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Abstract — A new device has been developed in order to determine experimentally the modulus of elasticity of standing trees.
Following preliminary trials on aluminum and steel beams, its performances have been compared to the one of another eidfuipment b
according to the model proposed by Koizumi (1987). Large-scale trials were then carried out on Douglas-fir and larchspdéntation

72 and 292 trees, respectively. Results showed that the new device described here allowed rapid assessments of the mechanic
characteristics presented by populations of rather young trees (i.e.: less than 20 years old). Thus, the data obtaidediogticahe
efficiently be included in selection schemes along with other criteria.

genetics / modulus of elasticity / standing tree / douglas-fir / larch

Résumé-Un nouvel appareil pour la mesure rapide d’élasticité équivalent des arbres sur piedn nouveau dispositif destiné a

la mesure du module d’élasticité des arbres sur pied a été mis au point. Apres I'avoir testé sur des poutres en aoi@mietreril alu

a été comparé a un autre appareillage construit sur le modele de celui proposé par Koizumi. Des essais a grande égilefie sur des
tations de douglas (72 arbres) et de mélezes (292 arbres) ont montré que ce dispositif permet de mesurer rapidemeng-les caracté
tiques mécaniques d’une population d’arbres assez jeunes (moins de 20 ans) et d'effectuer efficacement une sélectiorren prenant
compte ce critere parmi d’autres.

génétique / module d'élasticité / arbre sur pied / douglas / méléze

1. INTRODUCTION young as possible according to their adaptation and
growth but also to their wood properties, and especially
The use of wood as construction material requires ath€ir mechanical characteristics [43]. Until now, selection
good knowledge of its mechanical resistance and elastimethods in the area were mostly based on density mea-
city in order to avoid breakage problems and to provide surements that are proved to be indirectly representative
enough rigidity to the built structures (for example, of wood mechanical properties [2, 11, 27, 42-44]. In
Panshin and de Zeeuw [30]). Thus, forest tree selectiorgeneral, density measurements are performed on small
schemes should include these requirements as criteria fowood samples (increment cores) drilled off the trunk in
the breeders to be able to provide elite trees selected asrder to prevent damages to the trees. Basic density

* Correspondence and reprints
Tel. 33 238417332; Fax. 33 238417063; e-mail: jean.launay@univ-orleans.fr



352 J. Launay et al.

measurement is the most commonly used technique [44]device to realize the measurements of trunk equivalent
Each result corresponds to a local value, while one carMOE [19]. He demonstrated that his method could be
observe great variations within a given tree [43]. used with benefit on Japanese larch @rgptomeria
Variations along the radius can be accounted by techjaponica breeding programs [14-18]. This last method
nigues such as microdensitometry [31]. Other techniqueshas recently been used at the INRA research center of
may be used to estimate wood density: the Pilodyn teste©Orléans [25]. A first set of trials revealed significant cor-

is a hand-held instrument which propels a spring loadedrelations between MOE of trunks and MOE estimations
needle into the wood. Depth of needle penetration is reacperformed on destructive samples sawn in the same trees
directly from the instrument, and is assumed to be well[26, 33]. Results obtained within the frame of this exper-
correlated with wood density [8, 13]. Because wood den-iment highlighted a significant clonal effect [26] and
sity can be indirectly measured at low cost with Pilodyn, good correlations with microdensity data [33]. However,

it is often used in tree breeding studies [1, 6, 34, 36, 37 device setup and MOE measurements were time consum-
40, 41]. Other data are obtained with the Resistograph, ang so that only 20 trees could be studied per day. This
device intended to measure the power required to drill awas considered not satisfactory in order to rapidly screen
hole into a given trunk [7, 32]. However, one can see that forest tree populations for breeding programs [26].
whatgver the technique considered., the data obtained Ultimately, MOE measurements will have to be fast
remains based on extremely localized measurements,,q rajiapie in order to be included as a selection criteria
That is why mean density of a single core (or equivalent)

is sometimes poorly related with mechanical properties ofin forest tree breeding schemes. Our goal was to double
. at least the number of standing trees analyzed per day.
destructive samples sawn from the trunk [25, 26, 43]. g Y P Y

M this t f data h b h b I The solution we present here relies on a bending test com-
oreover, this type ot data have been snown {o be on ymonly used in laboratories and based on four fulcrums.

yveal\ljll()g corrzeéateF:j to the é:unk equivalenthMOdE in .be.nd- Its adaptation to standing trees and field conditions
Ing Eeq[ ]. Presumably, one reason that density is arequired the device to be light and easy to setup. In this

poor prtefllctli)r Itn _sor:;e sﬂuaglo_:]ﬁ IS falso th?t It Carr']r.lor:paper, we describe the new device, and present the results
account for Xnots in the wood. Therefore systems WhICh ¢ " eliminary validation tests and first results of one

cover a vertical range in th(_a stem have a greater Opportufarge—scale field experiment.

nity to include some knots in the volume of wood evalu-

ated. Among possible rapid methods, ultrasound (US) In the first part of the study, we assess the reliability of

propagation speed within tree trunks allows to deductthe measurement and its relevance for measuring the

their MOE,,as long as some hypothesis on their densitiesmechanical properties of individual trees.

are considered [4]. Measurement of US propagation |n the second part, we assess the performance of the

speed represent the bases of the Sylvatest [35]. They intenethod in genetic field tests.

grate a larger volume of wood since they can be

performed on 2 meter trunk segments. However, no rela-

tionship between these measurements and wood MOE 5 MATERIALS AND METHODS

was found by Mamdy [25], on 2 meter long butt-logs

from the bottom of young Douglas-fir. Similarly, Chantre o

(pers. com.) and Teyssandier (pers. com) reported no sig- 2.1 Reliability of the measurement

nificant correlation between wood MOE and US speed in ~ and relevance for measuring

different species and different types of samples. Another the mechanical properties of individual trees

apparatus, Fakopp, using stress wave technique, is also

used in some countries [38]. But we found no published 2.1.1 The starting point: Koizumi’s method [14, 19]

information about its ability to measure or indirectly esti-

mate green wood mechanical properties in standing trees. The principle of the MOE measurement method deve-
In general, wood elasticity is analyzed by means of loped for standing trees by Koizumi is schematized

purely mechanical tests. These tests consist in measurin¢figure 1). An intermediate structure (ABC) is fixed trans-

deformations experimentally generated by calibratedversely onto the trunk (T) in order to apply a constant

forces applied to determined structures of the material tobending moment leading to a bow-shaped distortion. The

be studied. In the case of standing trees, trunks wouldequivalent axial MOE of the trunk is then calculated

represent the structures to be analyzed by the mean ddccording to the geometry of the system and to the force

non-destructive methods. Lengthwise bending rigidity of developed by the device. This method provided intere-

trees has been determined by Vafai and Farshad [39]sting results when it was tested on five clones of Douglas-

then by Langbour [20] (on poplars, using cables to pull fir [25]. Indeed, good correlation was observed between

their trunks). Similarly, Koizumi proposed a specific MOE estimations obtained either on standing trees or on
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c supports. For a wood beam, the obtained MOE is relative
to the AB directionfigure 2, generally the axial direction.

In this paper, we propose to modify the technique in

A B order to perform global MOE measurements on standing
Intermediate structure trees. The experimental device we developed for that pur-

pose is composed of two independent urfigufe 3.

The first one is dedicated to apply the bending force and
T the second one to measure the resulting deflection of the
Force trunk. The center of the device is routinely placed 1.3 m
above the ground. Diameter of the trunk is determined at

this height with an accuracy of 0.5 mm. Pressure is

applied at the level of a rectangular aluminum gantry

Figure 1. Principle of the experimental device proposed by (length: 1.8 m, height: 0.4 m). Rigidity of the pressure bar
Koizumi (1990). is such that it avoids the device to get in touch with the
trunk during assembly and measurements. Fastening of
the device onto the trunk is realized by the mean of wide

steel contacts in order to avoid wounding of the bark.
Pressures are generated by the tightening of two screws
separated by 1.2 m and equipped with two digital sensors

L . used to calibrate the bending forces with an accuracy of
2.1.2 Principle of the bending test 10 N. 9 y

trunk

destructive wood samples sawn after felling of the trees
[25]. Improvement of the system lead us to develop a dif-
ferent device easier to handle and to setup.

The principle of the pure bending test is shdigare 2. Mean curvature of the trunk is then measured 1.3 m
This method is routinely used in laboratories to measure""t_’ove grognd level by the second unit presenting in its
the MOE of diverse materials and is a standard to deter/Middle a distance measurement equipment kept in slight
mine the axial MOE of clear wood samples cut along tha contact with the trunk by the mean of a weight located at
trunk main axis [29]. The structure to be tested is plac
onto two supports A and B, in order to be subjected to tv

forces equidistantly applied from the middle of the bear trunc
According to the classical beam theory [3], with an hom
geneous material, between these two forces the benc B osm b
moment and the radius of curvature are constal {/ i ‘
Determination of this radiuf, allows to calculate the A7 !
MOE of the sample according to the force applied, tt  sgrew
shape of the beam and the distances between forces curvature
mgasurement
T R
) 18m
load —({
F F measuren&s\ \&;
! \.
R S— h
N\
B | \
L __a e ﬂ J
_ (1| — 8m
[ A
Figure 2. Principle of the pure bending test of an homogeneol
o 64* R*F*a .

cylindrical sampIeEzi4 wher& is the sample ;

md S .

module of elasticity (Mpa) is the applied force at each point
(N), ais the distance between the support and the applied lo Figure 3. Schematic description of the new device based on
dis the diameter of the sampRjs the radius of curvature. pure bending test. Loading unit/displacement measuring unit.
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the bottom of the leaning unit. Deformations produced by
the device are detected with an accuracy of 10 um. More
detailed description of the device is in Dewitte [10].
Considering that the above hypothesis are valid in this
case, the obtained measure is the bending equivalent c
the axial trunk MOE. Trees or genetic entries are ranked 3 boards
according to the standing tree MQEThe same trees and
genetic entries are also ranked according to MOE mea: \\ ~
sured on boards or samples cut off the same trees fellel \
and dried. Both rankings are compared and expected to b
closely related.

2.1.3 Testing of the device

bottom

The device was tested on four experiments: Figure 4. Boards and samples in the tested trunk part.

2.1.3.1 Metallic beams

We used one steel and one aluminum beam, in thesmaller samples free of knotBg(re 4 obtained from
laboratory. The objective was to test the effectiveness ofboth upper and lower parts of each board were analyzed
the device for measuring MOE of known samples. according to the vibration test described by Haines et al.
[12]. Indeed, the author showed that the test provides
results similar to those obtained with the pure bending
test. The strong correlation between the vibration test and
the bending test was also reported by Dechalotte [9] on
he Douglas-fir clonal sample.

2.1.3.2 Standing trees

We used some black pine trees located at the INRA
research station, Orléans. The objective was to compar

Koizumi’'s device built at INRA Orléans [25, 26] with the
new device. The same measurements were performed
with both devices on the same trees.

2.1.3.3 Comparison with standard destructive methods

We used one Douglas-fir clonal field test (same as in

2.2. Performance of the method
in genetic field tests

Using his device, Koizumi and colleagues [15-18]

[26, 33]). The objectives were to compare tree and clonefound significant differences among genetic entries in
ranking for trunk MOE estimated with the device, and dry Japanese larch. Our goal was to test for the existence of
wood MOE measured on destructive samples sawn in thegenetic effect for trunk MOE estimated with our device.

same trees after felling.

The Douglas-fir sample includes 72 trees and 19 dif-
ferent clones [10, 26]. Trees were 17 years old at the time
of the experiment. Three to four individuals were selected
per clone in order to present the greatest variability with
regard of the diameter of their trunks. Measurements sep-
arated by a complete reset of the device were repeated
three times on the same axis. The device was then rotat-
ed according to a 90° angle and measurements were
repeated as before in order to take into account the non
axisymmetry of trunk cross-sections. Thereafter, 29 trees
corresponding to 8 different clones were felled and sawn
into boards. Three boards of 1.7 m were produced from
each tree so that their middle was approximately located
1.3 m above the ground. Each board was dried in a steam-
room during some weeks with a permanent monitoring of
their wood water content. Then they were tested in order

For that we used two samples:

— The Douglas-fir clonal test previously described
(2.1.3.3);

— One large hybrid larch progeny field test (complete
description of the experiment can be found in Leroux
[23]).

The objectives were:

— to verify that the new method allows a significant
statistical resolution of the different genetic entries;

— to compare genetic units ranking for trunk MOE and
for density measurements made on the same trees in
the frame of a previous study [23];

— to test the utility of the new device for large scale
MOE measurements on standing trees.

The plant material is composed of 292 trees corre-

to determine their respective MOE. Mechanical charac-sponding to 28 families of hybrid larch (Larix decidua
teristics of the dry wood were further analysed. Four L. kaempferi). Trees were 16 years old at the time of
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measurement. Their diameter averaged out to 18.1 cnKoizumi’'s. The force-displacement curve was found
with extreme values of 11.3 and 21.6 cm. In the experi-linear by Mamdy [25], Dewitte [10] and Dechalotte [9]
ment, measurements were repeated four times accordingsing both prototypes of the rigidimeter.

to a single axis. As before, they were separated by & com- rhgreatter, repeated measurements performed on the

plete reset of the distance measurement equipment.  g3me trees with the new device revealed its constancy and
reliability. Results also showed that the state of the bark

surface did not have significant effects on the data
3. RESULTS AND DISCUSSION obtained.

3.1. Testing of the device 3.1.3 Comparison with standard destructive methods
3.1.1. Metallic beams We present here how does thesitu measurements in

) . reen wood correlate with the dry wood measurements,
In a first approach, the device we developed was teste eing given the possible confusing effects of moisture

on square section of steel and aluminum beams that prégontent and also the problems of samples position in the
sented well-known MOE. Indeed, the steel beam was calyee and of samples geometry and structure.

ibrated so that its rigidity corresponded to that of a tree of

MOE 8000 Mpa and diameter 200 mm. The aluminum Moisture content was determined just after felling of
beam corresponded to a tree of MOE 8000 Mpa andthe trees and averaged out to 94%. In general, wood MOE

diameter 85 mm. In the case of the steel beam, dismacedecreases when relative humidity percentage increases

ments of 0.35 mm were observed as a result of a force Nl saturation point is reached. Then it remains quite
of 4000 N figure 2. For both calibrated beams, we were ¢onstant [5, 21]. Thus, discrepancies between samples
able to verify that the MOE measured with the new Présenting different MOE at the hygroscopic equilibrium
device were accurate and corresponded to the ond®Main rather constant once the saturation point is

expected (i.e.: 207000 Mpa and 69500 Mpa, respectivel reached. In consequence, MOE rankings should not be
P ( . . P P P ) affected by the type of material used for their determina-
Measurement incertitude:

tions (i.e. tree trunks, boards or smaller samples). At the
Being given that the data involved in MOE calculation end, small samples were cut off from wood without any

for metallic beams are at least 99% accurate, most of thepparent defect, while trunks include knots and other

incertitude that we observed was linked to the measuredefects, which tend to decrease wood MOE [3]. For this

ment of the radius of curvature (i.e.: 3%). If trees are con-reason, smaller samples should generate higher MOE

sidered, an additional error may arise from diametervalues.

measurements performed on trunks which are hypothe-

sized to be circular. In that case, a simple Calcmationsummarizedf(gures 5a-3. At the tree levelfigure 58
shows that the incertitude related to the radius value act$ g alation coefficient was moderate: = 0.58 b -

four times on the one calculated for the modulus (see
legend offigure 1). Thus, MOE measurement incertitude ghodorli)ot')giwé inOF(r)%rlIB)Mb%ﬁggncf[(;:l:lrt]rkallvlbcgar?]th(geE ’

increases as tree diameter decreases R&gincertitude mean of boards MOE. One may observe that only one

for a diameter of 100 mm). In conclusion, the device yqq ig accountable for a large part of this coefficient of
should routinely allow MOE determinations of standing correlation. At the clone levefigure 59, correlation
tree with an accuracy reaching at least 95% as long as itheqyeen trunk MO, and destructive samples MOE was
trunk shape is presumed circular. stronger: it wasr = 0.74,p = 0.04 (with central board
MOE) andr = 0.79,p = 0.02 (with the mean of 2 boards
MOE). The genetic entry level is the important one for

tree breeders, because selection is conducted at the clone,
In a second approach based on a few sample trees, Weymily or provenance level, but not at the tree level. Thus

compared the device we have developed to the version ofanks appeared well conserved from a breeder point of
Koizumi's apparatus built at INRA Orléans [26]. Under e\ when measurements performed on boards and small
normal conditions of use, maximum incertitude is 5%, samples are considered, despite the differences for sam-
that is the sum of thg radlL_Js of curvature incertitude (3%)ple size, geometry, structure and moisture content.
and of the diameter incertitude (2%). According to the results of these tests, we consider that
Some results showed a better relationship between th&1OE measurements performed on standing trees with the
applied force and the displacement for the new device: R-new device were reasonably validated for its use by tree
square was 0.79 for the new device, while it was 0.72 forbreeders. Based on these preliminary results, the new

Mean MOE values obtained for each tree and clone are

3.1.2 Standing trees
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5a : Clones MOE, measured
on tree, board and samples

EIMOE tree
B MOE board
OMOE sample
1 2 3 4 5 6 7
clones
5b : Tree Level 5¢ : Clone Level
15000 15000
= 5
= 13000 o € 13000
w v [ |
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-
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= =
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Board MOE (MPa) Samples Mean MOE (MPa)

Figure 5. Comparison of the different MOE measuring methods. MOE were measured using trees, boards or small wood samples
starting material.

device was used to test the mechanical performances ahe new device. These variations sources may interfere
genetically identified populations among two different with between-tree and between-clone variation.

species (i.e.: Douglas-fir and hybrid larch). Analysis of variance of MOE measurements per-
formed on standing trees.

3.2. Performance of the method Analysis_ of variance allows to pinpoint the eventua_ll
in genetic field tests effect _of d|ff_eren't factors_ on a selepted variable. As in
[26] with Koizumi's machine, analysis of the MOE esti-
mated at the tree level revealed a highly significant
clonal effect characterized by R test value of 6.3
This experiment aimed at knowing if there was signi- (table I). As in [26], MOE values did not appear to be cor-
ficant clonal variation for the trunk MOE measured with related to the diameter of the trunk at the tree level

Douglas—fir populations:
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Table I. Variance analysis at clonal level. Model MPE mean + clonet tree.clong + eps,.

Factor Source of variation MSD DOF MS F P(%)

cl 0.1774E + 09 18 9854345.0 6.3 0.00

tree.cl 0.3615E + 09 53 6821459.5 4.3 0.00
Residual standard deviation 0.1131E + 09 72 1571238.2
Variance of the model 0.5389E + 09 71 7590360.5 4.8 0.00
Total variance 0.6520E + 09 143 4559753.5

(r=-0.08, p>0.05) or at the clone levelr£-0.22, cians, it was possible to measure significantly more than

p > 0.05). At the clone level, MOE ranged between 8880 50 trees per day.

and 12890 MPa and averaged out to 10881 MPa with a analysis of variance of the MOE measurements on
clonal coefficient of variation of 12.7% (in [25], at the |g.ch.

clone level, for 5 clones composed of slightly younger Highly significant differences were observed amon
trees, trunk MOE ranged from 8400 to 9500 MPa). On, hgf y'I' 9 test = 330 < 0.01) and bloskeH test = 9
all experiments conducted with both versions of the arch families E test = 3.3p < 0.01) and blocksH(test =

rigidimeter, no relationship was observed between treef2'4’.|p :| O'Oll)' Mean MOE. vz(ajlu%s tdetermlges%7at thg
diameter and trunk MOE amily level were comprise etween an

) 9148 Mpa. In addition to a great individual variability

Because of the good correlation at the clone level(coefficient of variation = 23%), we detected important

between trunk MOE and destructive sample MOE, we gifferences between families (coefficient of variation =
conclude that the newly developed device represents thug1 794).

Sr(;ggftri]esto rank clones according to their mechanical A significant relationship was found between trunk
MOE and wood density at the family levelk= 0.68 ¢ >

~In addition, the use of the new method allowed to g.001). The same type of result was frequently found for

increase significantly the number of measurements.ygjationships between clear sample MOE and sample

Indeed, up to 50 trees could be analyzed per day as comyensity (for example [2, 24, 27, 28, 30, 44]. It was more

pared to 20 using Koizumi's method under the same con~ecently found for trunk MOE and density of samples
ditions. Finally, these results allowed us to plan its sgwn in the trunk [14, 26].

routine use for larger field tests. Detailed results about genetic analysis of the data,

Larch populations: along with other wood properties, will be published in
The newly developed method was applied to 292 treesanother paper.

corresponding to 28 families of hybrid larch (Larix

deciduax L. kaempferi).

Repeatability and timing of the measurements

For each tree, the four replicated deformation mea-  The accuracy of the device we have developed to mea-
surements and calculated MOE were highly reproducibleg,e MOE was confirmed by the results of preliminary
as indicated by a replication coefficient of 0.994. With tasts on metallic beams. Thereafter, we have shown that
regard to the rank of each individual determined either easurements of MOE could be performed on standing
according to distortion measurements or to MOE estima-yrees and allowed to rank these trees in the same order
tions, Kendall's concord coefficient reached 0.987 han destructive techniques based on the use of boards
(p < 0.001) and 0.951p(< 0.001), respectively. In addi-  4d smaller samples cut off the felled trees and dried. We
tion, these coefficients increased slightly to reach respect,3ve shown that, like Koizumi’s machine, the device was
tively 0.993 p < 0.001) and 0.970p(< 0.001) if one  gpje to reveal the existence of significant genetic varia-
considers only the three last measurements. tion among 2 types of genetic entries (clones and fami-

Setup of the device on previously marked and trimmedlies) for 2 important forest tree species (Douglas-fir and
trees, measurements of both diameter at 1.3 m and MOEhybrid larch). The new device provides highly repro-
as well as dismantling and moving to the next tree ducible data in a short time. The unit appears reliable to
required 7 to 8 minutes for a team of 3 people. Thatmeasure trunk deformations even in the case of low-
means that, in good conditions, for well trained techni- quality surfaces related to bark shape. High pressures can

4. CONCLUSION
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be developed onto the trunk by the unit in so far it is used [8] Cown D.J., Use of the Pilodyn wood tester for estimating
during the tree resting period. However, no major damagewood density in standing trees — influence of site and tree age,
was noticed on the trees. Finally, the device is compactFOfeSt Research Institute, New Zealand Forest Service, Bulletin
and composed of a small number of parts. Its weight hast3 (1981).

been slightly lowered without any effect on its accuracy. [9] Dechalotte F., Etude d'un appareil permettant de
It is then easier to handle and more flexible. Since then,mesurer le module d’élasticité des arbres sur pied, Rapport de
minor technical improvements have been realized insStage ESEM - INRA Orléans (1996).

order to make the device use easier. Other secondary [10] Dewitte J.M., Outils et méthode pour 'amélioration
improvements are planned and will be realized during thegénétique des arbres forestiers en milieu naturel : le rigidimetre,
next months in order to produce the definitive apparatus.Mémoire Ingénieur CNAM Orléans (1998).

Measurable tree has a diameter at breast height [11] Guitard D., Mécanique du bois et composites, Cepadues
ranging from less than 10 cm to more than 20 cm. Therefditions, France (1987).
is no need to fell the tree, nor to collect even a single [12] Haines D.W, Leban J.M., Herbé C., Determination of
increment core. It is then especially interesting for all Young's modulus for spruce, fir and isotropic materials by the
forest tree scientists who need global and not too muchesonance flexure method with comparisons to static flexure
time consuming information about mechanical properties and other dynamic methods, Wood Science and Technology, 30
of the most valuable part of the stem. Finally, the device (1996) 253-263.
is a quite cheap equipment compared to most machines [13] Hoffmeyer P., The Pilodyn instrument as a non-destruc-

that are used for non-destructive testing of wood quality. tive tester of the shock resistance of wanchroceeding®f the
) Lo 4t symposium on non destructive testing of wood, Pullman,
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