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Abstract

This work presents an original experimental dewigeceived to characterise the viscoelastic
properties of wood. Classically, the dynamic meatearanalysis of wood is performed using
a commercial apparatus like a DMA (Dynamic Mechahiénalyser). However, when
analysing wood with this type of apparatus, mangbfams related to the hygroscopic
behaviour and the orthotropic structure of wood rbayencountered. This is why an original
apparatus perfectly adapted to the wood featursdben developed. The WAVEs able to
measure the viscoelastic properties of wood sampider water-saturated conditions, in the
temperature range of 5°C to 95°C at frequencieyivgrbetween 0.005 Hz and 10 Hz.
Samples are tested in a cantilever configuratidre Whole experiment has been designed to
withstand the severe conditions of temperaturehamaidity.

At the same time, an analytical model based on iKal\elements has been developed. This
model is able to correct experimental measuremestormed close to the resonance
frequency.

Results obtained for beech samples in radial amgetatial directions using the WAVENd a
commercial apparatus (DMA 2980 TA Instruments) ammpared and discussed. This

comparison underlines the relevance of the WAWEvice.
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1. Introduction

The viscoelastic behaviour of wood is essentiamiany fields of the wood industry. It is
particularly important in wood processing operasi@uch as drying, wood forming, thermal
treatment, panel pressing, wood gluing and so orhis Behaviour depends on the wood
species (Hamdad al. 2000, Olssorand Salmén 1992, 1997), the material directiontaed
type of wood: juvenile wood, sapwood and reactiaodv (Lenth 1999, Lenth and Kamke
2001). Moreover, temperature and moisture contardl$ dramatically affect the viscoelastic
behaviour of wood (Goring 1963, Ranta-Maunus 19@bne 1984, Takahaslet al. 1998,
Obatayeet al. 1998, Olsso& Salmén 1997, Matsunagaal. 2000).

During the second part of the last century, theoldgical properties of wood have been
widely studied thanks to various experimental meéshdn the softening area, many properties
such as mechanical, thermal, electrical, magnetipgyties noticeably change.

For a long time, due to its simplicity, the dilatetmc method was the only method used to
determine the glass transition temperature Tg. &ald990) accomplished many works in
this domain. Some authors (Irvine 1984, Ostletrgl. 1990, Kelleyet al, 1987) used DSC
(Differential Scanning Calorimeter) or DTA (Differeal Thermal Analysis). Indeed, specific
heat capacity variation is actually an excellerdigator of transitions. Dielectric Thermal
Analysis (DETA) is also quite a common method tgplese molecular phenomena like
relaxation (Lenth and Kamke 2001, Suzuki and Kur?@d3, Maeda and Fukada 1987).
Several mechanical experiments have been usedat@aathrise the viscoelastic properties.
Among these, we often discern quasi-static methoasep (Genevaux 1989, Guerrin 1990,
Le Govic 1992, Perré and Aguiar 1999, Passard arde 2001, 2005b) and relaxation
(Takahashet al., 1998) from harmonic and dynamic analysis. In cangon with creep tests,
harmonic tests represent a more efficient methochtracterise viscoelastic properties and
glass transitions of materials. Their major advgatés to cover several decades of time
independently of temperature control. In additidghis method allows the viscoelsatic
behaviour to be distinguished from other effectshsas ageing or growth stress recovery.
The typical frequency range of this forced non-neswe technique is 0.01 to 100 Hz.
Because the experiments occur below the fundameradé of vibration, the upper bound of
the frequency range depends upon the sample sffaed geometry. Nowadays, numerous

commercial apparatus covering wide ranges of freges.



Other dynamic mechanical methods are availabldudiveg ultrasound and a variety of
resonant techniques. The free-free flexural metkgdloits the frequency resonance of
materials. This method is widely used, for exampdemeasure the wood characteristics for
musical wind instruments (Matsunagaal. 2000, Obatayat al. 2001, 2003, Lord 2003). At
high frequencies, the methods are based on ulti@a@ve propagation. However this type of
experiment is used in the wood field to measuréns8s rather than to determine internal
friction (Bucur and Archer 1984).

The most common methods applied to wood at lowraadium frequencies use commercial
devices, like DMA (Dynamic Mechanical Analyser) ®MS (Dynamic Mechanical
Spectroscope), (Kellegt al. 1987, Olssorand Salmén 1992, Bjérkmann and Salmén 2000,
Obatayaet al. 2003). However, large differences may be obsebetdieen data obtained by
different commercial instruments (Hagenal. 1994). A number of mechanical factors, like
mechanical inertia (resonance frequency), specigeemetry and size, clamping effects may
influence the results of dynamic mechanical analygictually, all modes of geometry
(flexion, traction, shear, compression...) proposga¢dmmercial apparatus exhibit bias due
to imperfect clamping and sample geometry. To magkéor this lack of precision, the DMA
technology applies correction factors to deterntime viscoelastic properties of samples.
These corrective factors are fitted for isotropiatemial, because this type of device is
intended for classical polymers.

In comparison to these products, wood presentsfepiatures, namely its anisotropy and its
hygroscopicity. The former is problematic concegnihe corrections factors and the latter is
particularly important because water is recognige@ct as a very efficient plasticisers in
wood. Therefore, it absolutely requires to contie@ humidity during dynamic mechanical
analysis.

Very few DMA apparatus do have humidity controldaeven so, it is very difficult to keep
the same moisture content of wood when the temyerathanges. Notice that the moisture
content variations, like drying, may cause collagsé mechano-sorptive effects.

For all these reasons, the wood rheology team aRMA&B developed an original
experimental device, WAVE able to perform dynamic mechanical tests of wooder
water-saturated conditions and high temperatureV&/Astands for Environmental Vibration
Analyser for Wood. The working principle of the W&V consists in applying a harmonic
force and to measuring displacement independetig. to the time-dependent properties of

polymers, the displacement response is out-of-phéate the applied stimulus. Thus, the
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storage modulus E’ is defined as the in-phase astiel response, proportional to the
recoverable or stored energy; and the loss modktilus the imaginary or viscous response,
proportional to the irrecoverable or dissipatedrgyneln this forced non-resonance technique,
samples are tested in a bending configurationsthgle cantilever mode. In addition, great

care was taken to grab, treat and analyse raw data.

2. Description of the experimental device

The WAVE' is dedicated to the measurement of stiffness @mdpthg properties of water-
saturated wood samples subjected to a deformatigrebodic stress. More specifically, this
device is able to determine the evolution of trec@elastic properties of green wood samples
with regard to temperature: 5 to 95 °C, frequericg0° to 10 Hz and stress level: 0.01 to 4
MPa. To maintain sample water saturation duringedrpentation and to avoid any
mechanosorptive effects due to temperature gragjiesatimples are held in a temperature-
controlled water bath.

The WAVE' is composed of a complete chain of vibration asialyl) and of a test bench (2)
(Figure 1). It includes a conditioning chamber (@hich allows the immersion and the

temperature control of the wood sample during erpantation.

2.1  Principle

A harmonic force is applied to the sample usingimi4shaker. The mini-shaker is of the
electro-dynamic type with a permanent field mag(Btiel & Kjaer type 4810). An
alternating voltage signal provided by a functi@merator is converted into current signal by
an operational amplifier and sent to the magnatditaf the mini-shaker. The latter produces
a sinusoidal movement transmitted to the sampla Vight-weight stainless-steel tube.

In most commercial instruments, the force appledhie sample is deduced from the input
signal to the electro-magnetic coils in the drivarour device, a miniature load sensor cell is
used to measure the applied load. This sensotagrated into the excitation bar, between the
sample and the mini-shaker.

Typically, this type of mini-shaker is conceivedwork in a frequency range of 1 Hz to 18
kHz. Below 1 Hz, the mechanical excitation appliedthe sample loses its sinusoidal shape,
due to the suspension and the rubber protectiondflthe driver. To address this problem, a
feedback loop was built with suitable PID paransteo the force applied to the sample

perfectly follows the generator signal. In this ways possible to apply the desired sinusoidal



force at very low frequency levels: tests have beeriormed successfully at 1 mHz, but the
only limitation is indeed the time required to g&perimental data.

In order to avoid any disturbance at the clamps,aa@d contrary to classical DMA, the
deflection measurement is dissociated from thesstsgstem (Fig. 1).

Force and displacement signals are treated byrefectconditioners (filters and amplifiers)
and captured by a multichannel digital oscilloscqpgilent 54624A). The megazoom
technology of this apparatus permits us to folltw €volution of the signals and particularly
the phase difference over large frequency and amagliranges.

The temperature is measured by a J-type thermoeqiated close to the sample. To keep
the sample saturated, tests are conducted in wabmisequently, the raw experimental data
integrate the phase difference due to the woodsischbut also the phase difference due to
water viscosity. Measurements carried out on a plastic sample (metal) in different
environmental conditions (air, water and waterimgwdation) revealed the influence of water,
especially for frequency levels higher than 1 Hzt, dnly as a random noise. No systematic
damping effect was observed over our range of &eqy. This noise is probably due to the
water circulation. It is significantly reduced bging several periods of the sine curves to

determine the viscoelastic parameters (for exan2flgeriods are used at 10 Hz).

2.2  Deformation mode and mechanical configuration

The single cantilever configuration is depictedigure 2. One end of the sample is tightly
clamped (in our tests, the sample thickness is yawalong the very rigid longitudinal
direction) and the harmonic force is applied on ttker end. The beam theory, which
assumes some hypotheses (small perturbation , NBemouilli, Saint-Venant...), allows
the deflection to be obtain as a function of theodeation mode, the force level, the sample
length and the location where the displacementaasured :
_ Flo2(6L -2l,)
bend bh’E
whereF is the sample load (N}, the sample length (m)y the distance to the deflection

(1)

measuring point (m} the beam width (m}x the beam thickness (m) akdthe modulus of

elasticity (Pa).

The previous equation accounts only for the purelimgy mode of the beam. The influence of
shear stress on the deflection can be evaluatethdyfollowing formula, proposed by
Timoshenko (1968):



h2 E
Htot = Hbend 1+a _j (2)
I,(6L-21,)G

G is the shear modulus (Pa) amds a coefficient which depends on the specimepeshkn
the case of single cantilever bending and for alfgepiped beany is equal to 3/2.

Equation (2) shows that the deflection due to shst@ss depends directly on the sample
geometry. The thinner the sample and the furtredt#flection measurement point is from the
fixed fitting, the less the influence of shear s&rés perceptible. In addition, in a case of an
anisotropic material such as wood, the ratio E/@edés on the material direction. This ratio
is weaker in transverse directions that in longitatdirection. Then, considering material
directions (radial and tangential directions) dmel shape of the specimdnX 1(h), the effect

of shear stress remains negligible (Passard and P@d5a).

2.3 Test bench

The device is put on an anti-vibratory table, tmilithe disturbances due to the external
vibrations. The bottom part of the vibratory systaoids the sample holder. The top part
supports the force and displacement sensors arghi@r. The two parts are separated by an
isolating plate which protects the electronic app#s from temperature and moisture. To
avoid any heat bridges, Nylon screws are usedroex both parts. The loading tube crosses
the plate through a small hole (Figure 3.a-b).Ty&esn is hung on a crossbar through an
electric jack, which permits the system to be weatlty moved : immersion of the sample

holder in the measuring position, accessibilityref sample holder in the handling position.

Sample holder
A specific articulated clamp was designed to apalyure vertical force without any

momentum to the sample and without any verticarelece (Figure 3.c).

The system is made up of two parallel clamps (@dito a support (1) through a shaft (6)
supported by four ball bearings (7-8). The asserabthe ball bearings is relatively subtle. At

each extremity of the shaft, the ball bearingsdoebled. One is fitted (8) and the other is
assembled with a preload (7). In this way, the garesents no radial clearance but allows
thermal extension without locking of the balls. Babnditions were required to perform tests
at zero mean load over a wide range of temperalwrevoid any induced momentum to the
beam, the shaft is situated on the neutral linehefsample. The whole clamping system is

made of stainless steel.



On the other side, the sample is fitted betweenpiates, compressed with four screws and
springs. Each screw is tightened with a constamjue The springs (4) allow the potential

clearance due to thermal dilatation and relaxatiornood to be balanced.

In equation (1) the clamp is considered as perfacbur configuration, this assumption is

reasonable because the sample is compressed iorthieudinal direction. Therefore, the

modulus of elasticity is much lower in the measgigirection than in the clamping direction.

Force measurement

The force sensor used is a miniature load sen$aP (lRstrumentation type XFTC 300). This
is appropriated to measure tension and compressistatic and dynamic tests. The sensing
element is fitted with a fully temperature compaadaVNheatstone bridge equipped with high
stability strain gauges micro-machined on a morstatyof silicon. Such a feature limits
considerably the sensor shift over long periodstimie The full-scale range is 0-20 N.

Although this material is miniature, it is robusidgpresents a high stiffness.

Deflection measurement

Considering the difficulties presented in carryiogt dynamic deflection measurements in
water saturated and aggressive environments at keghperature, the displacement
measurement system is transferred out of the dondig room. The system is composed of a
double-groove pulley, a spring, a cable and a mistitrup tied to the sample (Figure 3).

The pulley axis is articulated on ball bearingscable tied to a spring is wound around the
small-diameter groove of the pulley. Another stassl steel cable is wound around the large-
diameter groove of the pulley in the opposite dicet; and is tied to the sample using the
stirrup. So, the vertical motion of the sampleasverted into a rotation of the pulley. A laser
micrometer (Bullier type M5L/4) read the displacernat the diameter of the pulley. Its full-
scale range is +/- 2 mm with a resolution giirh, using an integration time consistent with
the maximum frequency used during our tests. Tépeasidistortion due to the angle effect of
the rotation can be easily corrected using trigoioic functions and is taken into account in
our calculations.

The stirrup is equipped with two metal spikes, whprevent it from sliding on the sample
during the experiment. These spikes also permistinaup to keep its vertical orientation in

spite of the rotation of the sample surface dueetading.



3. Analysis of raw data

3.1 Determining the phase difference

The main characteristic of harmonic tests is tmeissidal form of force and displacement
functions. Both signals have the same frequencyalritout of phase. This phase difference
dis precisely the key parameter that allowse viscoelastic behaviour of the sample to be
calculated. Therefore, the relevance of the measemes depends on how accurately the
phase difference can be obtained. In particular,iethod should be able to deal with the
experimental noise level. This is why an inversehoé was chosen to extract this phase
difference over several periods of the sinusoigpalads.

The raw signals of force and displacement, gralilyetthe oscilloscope, are downloaded on a
computer by RS232 connectors. The theoretical exnsabf force and displacement curves

are:
F = Y, +FxsinQRrzft+a,) 3)
H = YqH,xsinRmzft+a,) (4)
o=a,-a, ®)

where F is the force (N),H the displacement (mm};, the force amplitude (N)Ho the
displacement amplitude (mnt; andY, the average force and displaceméiihe frequency

(Hz),t the time (s) and; anda; the signal phases.

The inverse method needs an objective functpomo evaluate the discrepancy between

experimental and theoretical curves. We simplytheeEuclidian norm :

z (Fcalculated - I:measured )2 +z (Hcalculated -H measured )2
¢ —_n n

(6)

n
with n, the number of experimental points.
This function depends on 7 parameteYs Y2, Fo, Ho, 1, a2, T) which are identified by

minimising the functiord using the simplex algorithm (Pregsal. 1992).

This procedure assumes that the solution is thbaglminimum. Nevertheless, the risk of

falling into local minima is important. To avoidish the initial estimated values must to be



close enough of the solution. To insure this, ahifparameters are calculated on each
individual curve for 3 parameters (average, amgétand phase), before the identification is
performed on both curves using 7 parameters. lijamdi the frequency in this final step

proved to be required when several periods are tsseeduce the noise level: in this case, a
very small mistake in the frequency value wouldilspth the identification procedure. The

stability of the solution is also tested afterwalgsintroduction of the optimised values as
initial values, with a large initial search simpldxnally, the values are accepted or rejected

according to the final value ¢f

3.2 Model

Throughout the development of the device, severatautions were taken to ensure the
relevance of the experimental data. The differguasatus functions (precision, calibration,
resonance frequency...), the linearity of the visasit behaviour, the stability and the
reproducibility of measurements for reference make(metal)... were carefully checked.

At the same time, to correct or reject measuremam® close to the resonance frequency, an
analytical model was developed. It allows the phasange due to the inertia of all moving
parts, the damping effects (water and rubber menebod the shaker) and the frame stiffness
to be dissociated from the sample properties.

The frame stiffness has been determined using w» stiff sample (rather thick beam of
stainless steel). The experimental deflection nreasun this test allowed the frame

compliance to be determined (5.9%1®m.N%).

Concerning the inertia effect, it is classicallynsmlered that measurements are valid up to
one tenth of the frequency resonance value, wheglends on the stiffness and the geometry
of the sample. For example, for a typical wood damip the resonance appears near 30 Hz,
the measurements are only valid below 3 Hz (onth}eRlowever, the model enables data to

be corrected up to 10 Hz (one third of the resoedrejuency).

In figure 4-a, the loss factor of a metal samplemsasured at different frequencies.
Consistently, the raw ténvalue drops near the resonance (50 Hz). The yabilithe model to

correct this effect is obvious on this graph.



The model can also be used to predict the behawbarsample submitted to harmonic tests.
In particular, it allows the resonance frequencypé¢orather well predicted (Figure 4-b). This
graph depicts the measured and the simulated tieflteemplitude around the resonance. In
the model, the sample properties measured befereeonance are used as input parameters.
The slight discrepancy observed between model gaperignent is due to:

- the resonance itself, which perturbs the experiaiesignals especially near the peak

of the curve,
- the assumption of constant viscoelastic properntiesch should rigorously depend on

the frequency (right hand side of the curve).

3.3 Device control

The functioning principle of the vibratory analysisain is summarized in figure 5. All these
operations are controlled by a software developed Visual Basic. The program
communicates with the different apparatus and asB&L module (Dynamic Link Library)
written in Fortran to identify the parameters. Thigplication also includes the analytical
model, so that only corrected values are storedhendisk. This ensures also that any
measurement done too close from the resonanceeinegwvill be automatically rejected. The
operator has just to key in the desired experinmhgmtaocol (frequency, temperature stages,
stress level...) and to retrieve the file containting treated data at the end of the experiments.
The pilot program sets the thermocryostat at tlgeiired temperature levels, produces the
force and displacement measurements once the séengberature is stabilised, identifies the
phase difference value using the simplex algorigxtnact the corrected data as given by the
device model and repeats this process for all dypested frequencies and temperature
stages. The values are accepted or rejected angotalithe criterion. The treated data are
synthesized in a file, with graphs describing thelation of the storage modulus, the loss
modulus and the loss factor as a function of fregyexnd/or temperature.

The first results obtained for wood using the WAV@epicts the evolution of the storage
modulus and the loss factor as a function of teatpee and frequency, for an oak sample in
the radial direction (Fig. 6). For a constant frexey, the storage modulus decreases with
increasing temperature. Consistently, the curvelettorage modulus are perfectly set out in

tiered rows, with a storage modulus at a given tnadpire that increases with frequency. This
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property is shared by all viscoelastic solid maistiand finds its theoretical explanation in
the Kramers-Kronig relations.

In figure 6 the tad peaks, expressing a relaxation of wood, are atetto the transition of
lignin (Goring 1963, Olsson and Salmén 1992, Hamearal. 2000). The softening
temperature (Tg) shifts to higher values as thgueacy increases and the maximum value of
the loss factor increases with frequency.

These trends are in a good agreement with litexatata (Salmén 1984). Therfore, these first
results are consistent and encouraging. For fugibsitive feedback, it should be rewarding
to compare the measurements gathered with the WAdi§posal to those of commercial

apparatus.

4. Comparison with commercial apparatus

A comparative study was preformed to compare resoitained with the WAVEand a
commercial DMA (2980 TA Instruments). The DMA dasst have a conditioning chamber
with a water bath or a humidity controller. To keye samples saturated during the tests,
they are wrapped up with cellophane. This metha@letively effective, as we observe that
the water loss remains negligible during the téstss than 3 or 4 % of loss in mass, which

only affect the liquid water).

4.1  Wood sampling

Variability is an extremely important charactegstif wood. Because the samples tested with
the two apparatus need to be as similar as possitdesampling was crucial in this study.
Beech wood Kagus sylvatica) has been chosen for this comparison becausastlaspore
diffuse species: its anatomical structure is alntlbstsame all over the entire annual growth
ring.

Two series of samples were cut from the heartwdathie green log of a 60-year old beech
tree, the first in the radial direction, the secandhe tangential direction. Each series was
prepared from the same annual growth rings, nexth&o other, along the longitudinal
direction. Table 1 shows that the properties, aadiqularly the storage modulus, is almost
constant within a series of samples. The maximuwmatien is 1% for the density and 5% for
the modulus, with is excellent for a material aflbgical origin.
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Once cut, the samples are immediately soaked irrwat an airtight box and put in a
refrigerator to limit fungal attacks. Then, sampége tested within a few days. The sample
section is 10 mm2, its length is 30 mm for the DMA and100 nonthe WAVE .

4.2  Experimental procedure

For each material direction, five samples are testgh each apparatus. There are submitted
to multifrequency temperature scans, for a maxinstness levels of about 0.6 MPa.

With the WAVE', measurements are performed every 5°C betweencs96°C. The heating
rate is 0,35°C.min. At each step, the temperature of the water tmthaintained during 2
minutes to stabilise the sample temperature bef@@surements.

The accuracy of the WAVEand the reproducibility has been tested usingdstahsamples
of polymer (Placet 2006)

The same procedure is used for the DMA. The tentyperaange is 35°C to 95°C (no cooling
option available on this DMA), the heating rate 2. min', and the isothermal plateau
duration of about 1 minute. Measurements are chaug every 2°C.

At each temperature step, a frequency scanningpme 0,1 — 1 — 10 Hz) and for each
frequency, the viscoelastic properties (E’, E” ata) are determined. The samples are

tested in single and dual cantilever bending mespectively for the WAVEand the DMA.

4.3 Results and discussion

Table 2 and figure 7 show that the storage modglaways smaller, by 25% to 30%, with
the WAVE' than with the DMA, regardless of the material diien and the frequency. The
anisotropy ratio (E/E'7), however, is similar with the two apparatus: 1fdB8the WAVE'
and 1.56 for the DMA.

The trend of the DMA to get stiffer samples mayeplained by the geometrical factor. The
dual cantilever bending mode proposed by the DMalseto a very short sample length: its
actually simulates two 8-mm long single cantileseamples in series, against one 60-mm long
sample for the WAVE Such short samples do not respect the hypothétii® beam theory.
Consequently, a correction factor was implementetié device, but the latter was calculated
by finite element methods for isotropic materiabjch is not suitable for wood.

Hagenet al. (1994) already underlined this problem with tlyjge of apparatus. They showed,

on natural rubber, that the incorrect sample gepmetquired by the apparatus leads to

12



results indicating a stiffer material than in rgaliThey also emphasised, that it is possible to
record differences as high as 14°C in the detertoimaof Tg with two different apparatus,
certainly due to temperature calibration or setscation.

The evolution of the tan(figure 7) exhibits a softening temperature ofdbebetween 80 and
90°C at a frequency of 1Hz, corresponding to tHeesng of saturated lignin. The shape of
the curves near 5°C obtained with the WA\&EIggests a possible existence of a secor tan
peak below 0°C. According to Olsson and Salmén{129&d Lenth (1999) this may be due
to the relaxation of hemicelluloses.

The two apparatus detect a higher value of the fia®r in the tangential direction than in
the radial direction (at least at the peak lev@tntrary to the DMA, which finds a softening
temperature almost identical in the radial diractimd the tangential direction, the WAVE
shows a noticeable difference. The softening teatpez in the radial direction (82°C) is
lower than in the tangential direction (near 90°Che only paper we found which
differentiates the two transverse directions (Baaknand Lindberg 2001) confirms these

trends and seems consistent with our custom device.

5. Conclusion

In this work, an original experimental device debto the dynamic mechanical analysis of
wood (hygroscopic and orthotropic heteropolymerprissented. The WAVEis capable of
automatically performing multifrequency tests (&Q6 10 Hz) on green wood samples up to
100°C. Several precautions have been taken to enber relevance of the device. An
analytical model was developed to dissociate tres@lthange due to the inertia of all moving
parts, the damping effects (water and rubber menebod the shaker) and the frame stiffness
from the sample properties.

Our first results are consistent with literaturéad@®y comparison with a standard DMA, our
custom device brings several improvements: actwedsurement of the force and deflection
signals, load-free deflection measurement, rigoreample geometry, perfect saturation
conditions, rigorous single cantilever mode,

Henceforth, we have at our disposal an excellasitttostudy wood according to the material
direction, the species, the type of wood (clonesgction wood), the chemical or thermal

treatment...
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We have also to mention that this custom devica ftexible tool that can be adapted to
specific configurations. In the future, two maimavations will be implemented : i) a
pressure chamber to perform tests with soaked ssngMer the boiling point of water ii) a
controlled gas supply, based on a mixture of diy @yad saturated gas (Peeté&l. 2007), to

accurately control the relative humidity and theiriations during the tests.
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Sample Basic density (kg E’ (MPa)
1 591 420
2 596 440
3 592 450
4 591 450
average 592 440

Table 1 -Comparison of the storage modulus of 4 samplesthken a beech tree in the

tangential direction. Storage modulus measurensetperformed with the WAVE at a
frequency of 1 Hz and a temperature of 35°C.

Storage modulus MPa(average value)

Radial Tangential
DMA 812 519
WAVE " 568 396

Table 2 -Average values of the storage modulus of beech lesnapcording to material
direction and the apparatus used (frequency: 0,kdfzperature: 40°C).
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Figure 1— A overall view of the experimental device (the W&)..
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Figure 7 - Evolution of the storage modulus and the lossofawith temperature: comparison
of two apparatus (beech, tangential and radiattor, frequency = 1Hz)..
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