amplitudes), by fittinige
parameters of the equation of decay (Fig. 1c) te th
experimental signal by optimization (using the solin MS
Excel) so as to minimize the difference between the
calculation and observations. Error was then ndynzal%,
and did not exceed 5% even for “odd” specimens. @ig

Globally, the experimental error on taranged from 0
to 15.2% (mean = 3.2%) and wa$% for 80% of all tested
specimens.

2
0 O Median

0 25%-75%

T Non-Outlier Range
O Outliers

+ Extremes

%%@.&

Bandwidth
10pm resolution 5pm resolution
N specimens: 450 1056 277 336

&

=]

Range of variation / mean (%)
*

0
Method:

Sensor:

Log. decrement Inverse

Fig.4 Range of variation ([max-min}/mean values) ofithetween
3 to 6 repetitions per specimen, with differentssga and methods
of determination

2.5.2 Comparison of measurements obtained by
different methods

The values of tahdetermined in both the temporal and
frequency domains (with the developed semi-autothate
device) were very consistent (Fig. 5). This is grement
with the theory of viscoelastic damping (Jones, 120a@nd
confirms its validity over the expectable rangearial tard
for “air-dry” wood. Measurements by bandwidth wene
average slightly higher(+0.4%), due to the modulation of
the resonance peak by the observation window.

0.020

y = 1.0087x
R2 = 0,989
N = 450

1/Q)

tand by bandwidth (

0.002
0002 tand by logarithmic decrement  0.020

Fig.5 Comparison of tahdetermined in the temporal (logarithmic
decrement method) and frequency (bandwidth mettiodiains.
Each point: average of 3 repetitions

In bending vibration tests, the specific dynamicduidas
of elasticity can be derived according to eitherleEu
Bernouilli (in which the influence of shear is negkd) or to
the Timoshenko theory (which takes into account the
influence of shear) (e.g., Brancheriau and Baill@@32). In
order to compare the respective values obtainedEffy,
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tests were conducted with a natural vibration metivhich
allows both calculations (without inputting hypdtbel
values for shear) (Bordonné 1989). A reduced sampmin
130 beams, with dimensions 360x20x20 mhxRxT),
were put into bending vibrations by percussion #meir
response (resonance frequencies of the 3 fist bgrmdodes)
was recorded with a microphone. Beams were theintut
small specimens (2-6 per bar) which were testedthsy
forced vibration method.

For the same “bulk” specimens (20x20mm sectidn,
ratio of 18),E'/y calculated according to Bernouilli was on
average 6% lower than according to Timoshenko (E)g.
For specimens tested by forced vibratiors/y was
equivalent according to both theories, as was drpegiven
their high slendernesgh=75) (Nakacet al. 1985; Kubojima
et al. 2004). These, however, displayed more variability
(R2=95% vs. 99%), due to local variations.

35

O Forced vibrations specimens
(y = 0.99x; R2 =0.95)

= Natural vibrations specimens

(y = 0.94x; R2 = 1.00)

d vibrations)
n N w
o (4] o

E'/y (GPa) by Bernouilli
(Natural or force
(&)

o
L

5 10 15 20 25 30 35
E’/y (GPa) by Timoshenko/Bordonné
(Natural vibrations on bulk specimens)

Fig.6 Comparison oE'/y calculated according to Euler-Bernouilli
(for small slender specimens in forced vibrationd bulk
specimens in natural vibration) and to Timosheri&oulk
specimens in natural vibration). Vertical errordatandard
deviation between 2-6 small specimens prepared &dulk one

2.5.3 Additional parameters to consider

The added mass of the thin steel piece fixed to the
wooden test specimen has a negligible effect od, that
decreases the resonance frequency (Kataoka and @%).
Kubojimaet al. (2005) calculated the change in the constant
m, in the Euler-Bernouilli equation (eq. 1) due to tladio
(u=M/m) of the added mas#/j to the mass of the wooden
beam (n). For values oft <5% (approximately 0.7% in our
experiments), this can be approached by lineatioela The
resulting decrease in apparétity is of= -3.437> and was
around -2.4% on average over all tested specimEnms.
effect could be neglected for dense woods, bua# to be
corrected for very light ones, and subsequently tnfes
taken into account when comparing in very differentod
materials.

Supporting threads, when they are loose and flexibl
have almost no influence da (Brancheriau and Bailleres
2002) nor on talimeasurements, even if they are not strictly
located at the position of thé' inode’s node: an inaccuracy
of +5% of the total length should remain acceptable
(Kataoka and Ono 1975). Tight or stiff supportilgeads,
however, may interfere with the specimen vibratad/or
result in a coupling with the device's frame (Bragighu et
al. 2010). Tah andfg are stable when the distance between
the exciting electro-magnet and the steel piecmm, but
measurements are affected when this distance ism<im
(Kataoka and Ono 1975).

The fluid friction with air does not affect dampingder
the usual test conditions (Kataoka and Ono 1975jidDa
1999). In the low-frequency range (<100Hz), howevtsr
contribution would not be negligible for thin woadbeams
(Kitahara and Matsumoto 1973).

2.6 Data sorting and statistical analysis

Data were analyzed at the specimen, wood type, and
species levels. First, all tested specimens (N=L78&e
used for analyzing the relationship betweer @mmdE'/y, by
comparing present results with the “standard” trémm
Ono and Norimoto (1983, 1984):

tand, =10"x € 'p )® (2)

Where tads is “standard” damping coefficient and
coefficients A and B are 1.23 and 0.68 over a walgge of
softwoods (further detailed below in the resultsd an
discussion).

Then, analyses of this relationship were detailed3
broad groups of normal wood: softwoods, and hardisoo
with low or high extractives conteriEC). Classification into
low (<5%) or high (>7%) EC was based on available
database (e.g. Brémaetlal. 2010b) and/or literature values.
Sapwood was usually considered as I|®C unless
contradictory data were known. Species with “medig&
7% EC) and those for which no information 66 could be
obtained were excluded from this analysis, as veen@e
samples with atypical heartwood. Specimens withartgnt
grain deviations were included in analyses of #®-E'/y
relationship. But these specimens were excludet frasic
statistics on the different wood types, for whicB1I
specimens were kept as representative (see TalDatp
were first averaged between different specimensn fi
given stock, then between the means of differeatkst
(when applicable).

The “deviation from standard damping” = B®S
(Brémaud 2006; Brémauet al. 2009; 2010b) was used for
expressing the “intrinsic viscosity” (i.e., de-cglated from
specific modulus of elasticity) of the different etypes:

DSS =100x tang - tands (3)

tandg

Where tag; is the damping coefficient of a given wood,
and talsis the standard damping from equation 2.

In order to compare all wood types according taouesr
properties, Principal Components Analysis (PCA) was
performed, using XLstat® (Addinsoft SARL) in MS-Exce
Active variables represented the three main aspetts
specific gravity, elasticity and viscosity, and weelected to
be as far as possible de-correlated from each .otthet is,
“elasticity” was represented bE'/y (instead of Young's
modulusE’ which is quite strongly correlated to specific
gravity) and “viscosity” by D8 (equation 3 above). The
broad categories “softwoods”, “temperate hardwooalst
“tropical hardwoods” were added as inactive qualita
variables.

3. Results

3.1 Total diversity at the specimens’ level

Over all individual specimens, measured properties
covered a continuous and broad range: 0.21 tofr38
specific gravity; 4.6 to 34.1 GPa f&'/y; 3.3x10° to
20.6x10° for tary (Tab. ). Damping coefficient had
the highest coefficient of variation (>40%), buketh
three properties covered a similar span (ratio betw
maximum and minimum values of 6-7).
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Tablel Basic statistics of total diversity in specifiagity (y), specific modulus of elasticitye(/y) and damping coefficient (taj) between
specimens and between wood types

y E'ly (GPa) tan (10°)
N range mean cv range mean cv range mean cv
Specimen level
All specimens 1792 0.21-1.38 0.84 26% 4.6-34.1 .51833% 3.3-20.6 71 41%
Representative of wood types 1317 0.21-1.38 0.88% 2 4.6-34.1 19.7 30% 3.3-20.6 6.9 44%
Wood type level
All wood types 98 0.22-1.31 0.81 31% 6.3-32.7 020.32% 3.9-18.7 7.7 42%
Normal heartwood 78 0.22-1.31 0.83 30% 9.0-32.20.02 29% 3.9-18.7 74  43%
2y , linear regressions can be performed in a log-l@desc
= (Ono and Norimoto 1984) Hardwoods . . . . 3
Y= -1.62x + 4.24 shown in the inset of Fig. 8) . On all studied spens
of very different wood types, the relationship was
highly significant (at a level < 0.1%: Pearson’s
coefficient of correlation R=0.71, N=1792), but
explained only half of the variations in t“a(‘RZZO.S).
This strength of association is of the same order a
= above references, when comparing the coefficiehts o
i) determination (I% obtained in the two different
9 representations (i.e., by plotting &ardirectly, or
C A . .
s tarv/(E’ly), versusE'ly) (Tab. II). Distinct categories —
e softwoods, hardwoods with low or high extractives
content — showed lower dispersiorf£R.76, 0.73 and
0.57 respectively) and nearly parallel trends, but
shifted towards higher or lower tamalues (Fig. 8).
y =-1.69x + 4.91 0020
R2=0.86 ’ A — Softwoods (Normal)
N =1792 O 2 Hardwoods (low EC)
0018 < Ono and @ wun Hardwoods (high EC)
-13.0 0.016 1
96 Log [E'/y (expressed in Pa) ] 10.6 0
S 0014 +
} } T T T } llIl{llII{IIII{IIII}IIIIIIIII{ E
4 10 20 30 40 2
Specific modulus E’/y (GPa) 8 0.012 1
[}
Fig.7 Relationship between damping coefficient and djeci §,0-010 T
dynamic modulus of elasticity: comparison of owtwll sampling g
with trends reported by Ono and Norimoto (1983,4)98/ plotting £ o008 T
tarv/(E’ly) versusE’'/y on double logarithmic scale e
0.006 +
Damping coefficient and specific modulus of 0004 |
elasticity followed a relationship very similar the
“ ” H “ ” H H 0.002 t + + + t +
standard” one (eq. 2). This “standard” relatiopshi e 1w 15w 2 m s w
was reported by Ono and Norimoto (1983, 1984) in Specific modulus of elasticity 7y (GPa)
the _Iogarlthmlc’represer_1tat|o_n shown in Fig. 7, by Fig.8 Relationships between taandE'/y for normal wood of
plotting tam/(E'/y) (which is supposed to be softwoods and of hardwoods with low (<5%) or higfi%)
proportional to the energy dissipated per vibration extractives content. The inset shows the logarithmepresentation
cycle) versusE'/y. This representation, however, which allows calculation of linear regressions

reduces the apparent dispersion. When plotting
directly ta® versusk'/y (as in Fig. 8), the relationship
has the form of a power law: @F10*x(E'/y)® (i.e.,

Table |l Parameters of the relationshipdah0”x(E’/y)® as obtained by regressions on different samples

de\rect chomb\ned
N specimens A B tar = f(E'ly) tar/(E'ly) = f(E’'ly)

All samples 1792 1.322 0.692 0.50 0.86
Softwoods (normal wood = NW) 140 1.222 0.639 0.76 .950
Hardwoods (NW) with high extractives content 1153 ATh 0.620 0.57 0.90
Hardwoods (NW) with low extractives content 221 3.2 0.677 0.73 0.94
25 softwood species (a) 1227 1.23 0.68 0.91
30 hardwood species (b) 118 1.34 0.62 0.83

Constants are derived from regressions basdfl/prexpressed in GPa R and Reompined= coefficient of determination obtained from pilog
tary directly versug€'/y, or ta/(E’/y) versusE'/y, respectively.
(a) Ono and Norimoto (1983) (b) Ono and Norimot®34)
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GPa (tension wood frorPopulus sp. The span in
properties (ratio of maximum to minimum values) was
Considering the mean properties of normal 6.0 for y, 4.8 for tad and 3.6 forE'/y (5.2 when

3.2. Species diversity in vibrational properties

heartwood from the different species (Tab. Ill)e th including reaction wood). As previously observed at
specific gravity {) ranged from 0.22 Ceiba the specimen level, tdrhad the highest coefficient of
pentandra to 1.31 (snakewood =Brosimum variation between species (normal heartwood) and
guianensg the specific storage modulug’(y) from between all wood types (Fig. 9; Tab. I). On the
9.0 GPa Pinus caribeag to 32.2 GPa Ricea contrary, within a given wood type, tanvas a little
sitchensiy and the damping coefficient (i&nfrom less variable thaf’/y (mean coefficient of variation
3.9x10° (Aniba canellild to 18.7x10 (Arbutus of 9% and 11% respectively).

unedd. However, the widest range ik'/y was
observed when including reaction woods: from 6.3
GPa (compression wood &finus pinaster to 32.7

Tablelll Mean (m) values and coefficient of variation (cstandard deviation/mean) of specific gravjty §pecific storage modulug’'(y) and
damping coefficient (taf) for normal heartwood of all studied species. Bital families are abbreviated by their 4 firstdes. Category: S =
Softwoods; Te.H = Temperate hardwoods; Tr.H = Teabhardwoods

E Y Ely tard
5 § E % (GPa) (20°)
E 2 é v cv cv cv
L O gpecies Code 29 Z 1 (%) m (%) m (%)

PINA S Abies albaMill. Abi.al 4 1 054 4 3005 67 4

ACER Te.H Acer pseudoplatanus Aceps 1 1 064 10.6 16.1

ACER Te.H Acer sp(American) Acesp 1 1 072 105 115

CAES TrH Afzelia bipindensisiarms. Afzbi 13 5 082 5 23510 42 7

CAES TrH Afzelia quanzensid/elw. Afzqu 5 1 085 7 127 5 11116

LAUR TrH  Aniba canelilla(kunth) Mez Ani.ca 1 1202 291 4 39 5

ERIC TeH Arbutus unedd. Abun 5 1 094 2 120 7 187 9

SAPO Tr.H Baillonella toxispermaierre Baito 6 1 083 1 2123 72 4

PAPI TrH  Bobgunnia fistuloidegHarms) Kirkbr. & Wiersema Bobfi 19 2 096 5 173 10 48 8

PAPI TrH  Bocoa prouacensisubl. Bocpr 35 5 126 2 260 10 4.2 12

MORA Tr.H  Brosimum guianens@ubl.) Huber Bro.gu 41 11 131 2 225 7 5.4 10

MORA Tr.H  Brosimum rubesceriEaub. Broou 39 7 099 6 23311 45 8§

MORA Tr.H  Brosimum utilePitt. Brout 5 1 047 3 217 8 86 15

BUXA Te.H Buxus sempervireris Buxse § 2 093 0 96 12 153 9

CAES TrH cCaesalpinia echinatham. Caeec 55 15 101 9 215 11 4.4 14

BETU Te.H cCarpinus betulus. Car.be 2 0740 2082 95 1

MELI TrH Cedrela odoratd.. Cedod 1 1 048 21.8 7.8

BOMB Tr.H Ceiba pentandrasaertn. Cei.pe 1 02210 10.1 13 14.012

CUPR S Chamaecyparis sgHinoki) Chasp 14 1 039 3 270 7 6.3 6

LAUR TrH  cChlorocardium rodie{Schomb.) Rohwer Chlro 4 1 105 1 278 2 43 4

CORN TeH Cornus mag. Corma 4 1 111 0 156 2 83 7

CUPR S Cupressus sempervirehs Cupse 11 3 0.49 13 17.1 17 89 19

PAPI TrH Dalbergia baroniiBaker Dalba 14 1 075 3 194 8 52 7

PAPI TrH Dalbergia latifolia Roxb. Dalla 1 1 075 185 7.3

PAPI TrH Dalbergia maritimensisr D. louvelli Dal.ma 2 10710 210 2 40 17

PAPI TrH Dalbergia melanoxylouill. et Perr. Dalme 10 2 131 1 157 12 5.8 14

PAPI TrH Dalbergia nigra(Vell.) Allem&o ex Benth. Dalni 1 1 081 205 7.0

PAPI TrH Dalbergia retusaHemsley Dalre 1 1 095 11.8 8.6

PAPI TrH Dalbergia sp(Bahia) DalsB 3 1 115 2 130 4 47 7

PAPI TrH Dalbergia sp (Madagascar) DalsM 53 g9 096 11 20.1 10 4.6

PAPI TrH Dalbergia sp.(Jacaranda do Para) DalsP 1 1 088 18.4 56

CAES Tr.H Dialium cochinchinenseierre Diaco 4 1 110 2 240 5 64 13

CAES Tr.H Dialium pachyphyllunHarms Diapa 12 2 10113 263 6 62 8

EBEN Tr.H Diospyros sp(Madagascar) Diosp 3 1 118 0 168 1 9.1 5

PAPI TrH Dipteryx odorata(Aubl.) Willd. Dipod 9 1 099 3 164 2 59 3

CAES TrH  Guibourtia arnoldianal.Leon. Guiar 4 1 084 1 258 1 56 4

CAES Tr.H  Guibourtia conjugatgBolle) J. Léonard Gui.co 2 1 1021 1701 75 5
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v Ely tard
> s £ (GPa) (10%)
> § E 8
E 2 é v cv cv cv
w o Species Code 292 2 1 (%) m (%) m (%)
CAES TrH  Guibourtia sp Guisp 7 2 089 8 16629 10.7 8
CAES Tr.H Hymenaea courbaril. Hymco g 1 077 4 2845 53 2
CAES Tr.H Hymenaea parvifolidduber Hympa 9 1 111 2 234 5 50 1
JUuGL TeH  Juglans nigral. Jug.ni 1 1 058 12.7 8.0
MELI TrH Khaya senegalens{®esr.) A. Juss. Khase 4 1 0850 92 4 1206
PAPI Te.H Laburnum anagyroidesledik. Labal 12 3 090 6 134 8 92 6
LAUR TrH Licaria cannella(Meisn.) Kosterm. Licca 16 7 1015 261 9 56 8
STER Tr.H Mansonia altissima(A. Chev.) A. Chev Manal 4 1 062 4 214 9 57 5
MYRI Tr.H  Mauloutchia sp. Mausp 5 1 071 1 266 8 7.7 7
PAPI TrH Millettia laurentii De Wild. Mil.la 9 1 093 2 233 3 48 6
CcLus TrH  Moronobea coccineAubl. Mor.co g8 1 092 1 251 2 47 3
MORA Tr.H  Morus mesozygistapf. Morme 3 1 087 2 193 7 51 1
PAPI TrH  Ormosia flava(Ducke) Rudd omfl 9 1 084 1 299 4 45 9
CAES Tr.H Ppeltogyne venos@/ahl) Benth. Pelve g 2 0800 268 7 56 7
PINA S Picea abieKarst. Pic.ab 40 14 05010 24418 84 8
PINA S Picea sitchensiéBong.) Carr. Pic.si 5 1 047 1 322 2 59 2
PINA S Pinus caribaedvorelet Pin.ca 3 1 0.36 4 90 2 132 3
PINA S Pinus nigrasubsplaricio Maire Pin.ni 5 1 051 4 192 6 88 6
PINA S Pinus patulaSchiede ex. Schlecht. et Cham. Pinpa 4 1 054 9 311 3 6.6 5
PINA S Pinus pinasteiton Pin.pi 18 7 042 6 142 12 12.010
PINA S Pinus sylvestrig. Pin.sy 14 5 0.48 12 17.9 14 10.6 13
PAPI TrH  Platymiscium sp Pla.sp 4 1 102 1 2555 48 2
PAPI TrH  Platymiscium uleHarms Plaul 19 3 073 9 204 7 48 11
ROSA TeH Prunus aviunt. Pruav 1 1 062 17.4 10.0
PAPI TrH  pterocarpus erinaceuBoir. Pteer 86 4 083 3 193 4 56 6
PAPI TrH  Pterocarpus macrocarpusurz Ptema 22 1 075 1 129 4 68 4
PAPI TrH  Pterocarpus soyauxiraub. Pteso 170 16 077 9 183 15 52 14
PAPI TrH  pterocarpus tinctoriugVelw. Pte.ti 6 1 093 2 140 7 68 9
ROSA TeH  Pyrus communis. Pyrco 4 1 069 3 99 9 16711
RHIZ TrH Rhizophora mangle. Rhima 5 1 113 1 288 4 73
CAES TrH scorodophloeus zenketiarms. Sco.ze 14 2 088 8 23015 68 1
ROSA Te.H Sorbus domestica Sordo 24 5 081 7 19.3 17 99 16
PAPI TrH  Swartzia panacocAubl.) Cowan Swapa g8 2 116 8 260 8 4.4 16
PAPI TrH  Swartzia sp. Swasp 46 9 121 6 26310 43 7
MELI TrH  Swietenia macrophyll&ing Swima 1 1 048 20.7 6.4
BIGN TrH Tabebuia sp. Tabsp 4 1 085 1 2324 50 2
TAXA S Taxus baccatd. Taxba 25 5 064 6 11117 100 8
CUPR S Thuja plicataD.Don Thupl 1 1 039 19.5 7.2
RUTA TrH  zanthoxylum tsihanimpoda.Perr. Zants 5 1 057 9 184 6 62 6
PAPI TrH  Zolleria ilicifolia (Brongn.) Vogel (oSwartzia sp Zol.il 6 1 1.06 4 214 6 5.1 10
PAPI TrH  Zzollemnia paraensisuber Zolpa 14 1 116 4 211 7 58 7

3.3. Principal components analysis (PCA) on wood projected as inactive variablgg (Fig. 10a) .in .O'.ﬁer

types better ur)derstanq the repartition of thg !nd|V|§uaI
Schematically, axis 1 mainly denotes “solidity”ghiy

Principal ~ components  analysis  allows  and E’, reflecting porosity of the cellular material),
representation of the diversity of wood types vertical axis 2 is principally governed I®//y (related
according to several properties. As active vargble to microfibril and/or grain angle), and the uppeitto

should be as independent as possible, the analpsis lower-right diagonal expresses a decreasing viscous
conducted ory, E'/y, and the deviation of damping behaviour (DS andE” /y), which is mostly related to
from the standard tan- E'/y trend (D9, eq.3). The chemical composition (Brémaued al. 2010b, 2013).

Young’s modulus ), specific loss modulusE(/y =
tarvx E'fy) and damping coefficient (t&p were
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4. Discussion

4.1. Interpretation of the tan & — E'/y relationship in
terms of sources of variability between wood types

For hardwood specimens with low extractives
content EC), the relationship between taand E'/y
had a R of 73% and constantsandB (Tab. Il) nearly
equal to the values of the “standard” relationship
softwoods (Ono and Norimoto 1983). The results in
Ono and Norimoto (1983) are based on 25 species,
which represent quite well different gymnosperm
families, whereas the present study had only 12
softwood species, which were mostly Pinaceae for
which damping is usually higher than average
(Brémaudet al. 2009). Accordingly, the “softwood”
trend here had slightly higher tarvalues than the
“standard”, but was also slightly less dispersedb(T
II). Conversely, the hardwood relationship from Ono
and Norimoto (1984) is much more dispersed (Tgb. Il
and has slightly lower(-6%) ta@ than the “softwood
standard”, probably because it includes several
tropical species with high extractives content. The
trend observed here on hardwood specimens with high
EC (>7%) shows they clearly had a lower dgr33%
in average) at a giveR'/y, and a higher dispersion
(Rz=57%), than both “standard softwoods” and
hardwoods with lovEC.

The relationship between taandE'/y is governed
by the orientation of wood elements and can be
reconstructed by models taking into account either
microfibril angle (Obatayaet al. 2000) or the grain
angle (Brémauet al. 2011b). Vertical shifts of curves
can reflect differences in chemical composition
(Obatayaet al. 2000, Brémauet al. 2010a, 2011a, c)
and/or in wood moisture content (Obataaal. 1998,
Sasakiet al. 1988), both of which affect tanmore
thanE'/y. A shift in tad of approximately 30% was
observed between the trend for normal wood and that
for compression wood (species: spruce and pines), d
to variations in lignin composition and structure
(Brémaudet al. 2013). Extractives, on the other hand,
can either be neutral, or decrease (or sometimes
increase) tatby as much as a factor 2, while affecting
only marginally the axiaE'/y (Brémaudet al. 2010ab,
2011a; Matsunaga et al. 1996; Minato et al. 1997,
2010; Obataya et al. 1999; Sakai et al. 1999; Yano
1994; Yano et al. 1995). This appears consistetit wi
the important shift between the trends for hardveood
with low and high EC, and with the high dispersfon
the later. Extractives can also modify wood
equilibrium moisture content (e.g. Hernandez 2007)
a range of circa 6 to 12% EMC at 20°C and 65%RH
(Brémaudet al. 2010b), but moisture-related shifts in
the tad-E'/y trends mostly take place at higher wood
MC (Sasakket al. 1988).

Thus, the “standard” relationship from Ono and
Norimoto (1983) was confirmed by present results,
both qualitatively (general form) and quantitativel

(values of the constangsandB in eq. 2, Table II), and
concerns, statistically, both representative sodithg
and hardwoods with low extractive content.
Deviations of damping coefficient of a given wood
from this standard trend can be considered as a
“normalized damping” 0S5, eq. 3), relatively de-
correlated from the effect of orientation, and rhost
related to chemical variations.

4.2. Distribution of vibrational properties between
broad categories

Globally, wood types were rather broadly
distributed along the range e¢fandE’'/y (Fig. 9a,d).
Tropical hardwoods covered the whole range of
specific gravity but with a predominance of high
values. Some of the studied softwoods and temperate
hardwoods, however, were also denser than usual
(normal wood of yew and compression woods of
spruce and pines, secondary species of hardwoods
with  $>0.9). Softwoods (which included both
compression wood, and the so-called “resonance
wood” selected for string instruments soundboards)
had the most scattered valuesEdfy. Tempered and
tropical hardwoods were more distributed towards,
respectively, lower and higher ranges &/y.
Consequently, together with their often high
Young’s modulus E’, Fig. 9b) higher than 20GPa
could only be found for tropical hardwoods. These
were also the only category with very low (<6510
tarv (Fig. 9e). This confirms that tropical hardwoods
could not be replaced by temperate-zone species for
applications requiring very low damping (e.g.
xylophones) and/or high Young’s modulus (e.g.iviol
bows) (Holz 1996; Brémaud and Poidevin 2009;
Brémaud 2012; Bucur 2006; Wegst 2006). The
predominance of low tanfor tropical hardwoods
partly results from their often high values Bfy (as
both properties are still correlated at the woopety
level), and also from a lower intrinsic damping QS
Fig. 9f), which is mostly due to their often higher
content of “mechanically active” extractive
components (Brémauet al. 2010b).

4.3. Classification of wood types in relation to th eir
origins and potential uses

In the PCA on all wood types, globally, a
“continuum” of behaviour was observed, although the
different wood categories cover preferential af&ég.
10b). The right-hand part of the “individuals” ghap
was characteristic of tropical hardwoods, in which
some sub-groups may be defined. From a botanical
point of view, the Ilower-right corner (i.e.
exceptionally low loss parameters and modeEitg)
was dominated by heartwood of species from certain
genera Dalbergia Pterocarpus Platymiscium
belonging to the Dalbergieae tribe (= dalbergioid
clade, Leguminosae-Papilionoideae). This is prapabl
due to the characteristic nature of their extragjv

9
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which strongly decrease tain several genera of this
tribe (Yanoet al. 1995; Brémaucet al. 2009, 2010b,
2011a; Traoréet al. 2010). It also probably explains
the predominance of Dalbergieae in the xylophone-
making traditions of several continents (Brémaud
2012; Holz 1996; Traorét al. 2010; Wegst 2006).
Still from the point of view of utilisations, woods
currently used for making Baroque to Modern violin

30 301

ZSoftwoods (a) |
251 ETemperate hardwoods 25
20 M Tropical hardwoods 201
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o

Number of wood types
o o
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o
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Specific gravity y

111.2>

<4 8 12 1'6 20 24 28 32 36>
Young'’s (storage) modulus E’ (GPa)

bows are grouped at the far end of axis 1, i.ey dre
mainly described by their high specific gravity and
Young’s modulus, along with a low t@&n(Brémaud
and Poidevin 2009; Wegst 2006). Other wood types in
their vicinity could consequently be consideredtfos
application: we have proposed several promising
alternative species to bow makers for conducting
practical trials (to be published).
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Temperate hardwoods were generally rather
distinct from tropical ones, and dominated the Ibwe
left portion of the plane, i.e. woods characteritsd
their low modulus and high tdnDespite quite a wide
range in specific gravity, no clear multi-variable
distinction appeared within this category, whictghti

however simply reflect the moderate number (12) of
species under study.

The only characteristic shared by all softwoods
was their lower than average specific gravity. Thei
ordinary wood types were poorly differentiated
according to vibrational properties. Nevertheleas,
distinct sub-group including “lutherie-gradePicea
abies was primarily governed by high specific

10
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modulus of elasticity combined to proportionallyhi
loss properties (D5 and E”/y). This group also
comprised other species of Pinaceae, suggesting tha
“resonance” Norway spruce may not be unique in its
vibrational properties. Old growth Sitka spruce is
often used as “alternative resonance wood” (e.g@ On
and Norimoto 1983; Bucur 2006), but the anatomical
and chemical features of other woods of the same
genus or even family could also lead to comparable
properties (e.g. Brémaud 2012).

When confronting species diversity with intra-
specific variability, the sapwoods of hardwood spgc
(both temperate and tropical) covered a wide rasfge
porosity and of E'/y. But they were distributed
orthogonally to the “viscosity” direction, which ienet
they were “neutral” regarding DS and E”/y.
Regarding reaction wood, compression woods formed
a small group with very lovE'/y (as expected), but
also slightly negative D5(Brémaudet al. 2013). This
group was not exceptional however: it was close to
normal wood of yew but also to some temperate
hardwoods. The only tension wood under study
(poplar) was completely the reverse, with a veghhi
E'/y and also exceptionally high normalized damping.

The multi-variate confrontation of all wood types
suggests that: (i) species diversity is the biggestce
of variation in specific gravity and Young’'s modsilu
(with reaction wood and heartwood formation as
secondary effects); (ii) reaction (compression or
tension) wood formation is responsible for the most
extreme differences in air-dry specific modulus of
elasticity, ahead of the (nevertheless very langy-
specific diversity; (iii) taxonomy-related contem
heartwood secondary metabolites appears to be the
prominent source of diversity in normalized damping
although extreme variations in constitutive polymer
(such as between normal and reaction woods) also
play a significant role. These property-dependent
responses to different sources of variability migéve
implications from a biomechanical point of view.
Although present results concern air-dry wood
properties, some tests on 6 tropical species stigges
that little dispersed (but non-linear for damping)
relationships can relate air-dry and green wood
vibrational properties (Dlouhda 2009, Dlouls al
2011).

From the viewpoint of acoustical end-uses, the
present results allow better definition of the grou
characteristics of several preferred species fgiven
use in musical instruments making, and to propose
mechanically realistic alternative species. Thesoal
confirm that the traditional avoidance of sapwoad i
hardwoods and of compression wood in softwoods is
justified, not only because of dimensional stailit
aesthetical aspect or biological durability, butstiy
so because of vibrational characteristics. The very
wide range of wood material studied also allowed
identification of secondary, little-known speciethw
high potential interest in selected acoustical eses.
However, it should be kept in mind that, in order t
compare very different wood types in a rigorous way

a well-defined and generalized methodology is
required, as demonstrated in this paper.
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