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Abstract - Timber strength grading has become a major isstlee European Union during the last years, due
to the introduction of the Eurocode 5 and all i¢ated standards. Currently, the most performimgngth
grading machines are able to locally detect thedsd&nots sizes and positions and interpret thierimation
through adapted grading models. The best lead poowe their accuracy seems to be the introductionear
information about the boards and adapt the mecabniodel to take them in account. Small grain angleses
high reduction of clear wood’s mechanical propsttlecal value of slope of grain appears to beigi interest.
The aim of this study is to quantify the additioaakturacy that grain angle information can bringuooptical
scanner used as a strength grading machine. Afigpg@ading model has been developed accordinglyg, tae
results obtained for different machine / model ddimg combinations are presented. These results st
slope of grain measurement can significantly impréive accuracy of the optical scanner, for both MVEDH

MOR estimations.

Keywords: grain angle / spruce / strength grading X-ray

List of symbols

p: Board (average) density

E: Experimental modulus of elasticity

o Experimental tension strength

om: Experimental bending strength

MOE: Corrected modulus of elasticity taken as &riee
MOR: Corrected modulus of rupture taken as refexenc
IP MOE: Indicating property of MOE

IP MOR: Indicating property of MOR

Egyn: Modulus of elasticity measured by E-Scan

Ecw : Modulus of elasticity of clear wood

E,: Modulus of elasticity along the profile

E,: Modulus of elasticity of the board

op. Strength of the profile

op: Strength of the board

lp,: Quadratic momentum of the profile

l,: Quadratic momentum of the board
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1 Introduction

1.1 Timber variability

The design of structures usually requires the kadgeé of three points. The first one is the comipmaof
loads that will be applied on the final structutes second is the material that will constitute shrecture and its
mechanical properties, and the last one is thadiofi acceptable stresses and strains. Since MYt in the
European Union, the first and last points are r@gal by the Eurocode 5 and its associated standahds
second one, however, is supposed to be providaticoynaterial’'s supplier. Apart from timber, struetsi can
usually involve concrete and steel. On the oppaxitthese materials, whose raw materials and matwifag
processes are controlled, the growth of the treeked by multiple factors on which foresters haitdel
influence. As a result, wood presents a very highiability degree due to the growth conditions, andhe
presence of local singularities which have a diiafitience on boards’ mechanical properties. Thakes a
statistical characterization of timber impossiblghim a single species, a single growth area, amsh @ single
tree. In order to harmonize the structures desigthads, the EN338 standard (AFNOR, 2009) defingst af
strength classes, which imposes limits on the andchanical properties. Consequently each boarst fre
affected to the appropriate grade. Regardlesseofthindardized process, the objective of strengttlig is to
define Indicating Properties (IPs) of each boarscdbing its density, mean Modulus of Elasticity @#) and

Modulus of Rupture (MOR).

1.2 Strength grading technologies

The strength grading machines technologies canviided into two groups. The first ones uses thbeahigh
correlation between timber's MOE and its MOR , gndceed to the MOE measurement either by a vibratio
analysis , or a dynamic and non-destructive bend&sg According to the method used for the modsilus
measure, several studies showed that the coeffic@ndetermination between MOE and MOR are limited
0.70 (Hanhijarvi et al., 2005; Rohanova et al.,20This method is currently the most commonly aapin the
industry thanks to its simplicity and relativelywiacost. However, this technology remains limitece do its
incapacity to take local singularities in accountaddition, these machines’ performances rely past the
species mechanical properties correlations, andhatrsuitable for boards optimization applicatiofbe other
strength grading technology consists in using aitalpscanner to detect local singularities andgnate them in
the grading model. Usually, the singularities dkrest are knots, detected either by an X-Raysosens by

laser imaging, then matched using an approprigerihm (Roblot et al., 2008). The knots sizes poditions
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information is then summarized in the Knots AredidR@KAR) indicator or one of its variants, whichegproven
to be well correlated to the boards’ MOR . Apadnfr knots, several kinds of singularities are knawrbe
strength reducing, especially the angle betweearsitand stress respective directions, called guaigle .
Several studies have already shown that mean grajle is correlated to boards’ mechanical prope(fope et
al., 2005; Brannstréom et al., 2008). Bafio et a1(@) also showed that the association of sloperaifigand
nodosity measurements in a finite element modeatdaots to a high correlation between experimental a
predicted bending strength ¥0.88). The consideration of the slope of grainesp to be effective, but finite

element method is not industrially applicable beseaof the computational time.
1.3 Objectives

The main objective of this study is to determinéal grain angle measurement can potentially anprthe
performances of optical scanners as strength gyadiachines. Estimations of MOE and MOR using this
equipment (combined or not to a vibrations analgs&igice to measure the boards’ dynamic MOE) hawn be
performed with current X-Ray imaging technologiedyo or with additional local grain angle informati. The
results, in terms of determination coefficients westn predicted and destructively measured mecHanica
properties, have then been compared in the diffe@mfigurations. In addition, since current gragmodels are
not natively designed to take in account additiaeth, a new and adapted model has been develapéds

presented below.

2 Materials and methods

2.1 Samples description and destructive tests

The batch of samples used in this study is conetitby 1373 boards of European sprueieda abies). All of
them are 4m in length and the range of cross-seci® described in Table 1. The different boardseehaeen
dried to around 12% of moisture content. Amongodlthese boards, 1017 have been destructivelyddste
bending and 356 have been tested in tension. Tdesteuctive tests have been performed accordihgtio EN
408 (AFNOR, 2012) and EN 384 (AFNOR, 2010). Theiaal cross-section was chosen visually and placed
between the loading heads in bending or betweerathie in tension. In tension, the boards were grippy
jaws on both endings and the critical-cross-secti@s located in a range of 9 time the specimentthwi

Bending tests were performed using a distance g¢quid times the specimen’s width between the stippmd
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6 times between the loading heads. The bendingéziirmed is an edgewise bending test and théoteesige

was selected at random.

According to EN 384 (AFNOR, 2010) some adjustmdratge been made on measured values of modulus of
elasticity in bending and both tension and bendingngth. MOE has been converted using equatioherenvE
is the measured global modulus of elasticity andRVIy equation 2 where, and c,,, are respectively the

measured strength in tension and in bending inrdodeormalize the strength to boards of 150mm iothv

MOE = 1.3 - E — 2690 (1)

MOR = (width/150)*? 6, (o7 m) 2)

2.2 Data acquisition and processing
2.2.1X-Ray densitometry

The CombiScan+ optical scanner produced by Lux3eahnologies can be equipped with an X-Rays imaging
system. Assuming that the grey levels of thereloyidied images are proportional to the acquiredesponding
light intensities, they can be easily and accuyatehverted into local densities maps. Under thisdétion, the
Beer-Lambert's law was applied, which describes thiensity of an electromagnetic field crossing a
homogeneous material layer. In our case, the finqression of the local densipy, averaged through the
board’s thickness, is given by the equation 3, wherepresents the board’s thickness, a and birear|

calibration coefficients, and G is the correspogdinage pixel's grey level.
t-pxy)=a 'ln(G)(x,y) +b 3)

The actual values of a and b depend on a lot abfadut can easily be quantified by scanning aaijing a
batch of boards. These two parameters are themedkefas the linear regression coefficients (seer&i@l
between the board’s mean values of In(G) calculatethe images and their mean densities multighgdheir

respective thickness measured manually.

Despite the contactless nature and the high spe¥eRay densitometry, the random estimation eremains
reasonably low. Its 99% confidence interval hasnbeeasured to less than 5%, which is equivalerthéo

accuracy of an on-the-run weighing system.



Joffrey VIGUIER | 6

The real interest of this method stands in itsitgbib provide a local density measurement, andefioge to
highlight the presence of knots (Figure 1). Withhelp, it is possible to estimate the Knots Dépditio (KDR),
which represents the local knot thickness dividgedhe board’s one (Oh et al., 2009). A first imggecessing
step is used to separate knotty areas to clear veoed, and the average clear wood dengty) can
consequently be determined. For each board, it asmimed that knots densitpkf() is constant and
proportional topcy (Oh et al., 2009). Finally, the local KDR valuedisfined by the equation 4, and will be later

used in our strength grading model.

KDR(xy) = E0—fow (4)

PKN ~ Pcw
2.2.2Dynamic MOE

The boards’ MOE has been measured with E-Scargdupt of Luxscan Technologies. This vibration asily
system is made up of a hammer, hitting one entiebbard, inducing the propagation of a tensionfession
wave. Displacements at the end of the board aresuned with a laser interferometer, and then a Bouri
transform is applied on the output signal in orbedetermine its main frequency)(fThe equation 5 defines the
relationship between this frequency, the board'satlyic modulus of elasticity (&), its density ), and its

length (L) .
Edyn =p- (ZLfO)Z (5)

The boards mean densities can either be measurednbgdditional weighing station, or by X-rays
densitometry if combined to a CombiScan+ scanneth Bnethods give similar results in terms of accyrand

reliability, but we chose the second one for manevenience (see part 3.2).
2.2.3Grain angle

The angled between the fibers direction and the board’s naaiis is the combination of two angles that we
callede andy. The projection angle stands between the board’s axis and the projeofithe fibers direction
on the observed face, wheregsepresents the diving angle between the fibeesction and the observed face.
In other termsp is the projection of grain angle in the X-Y plaands whereasg is the one in the X-Z plane. All

these angles are represented in Figure
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The optical scanner’s grain angle measurement dgvizduced by Luxscan Technologies and integratéiei
CombiScan+ uses the so-called tracheid effect (8&ho et al., 2004; Nystrom, 2003; Hu et al., 2004)ich
consists in projecting a dot laser perpendiculanythe top and bottom faces. The grain angle isared on top
and bottom faces at the same time. This measurewashimade on both sides of the 1373 rough sawretimb
As a result of wood’s anisotropic light diffusiomoperties, one can observe an elliptic light patteriented
parallel to the projection of the fibers axis oe tibserved surface (Figure 3). Consequently, treesare of the
projection angle) can be obtained thanks to a Principal Componeatlysis applied on the ellipse binarized
image (Simonaho et al.,, 2004; Nystrom, 2003). Th#omn part of Figure 3 shows how the eccentricgty i
calculated by measuring the length of the two aasstitutive of the ellipse. In addition to the jeation angle
(¢), the ellipses also contain an indication of tliind) angle (s), which appears to be linked to their shape
factor. In order to be able to calculate this anglevas assumed that wood presents orthotropit Hiiffusion
properties, similarly to (Simonaho and Silvennoin2004; Kienle et al., 2008). Under this assumptithe
Figure4 illustrates a side view of the tracheid effediene the visible ellipse pattern is the intersecbetween

the observed face and a spheroid oriented pataltbe grain direction.

With the application of the polar coordinates alipequation, (equation 6) the anglecan be determined,
wherea andb are respectively the detected ellipse’s major mivtbr axis. The gparameter is defined as the
eccentricity of the ellipse pattern if the divinggle was equal to 0. In practice, this parametemaot be
measured and it is taken as the 20% fractile ofntleasured eccentricity for each line of laser ddtsg the
board. This value is determined in order to opténtize coefficient of determination. The assumptitade here

is that the diving angle is more often equal tau@ tb the extraction way of the board from the krun

b2

2= —
1-eg2cos?(Y)

(6)

The next step in determining the actual grain afgterresponding to one ellipse is to merge the ptme
and diving angle information, according to the @mum7. Finally, grain angle values between two samutive
dots in the_Y direction and values 6fbetween top and bottom faces are estimated bwrlimgerpolation
between grain angles values at the corresponding @ositions. The resolution in x and y directioiss
respectively 10 and 3 mm. This constitutes the dsgihypothesis of this model, and the resultingredion

errors will later be studied.

cos(0) = cos() - cos(y) (7)
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2.3 Mechanical modeling

The mechanical modeling consists of using the gat&iously acquireg(x,y), KDR(x,y) ando(x,y,z) - in
order to determine Indicating Properties (IPs) lné boards’ MOE and MOR. The IPs term stands for a
measurement or combination of measurements made ¢nading machine, which are closely related to the
considered properties. The following describesrfzalel used in this study, which computes the meachbn
behavior of an equivalent homogeneous profile ehtatal length and width, and where variations anal
mechanical properties are transferred to thickmasstions. This method is then based on the adgice of

the mechanical properties between the computedlgs@nd the actual boards.

The general process is described in Figure 5. Tdta dcquired by the optical scanner and the vimati
analysis system are used to define the profileengetry and mechanical properties. Then, the behafithe

profile under the appropriate load is determinadyrder to extract the board’s indicating propettie

2.3.1Profile’s local thickness T(x,y)

The determination of the profile’s local thickndssachieved in one or two steps, depending onojpeslof
grain has to be taken in account. The first stagsists in removing, for each position (x,y), theresponding
knot thickness, if any. Considering their innerefib direction close to 90°, their mechanical propsralong the
board’s axis are indeed very low. One can also ti@ethis approximation is also implicitly usedtive KAR
(Knot Area Ratio) model . At that point, the profile’s local thiokss corresponds to the local amount of clear

wood at the corresponding position (x,y).

The second step consists of taking in accountltgesof grain, if required, to reduce the profil&sckness.
The link between relative mechanical properties gnadh angle is defined by the Hankinson formwdapressed
in equation 8, where H represents the multiplicafiactor used to degrade mechanical propertiekéanfiber
direction for a considered angbe X represents either elasticity modulus or strengeveral combinations for
the parameters n and k within the range providethbyliterature has been tested and the one thes gne best
results in terms of coefficient of determinationnben n = 1,5 and k = 0,05. Since the grain argimeasured
on both sides of each board, mechanical propatesaken as the mean of the reduced property éadog the
Hankinson formula calculated on both sides. Thisleen made to take into account the non-linedugen of

the Hankinson formula.
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X© _ K

H(®) = X(0) _ sin() + kcos™(0) (8)

The Hankinson formula is then applied and averaaedg the board'’s thickness, in order to deterntire

equivalent thickness (T) of the clear wood parte Tomplete expression of T is given by the equdion

T(x,y) = [1 —KDR(x,y)] - [} H[O(x,y,2)] dz 9)
2.3.2Profile’s mechanical properties

In order to describe the mechanical behavior ofgtddile, the profile’s homogeneous material’'s Edes
need to be determined and especially its modulasticity, and its local tensile strength. In@rtb simplify
the calculus of the profile’s mechanical behavionly cross-section homogeneity (for each x posjtien
actually needed. The clear wood’s modulus of elagtis based on an affix function of the clear Watensity
previously calculated . Then, in order to takednaunt the non-linear influence of the knots, thimined value
of elasticity modulus (§} for each position on X is defined by equation tbere E is the clear wood's
elasticity modulus, and & and p are constants defined to optimize the firallts. E,, is the threshold of
modulus of elasticity when KDR is equal to 1 andlue batch the result of its optimization is 36@Pa.

[1 — KDR(x)]? - Ecw

Emin

E,(x) = max { (20)

Based on the profile’s geometry and elasticityisipossible to calculate its strains under a gilad, and
consequently to determine the board’s MOE Indicattmoperty. The profile’s tensile strength,), used in the
estimation of the board MOR, is assumed to be ptpal to its MOE IP. The ratio between and MOE IP

depends on nodosity and grain angle of each bodrde latter can either be calculated based on alptic

scanner’s data, or by vibration analysis when é@vailable (i.e. by the E-Scan).
2.3.3Indicating properties determination

The determination of the Indicating Properties @ning the board’s MOE and MOR is the final stepghef
mechanical modeling. In order to ensure the vdityatif the optical scanner as a grading machihe, ioards
destructively tested in tension were computed #mesway as bended boards. In addition, due todksilmility
of a strength optimization of boards by cross-agtt@nd finger jointing, the bending momentum agpbe the

profile to determine its mechanical behavior isuassd to be constant.
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The board’s rupture is reached when the weakessegection is subject to its maximum bending momant
(Mp(x)). According to the equivalence between the @dhward and the profile (virtual board where defere
taken into account as a diminution of the thickressig the X-axis), the board’s local bending sgteno,(x))
can be determined by the equation 11, wheead |, are respectively the profile’s and the board’slanoment
of inertia, We(X) is the profile’s local neutral fiber positioand w is the board’s width. The final MOR IP is
taken as the N% fractile @f,, with N=12 for bending, and N=3 for tension in erdo prevent from possible
measurement error. Those values are chosen fobdhit in order to optimize the coefficient of detaation.
Note that nearly the same results are obtaineustead of those percentile values, the mean o2@hgmallest
values is taken (out of more than 400 values ontweed). Defining these percentiles was a way t@iob

another slight increase on coefficient of determiima

_ oplp(x) _ op(®)Ip
M (x) = max{y-ynr(x)}  w/2 (11)

Similarly, the equivalence between the board ar gfofile results in the same value of deflectidhe
deflection of the profile under a unitary and unifobending momentum is calculated by two conseeutiv

numerical integrations (Simpson method) of thead#ibn second derivative, given by the equation 12.

E,() - L,() Th(o) = 1 (12)

The calculated deflection at x = L/2 now allowstasdetermine the board’s global modulus of elatstiE,
according to the equation 13 where L is the taabgth of the board and Y the deflection. The MOEsIEhen

taken equal to this value.

LZ

MOE IP = Ey = — g ormr

(13)

2.4 Error induced by the grain angle linear variation hypothesis on the prediction of MOE and MOR

As mentioned earlier, the grain angle measuringcgevan only operate on wood surface, and moreagaigc
on top and bottom faces of the board. On the dihed, the grading method requires at least an astimof
grain angle inside the board’s volume. An approxiomhas consequently been used, which considatgthin
angle varies linearly between two correspondingsodon top and bottom faces. There are actuallyvrags to
guantify the influence of this hypothesis on thading results. The first one is to compare therdrrderms of

grain angle due to our assumption to the natunaéatability of the optical scanner. The second iBn&®
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evaluate the error made on the final mechanicapen@s estimation, compared to the accuracy of the

scanner/model association.

11 boards of spruce of 170x44x2000 (mm) have beesan, in order to measure their grain angles ti@nis
over the profile thickness of the board (omlyhas been considered in this part). This has bese dby
alternatively scanning and planing (2mm deep) théawn to a 16mm thickness. The grain angle estonati
error has been evaluated at each resulting thiskbgscomparing the predicted and measured graifesng
values. Predicted grain angles are the resultsliokar interpolation between grain angle measaredop and
bottom faces, the comparison is then made withattteal measurement after planing. Over 11000 rahdom
chosen points (x,y), around 3700 ones with andbes@ 25°, corresponding to knotty areas, have bemoved
for two reasons: these angles correspond to kmetsavhere grain angle measurement is highly wicernd

according to equation 8, mechanical propertiesatians are very weak above this value.

In addition, the 11 boards have been graded at glacing step, once following the method preseiateave,
and once again by replacing the estimated graiteavajues (result of the linear interpolation) byasured
ones. The differences between the respective deddPs have then been taken down to express sodting
error on the MOE and MOR estimations. For purpagesomparison grading error and scanner’s repédyab
have been calculated. Repeatability has been esdclilon the grain angle measurement and the model's
estimation of MOE and MOR by scanning 63 boardadoanly chosen from the whole batch of boards). The
repeatability is calculated by considering 4 sosiroé possible error: the image’s acquisition, tleansing
direction, the power of the X-Ray source and theec®n threshold of the ellipse. The differenttisgls are
described in Table 2.Finally by calculating the adlbte values of the difference between correctesl dRd
destructive tests results on the whole batch ofdmén bending (i.e. 1017 boards); grading errat arean
grading error can be computed. Grading error igesged as a 99% confidence interval while meaniggad

error is the mean of the differences.

3 Results

3.1 Destructive tests

The measured and calculated properties of therdiffeboards, i.e. density, MOE and MOR are presente

Table 3. The coefficient of variation expressegéncent showed us that for both bending and tertsists the
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variability is higher for the MOR. The coefficienf determination between those three parameteedsis

shown.

3.2 Density measurements

The top part of Figure 6 shows the high correlabetween the product of actual density of the beardtheir
thickness and the mean of the logarithm of gregscalculated on the X-Ray images. The parametarsdab
used to assign a density for each pixel of the X-Raages are also presented. The second part stiewvs
comparison of measured density (by weighing andsom@ag boards) and the density obtained by X-Ray

densitometry for the 356 boards tested in tension.

3.3 Strength grading

Figure 7 represents the experimental values basegrexlicted values for the boards tested in tension
Three different models are presented for both M@& BIOR predictions: the E-Scan only, the CombiScan+
only and the combination of CombiScan+ and E-SExkept for the E-Scan only, the models include ludtip

andy to determine the different IPs.

Table 4 shows the results obtained by the stregigtting model under several configurations. Coriogrthe
“CombiScan+ & E-Scan” combination, the MOE has bestimated by vibration analysis, whereas the MR |
has been calculated by the optical scanner’'s daththe dynamic MOE (instead of MOE IP). For each
combination of grading machine, three cases haee btudiedd = 0,0 = ¢, 6 =y and0 estimated fronp and
y. The values displayed are the coefficients of meitgation R2 between IPs and destructive testdteefuoted
respectively as MOE and MOR in Table 4). The cosrisition of the slope of grain improves the coefiitiof
determination by 13 points for the model with then@®iScan+ used alone for the MOR prediction in fregd
the improvement is 9 points in tension. For the M@e&diction the improvement is a little lower: 9dan points
respectively in bending and tension. For the Cordni$ combined with E-Scan the improvement is vésdnily

on the MOR because the prediction made by the B-Bdhe best.

Figure 8 shows the improvement of the coefficiehtietermination on the whole batch of boards (for
both bending and tension) for two combinationstadrgyth classes. Note that the strength gradindpees done
with the destructive data; the whole batch of beasddivided into different batch that fulfill thequirements of

the different grade described in the EN 338 (eathimatch of boards meets the requirements in tefrdensity,
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MOE and MOR). The gain observed is always positive seems to decrease for the higher classes; this

observation is more noticeable for the predictibMOE.

3.4 Error induced by the grain angle linear variation hypothesis on the prediction of MOE and MOR

The grain angle estimation angle has been eval@tédompared to the scanner’s accuracy for thiscpéar
measurement. The estimation error, based on a @@fence interval is presented in Table 6 for estelp of
planning and at each resulting thickness. Thisrasron average 2° higher than the measurementaccand
remains constant through the board’s thickness.lifikar regression hypothesis can consequentlhsidered

reasonable in clear wood areas.

The error induced in the mechanical propertieshigygrain angle linear variation hypothesis is shdwahle 5,
for each position’s range on Z for the 11 boardscdbed above. These values can be compared scdmmer’s
degree of repeatability (“Scanner rep.”), and gfireation error, i.e. the error between the cos@dPs and

destructive tests results (“Grading err.”) exprdsse well as a 99% confidence interval.

4 Discussions

Due to the high variability of timber in terms ofeshanical properties, the numerical values of twilts
presented above cannot be guaranteed on anottedr ®aboards. Indeed the fact that our batch ofrdmés
composed of low and high quality timber, the preseof very high and very low values stretches ti@ dloud
and gives better coefficient of determination. Néwveless, the grain angle measurement shouldpstithit an
improvement for grading timber. However, the numbetested boards, native to various countrie®ssr
Europe, is in accordance with EN 14081 (AFNOR, 20d&hich contains standards requirements for grading
machines certification. These results consequédmglylight a stable and reproducible tendency. Sdlssiould
choose the right machine corresponding to theidpection and evaluate if buying more than one mazlin
financially viable, so the results analysis mugetéhis parameters into account. Furthermore, addia grain
angle measurement to the Combiscan + is cheapeibingng an E-Scan. Concerning the comparison iwe
grading performances with and without taking inaod the slope of grain, it is clear that this mi@ation
allows improvement of the optical scanner’s pradicticcuracy for both MOE and MOR, in tension ad a®
in bending. In particular, taking into account tip@in angle for the MOE prediction with the Conda8+
allows to get closer to the E-Scan accuracy andhiperthe use of the CombiScan+ alone while keeging

reasonable accuracy on the MOE prediction. Addirgslope of grain information to the combinatiortted E-
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Scan & CombiScan+ does not permit a high improverhanthis combination seems viable if both of Mé&xd
MOR predictions are decisive for the strength grgdiue to the highest accuracy that can be obtainetiese
two parameters. It also appears that the projeetimie brings more accuracy than the diving ardgepite the
fact that, theoretically, both are of the same raetal importance. The reason is probably thatpttegection
angle measurement comes directly from laser lijitses orientation, whereas diving angle is estaddrom
less accurate ellipses patterns statistics. Besidemsems that estimation of the latter is depanda the surface
roughness, which induces additional uncertaintythan estimation of the spheroid eccentricity Bue to the
equation 6 and 8, this uncertainty is highly pré&iad around 0°, i.e. in clear wood areas. Furthmanthe fact
that the gain seems higher for lower class may Xmlamed by their hypothetical higher nodosity and

consequently the deviation of the grain angle adahese knots.

The study of the grain angle variation betweentte and bottom faces reveals that the measured erro
terms of grain angle is the same order of magniagithe scanner’s degree of repeatability, altharghnd 2°
above. It is important to note here that the scasnepeatability test has been performed on amdihé&ch of
spruce boards. The fact that the angle estimaticor @mains stable regardless the position_on & aan
indicate two possibilities: either the 12° errorresponds to the scanner’s repeatability for thidipular batch,
or the validity of the linear variation hypothedises not depend on the z position, and can theré®extended
on thicker boards. In both cases, it can be assuhadhis hypothesis remains reasonable on cleadvareas.
Its influence on the whole board grading, thusudelg knotty areas, shows that the error induceM@t and
MOR estimation is clearly above the scanner’s rigility level, but remains under its grading erréin
improvement in the grain angle modeling would hlkekduce the MOR error, but would have a fewer
importance in the MOE estimation. The fact thatM@R error due to this hypothesis increases withtibard’s
thickness, whereas MOE error does not seem toroostihis hypothesis. This can be explained by #lat that,
contrary to the elastic modulus of a beam, thengttedepends on the local mechanical propertiestheaarea
of the initial fracture. In other words, a singleog in the estimation of slope of grain can greathange the

prediction of MOR, but will have a little effect ahe MOE.

5 Conclusions
It is well known that knots are the predominanésgth reducing defects of timber. Machines ableotally
detect them and grade the boards accordingly ajregidt on the market, but the improvement potéintighis

field remains important. The grain angle is ofteersas a strong candidate to enrich grading matlelgo its
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high influence on clear wood mechanical properties, its impact on full boards strength grading In@t been

quantified.

The results of this study show that grain anglesuesment, associated to the grading model preseaiaek,
can significantly improve the optical scanner’s fpenances as a strength grading machine. The main
limitations on this field are the accuracy of thraig angle measurement, especially concerningiltieesf diving
angle, and the modeling of fibers angle acrossbtherd’s thickness. We saw that a linear variaticodenh is
acceptable, but could also be improved. The ottey W improve the grading machines performancesidvou

consist in taking in account other types of singtiés such as juvenile or compression wood.
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TABLES

Joffrey VIGUIER
Section (mm2) Number of sample

35x100 113
45x110 58
45x150 177

Bending 1017
50x150 253
60x175 243
75x220 173
45x110 58
35x210 125

Tension 25150 - 356
45x195 115

Total : 1373

Table 1: Range of cross-sections and number of lesmp
Parameters Values

Image's acquisition

Each board scanned five timgs

Scanning direction

Normal/End/Reverse/End+Reverge

Power

of the X-Ray source

750/10586001800

Detection treshold of the ellips

e

30/38/37/40

Table 2: Selected parameters to evaluate scamapeatability, underlined values are the defaults.

Min |[Mean | Max | StD | CV (%) | R? | p | MOE | MOR
p (kg.m3) 294 432 634 | 49.98 12 P -| 52% | 27% o
MOE (MPa) | 2840 | 11230 20560 2891 26 MQE |- - 69p0 2
MOR (MPa) | 10.23| 40.15] 87.13 13.24 33 MOR |- - - @
p (kg.m?) 301 393 529 | 35.88 9 p -| 52% | 24% <
MOE (MPa) | 5790 | 10290 17940 218y 21 MQE |- - 66p0 2
MOR (MPa) 7 28.55| 74.60 12.54 44 MOR |- - - =

Table 3 : Min, mean max values, standard deviatioasfficient of variation and coefficient of dat@nation
for different properties measured
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Bending Tension
MOE MOR MOE MOR
E-Scan - 87% 57% 91% 58%
0 65% 48% 73% 65%
0} 73% 60% 78% 71%
CombiScan+
T} 70% 55% 7% 71%
0 74% 61% 80% 74%
0 87% 62% 91% 73%
CombiScan+ 0} 87% 64% 91% 77%
& E-Scan v 87% 61% 91% 74%
0 87% 63% 91% 78%

Table 4 : Strength grading R2 coefficients betwgdicted and measured properties

Position’s range on Z (mm)| MOE error (MPa) | MOR error (MPa) | Angle estimation error (°)
0-44 1750 6.0 12.06
2-42 1740 6.2 12.02
4 -40 1760 4.9 11.97
6-38 1960 4.0 12.18
8-36 2100 4.8 12.08
10-34 2250 4.0 12.08
12-32 1990 3.9 12.23
14 - 30 1650 3.2 12.26

Scanner rep. 490 1.27 9.60
Grading err. 3680 20.8 -
Mean grading err. 863 4.9 -

Table 5 : MOE and MOR estimation errors due togtan angle linear variation hypothesis.
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FIGURES LEGENDS

Figure 1 — Local densities map obtained by X-Raglysis.

Figure2 — Relationship betwedh ¢ andy. The observed face is the z = 0 plane.

Figure 3 - Actual technology used in the scanngp)(aind illustration of the different measured pagters
(bottom).

Figure4 — Four cases of grain angle observation and #ifeicts on the elliptic pattern.

Figure 5 — Grading process overview.

Figure 6 — Calculation of the parameters a andp) (and comparison between density measured byyX-Ra
and manually measured (bottom).

Figure 7 — Comparison of predicted and tested galaeMOE on the left and for MOR on the right fbree
different methods in tension.

Figure 8 - Difference of Rbetween models with and without considerationhef slope of grain for two

combinations of strength classes for both bendimthtansion.
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FIGURES

Figure 1 — Local densities map obtained by X-Raglysis.

P4

Figure2 — Relationship betwedn ¢ andy. The observed face is the z = 0 plane.

Y L L AL AL AL L L

Figure 3 - Actual technology used in the scannep)(tand |Ilustrat|on of the different measured pagters
(bottom).
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b=0 =0 b=0 =0

Figure4 — Four cases of grain angle observation and é#fiigicts on the elliptic pattern.

|><

Actual Data Profile Mechanical Indicating

Figure 5 — Grading process overview.
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Figure 6 — Calculation of the parameters a andp) (and comparison between density measured byyX-Ra
and manually measured (bottom).
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Figure 7 — Comparison of predicted and tested waloe MOE on the left and for MOR on the right tbree

different methods in tension.
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